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PREFACE

Babcock & Wilcox (B&W) is participating in the AEC's 1000-MWe

Fast Breeder Reactor Follow-On Study Program under Argonne National

Laboratory (ANL) Contract No. 31- 109-38-1998. As stated by ANL,

"The over-all objective of the current 1000 MWe LMFBR
Follow-On Study Program is to provide the AEC with infor-
mation needed to establish research and development pro-
grams which will lead to the achievement of economic and
safe LMFBR power plants by a viable nuclear industry.
This information is to be developed through studies of 1000
MWe LMFBR power plant reference conceptual designs fa-
vored by the nuclear industry for further development and
eventual sale to the electric utilities in the period of 1975
to   1 9 8 5. "

The B&W Follow-On Study consists of four tasks:

Task 1 - The development of four basic plant concepts based on

the established ground rules and the estimated state of technology in 1980,

and the selection of a preliminary reference design that incorporates the

best features of each concept.

Task II - Detailed engineering work on the preliminary reference

design, and, in parallel, the performance of in-depth engineering trade-

off studies.

Task III - Parametric studies to identify and evaluate basic prob-

lem areas and to provide a basis for the selection of an optimized refer-
ence design.

Task IV - Preparation of a document outlining the research, de-
velopment, and component testing required for the successful design and

construction of the reference 1000-MWe LMFBR design.

This five-volume report describes the work performed under Tasks

II and III. Volumes 2 and 3 contain the 14 individual conceptual system

design descriptions (CCDDs) for the reference 1000-MWe LMFBR central
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station power plant. The seven CSDDs presented in Volume 3 are as
follows: (1) reactor auxiliary, (2) intermediate coolant, (3) steam gen-
erator, (4) energy conversion, (5) instrumentation and control, (6) elec-
trical, and (7) safety systems. The titles and a brief description of the
contents of Volumes 1, 2, 4, and 5 are listed below.

Volume 1 - Summary Description and Cost Estimate

Cost data and a description of the overall plant and the reference

operating conditions and parameters.

Volume 2 - Conceptual System Design Descriptions (1 - 7)

Descriptions of land, structures, and conventional systems and the
reactor and associated systems, such as shielding, control, and supports.

Volume 4 - Trade-Off Studies

A compilation of the various trade-off studies, that were carried

out to evaluate alternate choices for the conceptual design.

Volume 5 - Parametric Studies

Descriptions of the parametric studies carried out under Task III.
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8. REACTOR AUXILIARY SYSTEMS

8.1. General

The auxiliary systems perform essential support functions in

B&W's 1000-MWe LMFBR reference plant. The auxiliaries include the

decay heat removal system, the auxiliary cooling system, the radio-

active waste disposal system, and the preheat system.

The decay heat removal system is primarily concerned with the

maintenance of prescribed reactor temperatures during normal periods
of operation when the plant output 'is reduced to zero; however, special

provisions are included in the design to handle emergencies and so that
the system can be used for preheating the reactor system during startup.

Many areas in a power plant require a positive means of prevent-
ing waste heat fr6m creating an intolerable condition for delicate equip-
ment (such as the plant computer and control instrumentation in the

computer room), temperature sensitive structural materials, and

manned access. The auxiliary cooling system removes waste heat from

such areas and rejects it to the service water system.

Radioactive solid, liquid, and gaseous wastes produced in a reac-
tor must be processed and disposed of in a manner that prevents an ac-

cidental release to the environment. Section 8.4 describes the system

adopted to handle wastes from the 1000-MWe LMFBR reference design

plant.
All systems handling or receiving liquid sodium must be preheated

and maintained at a temperature in excess of 208 F to prevent the solidi-
fication of sodium. Preheating needs can be divided into two areas: sys-

tem restart and plant commissioning. Section 8.5 is primarily devoted

to describing commissioning preheating although system or loop restart

needs are discussed whenever an interface exists.

8.2.  Decay Heat Removal System

8.2.1.   Introduction

8.2.1.1. System Functions

The primary function of the decay heat removal
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system is to remove fission product decay heat from the reactor after

(1) an anticipated reactor shutdown, (2) an unanticipated reactor shut-

down, and (3) any accident up to and including a design basis accident

(DBA). In addition, the system will be capable of manipulating the re-

actor coolant temperatures during plant shutdown; i. e.,  add or remove

heat as required.

8.2.1.2. Summary Design Description

The decay heat removal system consists of

two similar closed loops which are separate and independent.  Each
loop has a decay heat removal capability of 171 x 106 Btu/hr* and incor-
porates the necessary components, instrumentation, and controls re-

quired for operation while performing any of the designated decay heat
removal functions. The relationships between the decay heat removal

components and the reactor vessel system, reactor coolant system, and

the reactor shielding system are shown. in the overall schematic.diagram

A31117E.** The locations of the Na-NaK heat exchangers are shown in

B&W drawing A31077E; the reactor vessel, pit liner, and biological

shielding are shown in drawing A31078E. The major components of

each loop are the electromagnetic pumps, storage tank and NaK-air heat

exchanger, one two-pass NaK-air heat exchanger, three 50% -capacity

electromagnetic pumps, and biological shield cooling coils.
The connecting inlet and outlet piping incor-

porated into the loop for supplying the NaK flow to the Na-NaK heat ex-

changer is doubly contained within the reactor building and is equipped
with electrical trace heating; the inlet and outlet isolation valves are 10-
cated outside and adjacent to the reactor building. These valves can

isolate the Na-NaK heat exchanger from the loop during a post-DBA de-

cay heat removal operation or during the malfunctioning of a heat ex-

changer. The remainder of the loop piping outside of the reactor build-

ing is insulated with 4 inches of standard insulation and equipped with
the required trace electrical heating.

-----

.-

'See Appendix 8-A for a discussion of the sizing philosophy for the de-
cay heat removal system.

**
B&W drawing A31117E is placed at the end of this section, and dra·,\'-
ings A31077E and A31078E are included in Volume 1 of this report.
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The NaK-air heat exchanger, together with the

propane heater and the four 100,000 scfm, propeller-type fans, is 10-

cated on the top of the reactor building.  An NaK surge tank equipped
with inert cover gas, inlet and outlet argon lines, and pressure relief

valves is located at the top of the two-pass NaK-air heat exchanger.
The surge tank is sized to accommodate the change in volume of the
NaK heat transport medium within the loop due to thermal expansion

during loop operation. A single NaK storage tank, which is isolated

from the system during operation,  is used for initial filling of the loops.

Major design data for the decay heat removal

system are summarized as follows:

Number of loops                                     2                           f

Thermal duty per loop, Btu/hr

Normal 171 X 106
Emergency 171 X 106
Post-DBA (biological shield coils) 85.5 x 106

NaK flow rate per loop, lb/hr
46):         .6

Normal 1.75 X 106 ..7        .'.

Emergency 1.75 X 106 .
4% ' : ·    42

Post-DBA (biological shield coil) 8.75 x 105

NaK inventory, total, 1b 25,452

Material of construction 304 SS

Design temperature, F 900

Design pressure, psig 300

Number of cold traps per loop                      1

Number of Na-NaK heat exchangers per loop       1

Number of NaK-air heat exchangers per loop '    1

Number of EM pumps per loop (50% capacity)     3

Number of surge tanks per loop                    1

Number of fans per loop                            4

8.2.1.3. System Design Requirements

Performance

Both decay heat removal loops will be capable

of rejecting to the atmosphere 171 X 106 Btu/hr of heat generated by the
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reactor core and the activated reactor coolant during normal and emer-

gency shutdown conditions.

During post-DBA decay heat removal opera-
tions, each decay heat removal loop will be capable of transferring and
rejecting heat at a rate of.85.5 X 106 Btu/hr, utilizing cooling coils em-
bedded in the biological shields.

Any one of the three 50% capacity electromag-
netic pumps in a decay heat removal loop shall be capable of providing
a·NaK flow of 8.75 X 105 lb/hr to the circumferential biological shield
cooling coils and the remaining closed loop configuration during a post-
DBA decay heat removal operation.

Each of the four electric motor driven propeller-
type fans shall provide 100,000 scfm of air flow to the NaK-air heat ex-

changer.

Environrnent

The Na-to-NaK heat exchangers will be de-
signed to operate satisfactorily with reactor-grade sodium at tempera-

tures up to 900 F.

Reliability/Availability

Two heat removal paths will be provided for
emergency core coolin.g. These paths must be capable of fulfilling their
functions in any situation that compromises the normal path of heat re-
moval.

Maintenance

The system will be designed so that the com-
ponents, including heat exchangers, pumps, fans, valves and intercon-

necting piping, can be removed and replaced.

Operations

Facilities for periodic testing of the delivery
capability of the heat removal mechanisms will be' provided as close to

-

the core as is practicable. Provisions shall be included for testing, un-
der conditions as close as practical to design condition, the full opera-
tional sequence that would bring the emergency heat removal mechanisms
into operation, including the transfer to alternate power sources.
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Safety

Means to safely relieve excess pressure in the

decay heat removal system will be provided. All valves, motors, pumps,

NaK-air heat exchangers, and the major portion of the interconnecting

piping will be located outside of the reactor building in isolated and pro-

tected areas.  All NaK piping in the reactor building will be doubly con-
tained.

Isolation valves will be located outside and

adjacent to the reactor building in order to isolate an Na-NaK heat ex-

changer from the loop in the event that it has been damaged.  In the

event of tube leaks in the Na-to-NaK heat exchangers, the leakage will

be in the direction of the sodiurn.

The circumferential biological shield cooling

coils will be located in the concrete at the interface of the biological

shielding and the reactor pit liner, which protects the coils. In addition,

the system will have instrumentation to indicate to the operator whether

a malfunction has occurred within the decay heat removal system.
c ·        ..e

Design Standards                                        :

Al] system components that are designed to                 .

function in the reactor coolant environment or to contain liquid NaK will

be constructed of 304 stainless steel.

The decay heat removal system will be designed

and fabricated in accordance with the requirements of Section III, Nuclear

Vessels, ASME Boiler Codes, and supplemented by Llie special require-

ments of creep, liquid-metal thermal shock, NaK corrosion, and mass

transport. Standards not covered specifically by these codes will comply

with accepted state-of-the-art material, fabrication, assembly, and

inspection procedures used in the design and construction of nuclear

vessels. The system will be designed in accordance with the earthquake

criteria specified in Volume 1, section 2, Plant System Design Descrip-

ti'on.  Other site effects, such as winds, ice, and floods, g ill receive

adequate consideration in the design.
Purity requirements for the argon cover gas

required in the surge tanks and storage tank will be as analyzed for

commercial-grade liquid argon:
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Impurity, Maximum
Ppm concentration

02             5

N 2            20

Othe r s                                   5

(Dew point, F -76)

(See Appendix 8-B for a discussion of
NaK purity requirements. )

Interface

The heat removal mechanisms and the core
will be designed to prevent damage to the fuel and cladding that would
interfere with the emergency core cooling function. Since the removal

of decay heat from the core by natural convection has not been investi-

gated, it will be conservatively assumed that low-flow operation of the
reactor coolant pumps will be mandatory.

8.2.2. Detailed System Description

The decay heat removal system contains two separate
and similar decay heat removal loops which can be operated indepen-

dently.  Each loop incorporates one Na-NaK heat exchanger, one NaK-
air heat exchanger, three electromagnetic pumps, a circumferentia]

biological shield cooling coil, a surge tank, four fans, adjustable air

flow dampers, a propane-fired heater, a complete control system, and              
the required interconnecting piping and valves necessary to complete               I
the closed loop configuration.

The system performs normal decay heat removal during
periods of intentionally initiated reactor shutdown. This function is ac-

complished by circulating the liquid NaK heat transport medium through
a single-pass Na-NaK heat exchanger submerged in the primary reactor

coolant, and through a two-pass NaK-air heat exchanger on the roof of
the steam generator building. While this function is being performed,
the liquid NaK heat transport medium is prevented from circulating

through the circumferential biological shield cooling coils by the biolog-
ical shield cooling coil inlet valve. This valve is normally closed and
intcrlocked with the Na-NaK heat exchanger inlet and outlet piping iso-
lation valves. Three 50%-capacity electromagnetic pumps provide an
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NaK flow of 1.75 X 106 lb/hr within each closed loop configuration.  De-
cay heat transferred to the NaK in the Na-NaK heat exchanger is trans.-

ported through insulated piping to the NaK-air heat exchanger where the

NaK rejects its heat to the air.  The NaK then returns through insulated

piping to the suction  side  of the pumps.

Emergency decay heat removal is also performed by
this system during periods of unanticipated reactor shutdown initiated

by the temperature sensing instrumentation associated with the protec-

tion system. This instrumentation automatically starts the decay heat

removal system when it senses that the cold leg of the reactor coolant

system has attained a temperature of 850 F.

This system also removes decay heat after a DBA.  If

both of the Na-to-Nak heat exchangers are damaged, then heat is re-
moved by isolating the Na-NaK heat exchangers and using the electromag-

netic pump to circulate the NaK through the circumferential biological

shield cooling coils. These cooling coils, which are located behind the

reactor pit liner in the biological shield, can remove the 85.5 X 106 Btu/
hr of decay heat. Upon leaving the cooling coils, the NaK transports

its heat through insulated bypass piping to the NaK-air heat exchanger

where the heat is rejected for return through insulated piping on the

suction side of the pumps.

In addition, the system is capable of supplying heat to

6r removing heat from the reactor coolant system in order to raise or
lower the temperature of the entire reactor coolant system.  Each loop

in the system can perform this function independently during either re-

actor operation or reactor shutdown.  Heat is added to the reactor cool-

ant system by the actuation of propane heaters firing directly on the NaK

coils in the NaK-air heat exchanger.  The hot NaK is then transported

to the NaK-to-sodium heat exchangers where it deposits the heat.  The

propane heaters can be actuated when the sodium temperature drops to

300 F.

8.2.2.1. Components

Sodium-to-NaK Heat Exchanger

The stainless steel sodium-to-NaK heat ex-

changer has a design operating temperature of 900 F and pressure of
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300 psig. It provides a decay heat removal capability of 171 X 106 Btu /
hr during normal and emergency decay heat removal operations.  The
heat exchanger receives an inlet flow of liquid NaK of 1.75 X 106 lb/hr
at a temperature of 300 F.  The cold NaK circulates through the heat

exchanger and leaves at 700 F.

Thermal communication betv,een the liquid NaK
heat transport medium and the primary reactor coolant occurs in the

single-pass shell-and-tube heat exchangers which are suspended from
the reactor vessel cover structure and submerged in the primary cool-
ant.  Each heat exchanger has 453 straight, 1-inch OD tubes of 25-feet

length, giving an effective heat transfer surface area of 2965 ft2.
The liquid NaK heat transport medium enters

a plenum above the charge face floor and is divided into 4-inch-diameter

downcomers which merge into a single 12-inch-diameter downcomer

passing through the center of the tube bundle. An elliptically shaped

head,   welded  to the lower tube sheet, forms the lower distribution  mani -

fold for the tube bundle. The upper tube sheet forms the bottom of the

upper collection manifold which routes the hot NaK into two risers of

4-inch ID. These risers terminate in an annular manifold plenum above
the charge face floor, and the hot NaK exits from the heat exchanger
into outlet piping. The downcomers are anchored to the shield plug can

and carry the weight of the tube bundle and all other structures extending

down into the reactor vessel. The risers are not anchored to the shield
plug and are permitted to expand freely in a vertical-upward direction

for stress relieving of the materials.                                                      t

Special precautions must be taken to ensure

that radiation dosages are reduced to acceptable levels in the areas

directly adjacent to and above the portions of the sodium-NaK exchangers

extending above the operating floor level. Gamma and neutron stream-

ing through the inlet and outlet liquid NaK pipework is the primary con-

sideration in this regard. The 10-foot-thick, stepped stainless steel

can, which is the basic load-carrying structure in the heat exchanger
is filled with boron steel shot in the space around the stepped inlet and

outlet piping. Surrounding the top of the heat exchanger is a 4-inch-

thick layer of steel. The inner layer is a 1-inch thickness of 1.5 wt %

boron steel, and the outer 3-inch layer is stainless steel. This steel
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cap also extends the double containment piping philosophy for the liquid
NaK heat transport medium up to the reactor vessel, and acts as a lift-
ing hanger for handling the heat exchanger.

The heat exchanger shroud surrounding the
tube bundle is 48 inches in diameter, 1 inch thick, and 23 feet long.
The shroud channels a naturally circulating flow of  1.9 x  106 lb/hr of
hot primary sodium down through the tube bundle.  The hot sodium is

cooled by the liquid NaK heat transport medium inside the heat exchanger
tubes as it flows down through the shell side, and is permitted to escape

through the open bottom of the shroud back into the reactor pool.
Important engineering data for the Na-to-NaK

heat exchangers are summarized as follows:

Number of tubes 453

Tube length, ft 25

Tube size, in.
OD 1.00
Wall 0.049

aP, shell side, psi 0.2

Central downcomer ID, in.       12

Material of construction 304 SS

Total heat transfer area, ft2 3000

Design temperature, F 900

Design pressure, psig 300

Thermal duty, Btu/hr 171 X 106

NaK-Air Heat Exchanger

The NaK-air heat exchanger is a forced air,

two-pass, finned-tube unit. The finned-tube array is constructed of    '

0.875-inch OD tubing with 12 fins per inch. The array presents a total

heat transfer area of 31,250 ft2 and is contained within a structure 13

feet high, 30 feet long, and 12 feet deep. The finned tubes and the dis-

tribution manifold headers are in contact with the liquid NaK and form

an integral part of the decay heat removal loop. The s-tainless steel
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tubes and distribution manifold headers have a design operating tempera-

ture of 900 F and pressure of 300 psig.
The heat exchanger receives an inlet flow of

1.75 X 106 lb/hr of liquid NaK at a temperature of 700 F. Ambient air,
supplied at a maximum rate of 100,000 cfrn by four 60-inch-diameter

fans, cools the NaK flow to 300 F.  Each fan is powered by a 200-hp

electric motor. Air enters the heat exchanger at a design ambient tem-

perature of 90 F and exits at a temperature of 490 F. Motor-operated

variable inlet vanes are used to control the air flow and hence the rate

of heat rejection. Propane heaters located between the damper assembly

and the tubes are capable of introducing large amounts of heat into the

reactor coolant during periods when the core afterglow heat is not suf-

ficient to maintain the prescribed reactor coolant temperature.  Pro-

pane heaters, rather than electrical heaters, were selected because they

are more economical and have proven to be very reliable heat sources.

These burners are designed for a wide range of thermal duty.

Design data for the NaK-to-air heat exchangers

are  summarized as follows:

Tubing size, in.

OD 0.875
Wall 0.062

Number of cooling fins per in. of tube length     12

Cooling fin diameter, in. 1.875

Approximate NaK AP, psi                          2

Total air flow rate, scfm 400,000

Material of construction 304 SS

Total heat transfer area, ftz 31,250

Design temperature, F 900

Design pressure, psig 300

Tube array dimensions, ft

Height                                                                                     13
Length                                   30
Depth                                                                     12

Numbe r  of  fans                                                                                      4

Flow rate per fan, scfm 100,000

Fan propeller diameter, in. 60

Fan motor horsepower 200
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Electromagnetic Pumps

The three 50%-capacity electromagnetic pumps

are located in the decay heat removal loop outside of the reactor build-

ing in an accessible and protected area. During loop operation the pumps

receive 300 F liquid NaK from the NaK-to-air heat exchanger return

line and discharge into the common Na-NaK heat exchanger inlet line.

Flow can also be routed to the circumferential biological shield cooling

coils inlet line. The pumps provide a liquid NaK flow of 1.75 X 106 lb/hr
to the closed loop configuration during normal and emergency decay heat

removal operations and 8.5 X 105 lb/hr during post-DBA decay heat re-

moval operations. These pumps are arranged in the loop in parallel
and provide a redundant pump.  Any two of the three pumps can meet

the total loop flow requirements during normal and emergency decay
heat removal operations, and any one of the three pumps can meet the

total loop flow requirements during post-DBA decay heat removal opera-

tions. Valves are located at the discharge and suction ends of each

pump to permit isolation of a pump or a leak source.

Each pump is an a-c, flat-linear-induction

electromagnetic pump requiring 480 volts of electric power for opera-

tion.  All of the pump components exposed to the liquid NaK heat trans-

port medium will be constructed of 304 stainless steel and be capable

of operating at a design temperature of 900 F and pressure of 300 psig.
The pumps have a capacity of 2000 gpm at 35 psig and an operating ef-

ficiency of 35 to 40% . The polyphase multipole windings in the magnetic

core and the stators are cooled by forced air convection. Transition

pieces are attached to each end of the rectangular pump duct. These

transition pieces provide connections to the 4-inch-diameter inlet and

outlet nozzles and contain the expansion joints which accommodate the

changes in the length of the pump duct caused by thermal expansion.
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Pertinent engineering data on the electromag-
netic pumps are summarized as follows:

Pump capacity, gpm 2000
NaK inlet temperature, F 300

Pump inlet pressure, ft of NaK = 150
Material of construction (pump duct & fittings) 304 SS
Type Flat linear

induction
Operating efficiency, % 35 - 40
Total developed head, psig                          35
Electrical input, volts 480

Horsepower 115
Inlet nozzle diameter, in.                           4
Outlet nozzle diameter, in.                          4

NaK Surge Tank

The surge tank accommodates the increase in
NaK volume due to thermal expansion and permits a controlled overfill
of the system during the initial filling·operation. The controlled over-
fill feature ensures the complete filling of the system in the event that
gas pockets were formed during the initial filling operations.  The pres-
sure of the decay heat removal system is maintained above the primary
system pressure by a static head of NaK to avoid the radioactive con-
tamination of the system in the event of a leak in an Na-NaK heat ex-
changer tube.

The 304 stainless steel surge tank has a de-
sign pressure of 300 psig and temperature of 900 F.  The tank has a
42-inch inside diameter and a 66-inch-long cylindrical section.  The top
and bottom heads are eliptical. Location and mounting structures for
the tank are incorporated into the NaK-air heat exchanger supporting
structures.
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Tank design data are summarized as follows:

Volume, f13             53
Inside diameter, in. 42

Height of inside heads, in.      72
Design temperature, F 900

Design pressure, psig 300

Material of construction 304 SS

Operating temperature, F 304

Operating pressure, atm       1

Operating liquid level, in. 4.1

Safety valve setting, psig      75

Circumferential Biological Shield
Cooling Coils

The circumferential biological shield cooling
coils accomplish post-DBA decay heat removal in the event that the heat-

exchange equipment within the reactor vessel is destroyed. These coils,
which are located behind the reactor pit liner and in the biological shield,
can remove 85.5 x 106 Btu/hr of decay heat. To ensure the required
thermal communication between the cooling coils and the decay heat

source, the argon gas annulus between the reactor vessel and the reac-
tor pit liner must be flooded with sodium.  If the reactor vessel does
not fail during a DBA* so that the annulus is fillc.d with reactor sodium,
then action will b.e taken to dump the contents of an intermediate loop
into this void. The flooded annulus reduces the resistance and permits

the decay heat to be conducted into the circumferential biological shield
cooling coils.

The cooling coils are made of 1.5-inch-ID
stainless steel pipe and are designed to function at temperatures up to

900 F and pressures to 300 psig. The coils are positioned on 6-inch
centers and circumscribe the lower cylindrical section of the reactor

pit liner.  Two of the three 50%-capacity electromagnetic pumps located

-----

It would be impossible to reason that a vessel of this design could not
fail; therefore, the post-DBA decay heat removal system has been de-
signed for this contingency.
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outside of the reactor building can force 8.5 X 105 lb/hr of liquid NaK
through these coils.

Valves, Pipework, and Trace Heating

The valves in this systern are constructed of

304 stainless steel and are designed for a temperature of 900 F and a
pressure of 300 psig. These valves which direct and isolate flow to or
from the major loop components, are located outside of the reactor

building in protected areas. All valves are installed within the closed

loop configuration by full penetration butt-welding to the adjacent com-
ponents. During loop operation all shutoff valves are in the fully open
or closed position and are equipped with electrically controlled opera-
tors actuated by the protection system. In addition, the valves can be
manually operated to ensure operability under all conditions.

The interconnecting piping in the decay heat

removal loop has a design temperature of 900 F and pressure of 300

psig; it is constructed of 6-inch stainless steel, schedule 40 pipe.  Con-
centric piping is used inside the reactor building to double contain the

NaK. The annulus between the pipes will be filled with argon gas.   All
piping runs outside the reactor building will be insulated with 4 inches
of standard insulation. The piping is fabricated into the closed loop,
configuration by full penetration butt-welding. Long-radius fittings or
pipe bends are used in conjunction with offsets and loops to provide the
flexibility required to accommodate thermal expansion of the loop.  In

addition, the piping will be supported by spring hangers, sway braces,
or flexible snubbers to minimize piping-material stresses  and loop vi-
bration.

Trace electrical heating equipment is provided
to preheat the piping and major loop components before the initial NaK
fill or to maintain the NaK in the liquid state during periods of standby.
Trace heating is not intended to provide a means of maneuvering pri-

mary system temperature; propane heaters are included  for  this  func -

tion. These electrical resistance heaters are attached directly to the
heated surfaces and are designed to ensure a minimum NaK temperature
of 120 F. Redundant heaters will be installed on equipment and piping
located in areas where contact maintenance is difficult to perform.
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8.2.2.2.  Decay Heat Removal System Support
Service

Inert Gas Supply

The inert cover gas required for use in the

surge tanks within the decay heat removal system and the liquid NaK

storage tank is available from the plant argon manifold at a pressure

of 40 psig.

Electrical Supply

The electrical power supply required for the

operation of the electromagnetic pumps, fan motors, and all other elec-

trically operated components associated with the decay heat removal

system's operations and functions originates from the temporarily inter-

ruptible power supply.

NaK Storage Tank                                                ··2

The liquid NaK storage tank has a storage ca-
pacity equal to 135% of the total volume of liquid NaK rdquired for fill-
ing the entire decay heat removal system. This stotage volume pro-
vides for a 10% excess volume of liquid NaK to remain in the storage
tank after the decay heat removal system filling operations are corn-

pleted, and a 25% void volume in the storage tank when the entire vol-
ume of liquid NaK is .being stored. The storage tank has the required
liquid NaK inlet and outlet lines, valves, trace heating, temperature

instrumentation, liquid NaK level indications, and auxiliaries.  In addi-

tion, the inlet and outlet inert cover gas supply lines are equipped with ·

the pressure regulating valves required to maintain a constant internal

storage tank pressure.

The 304 stainless steel. storage tank has a de-

sign temperature of 900 F and pressure of 300 psig; it has a 90-inch in-

side diameter and a 168-inch-long cylindrical section.  The tank will be

equipped with the required mounting and supporting structures to ensure

proper vertical and lateral restraint of the tank under all conditions.
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Storage tank design data are summarized as
follows:

Vohime, fli 619

Inside diameler, in.           90
Height of inside heads, in. 168

Design temperature, F 900

Design pressure, psig 300

Material of construction 304 SS
Operating temperature, F 120

Operating pressure, psig      60

01.,trating liquid level, in. 12.5

Safety valves setting, psig    75

NaK Purification Unit

The NaK is purified by the NaK cold trap 10-
cated in a bypass circuit in the cold leg of each loop.  This cold trap
will be designed for an NaK flow rate of 17,500 lb/hr to maintain the
NaK purity requirements defined in Appendex 8-B.  The cold trap will
have shutoff valves for isolation during maintenance or when the system
impurity level is so low that the trap is not required.

8.2.3.    Principles of Operation

The decay heat removal system is started differently for
each heat removal function; these are normal, emergency, and post-
DBA heat removal. Figure 8-A-2 shows that the afterglow heat genera-
tion rate equals the thermal duty of the decay heat removal system at

approximately 1000 sec after reactor shutdown. Afterglow heating in ex-
cess of 2% of the core thermal output is absorbed by the thermal inertia
of the large sodium inventory. Normal on-line reactor operation places
only one requirement on the system:  it must remain filled with the liquid
NaK heat transport medium. This requirement is necessary to ensure

prompt, reliable startup and operation of the decay heat removal system
under all operating conditions.

8.2.3.1. Normal Decay Heat Removal Startup

Following periods of intentionally initiated re-
actor shutdown, the decay heat removal system is started manually.
After the manual startup is completed, the operating functions of the

system are controlled automatically to maintain the primary sodium

temperature at 800 F.
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8.2.3.2. Emergency Decay Heat Removal Startup

Emergency startup of the decay heat removal

system is required during periods of unanticipated reactor shutdown or

when the cold leg of the reactor coolant system reaches 850 F.
After the automatic startup of the system is

completed, the operating functions of the system are automatically con-
trolled by the decay heat removal system's temperature control instru-

mentation, which maintains the system's operating conditions in the
manner discussed under normal decay heat removal.

8.2.3.3. Post-DBA Decay Heat Removal Startup

Startup of the decay heat removal system dur-

ing post-DBA decay heat removal periods is performed manually and
requires information from the protection system's instrumentation and

process instrumentation before startup. The plant operator has approx- . /

imately 2.5 hours to actuate the system under DBA conditions.  This in-

formation is evaluated to determine these items:

1.  The operating capability of both the Na-NaK heat ex-

changers and the NaK piping inside the reactor building.

2.  The functional ability of these components to operate

under the DBA conditions.

3.  That the radiation monitoring instrumentation or the

liquid NaK level indicators in the surge tanks have automatically closed
the Na-NaK heat exchangers inlet and outlet piping isolation valves.

4.  The presence or absence of sodium in the argon gas an-
nulus between the reactor vessel and the reactor pit liner.

In the event that the reactor vessel does not

fail and there ·is no sodium in the annu]us, the annulus is flooded with

intermediate sodium from the intermediate svstem, and the inlet valve
for the circumferential biological shield cooling coils is then opened.

8.2.3.4. Standby Operation

When the reactor is on line, this system is in

a standby condition. Its primary function is to remove the decay heat

produced by the core after shutdown under any condition.
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manual or automatic, the instrumentation will sequentially check the

In the standby condition, all the fans and pumps
are shut down. The reactor building's isolation valves are open, and
the biological shield cooling coils are filled with NaK but are effectively
isolated from the system. The NaK-to-air heat exchangers are isolated

on the air side, and the surge tank is partially filled. Level, tempera-

ture, and radiation monitoring instrumentation are operating and record-
ing the condition of the system. During a startup, which can be either

two fluid circuits to determine whether a particular circuit is ready to
operate, that is, determine whethar there is an adequate level in the
surge tank, determine the position of the reactor building isolation

valves, and the like. After this check, the electromagnetic pumps will
be started sequentially until two of three pumps are operating.  Tem-

perature sensing instrumentation in the reactor vessel will adjust the
motor-actuated air inlet vanes and will start the fan motors to maintain
the reactor coolant sodium temperature at 800 F. In addition, the tem-
perature instrumentation will be capable of signaling the heat exchanger
bypass valve to open if the situation demands it. Should any of the com-
ponents fail to react as programmed (e. g.,  two out of three electro-
magnetic pumps), then the system will automatically select the second
loop for operation.

When heat addition to the reactor coolant sys-
tem is required, a propane heater firing directly on the finned tubes in
the NaK-to-air heat exchanger will be actuated.

Simultaneous operations of the loops will be

accomplished manually under conditions of adequate power supply and
within the established limits of heating and cooling rates. Simultaneous

operation of the loops is not a safety requirement.

8.3. Auxiliary Cooling System

8.3.1.      Introduction

This system consists of five subsystems: the reactor

building, the control room, the office air cooling subsystems, the closed

loop argon subsystem and the plant refrigeration subsystem. Figure
8- 1 is a schematic drawing of the system.
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8.3.1.1. System Function

The reactor building, the control room, and
the office air cooling subsystem function to remove waste heat and main-

tain prescribed temperatures for personnel comfort and equipment pro-

tection.

The closed loop argon cooling subsystem re-

moves heat from the annulus between the reactor vessel and the biolog-

ical shield liner to maintain the temperature of the concrete below 200
F.

The plant refrigeration subsystem provides
the cooling medium for the rejection of heat from the other four sub-

systerns.

8.3.1.2. Summary Design Description

The reactor building, the control room, and

the plant offices are cooled by individual freon coolers connected to a

common heat sink (see Figure 8-1). Makeup air to the reactor building

is filtered, dehumidified, and cooled to the proper temperature, if re-               '

quired; before entering the reactor building. Section 2 of this report                   ·

describes the feed and bleed systerri, which is responsible for the prep-

aration of air for the reactor building; however, the air cooling coils of

this system are interconnected with the refrigeration subsystem dis-

cussed in this section.

The closed loop argon subsystem circulates

argon around the uninsulated reactor vessel and then passes the gas

through the freon coolers before returning it to the annulus.   The gas

flow removes enough heat from the vessel to maintain the concrete at

temperatures below 200 F.

The plant refrigeration subsystem consists of

five one-third-capacity centrifugal chillers and the necessary auxiliary

equipment and piping for the rejection of waste heat to the service water

system.

8.3.1.3. System Design Requirements

Performance

The closed loop argon subsystem is capable of

limiting the temperature rise of the concrete biological shield surrounding
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the reactor vessel to 200 F to prevent deterioration of the structural
strength.

Using reactor building air as an interim heat
sink, the reactor building cooling subsystem, which has a thermal ca-
pacity of 5 X 106 Btu/hr, can remove all of the heat dumped into the re-
actor building by the reactor coolant pump motors, cold traps, reactor
vessel, intermediate coolant pipework, outside environrnent, and other
minor contributors.  The air temperature must not exceed 100 F.  The
minimum air temperature for the reactor building is 60 F.  The maxi-
mum moisture content in the reactor building air will be equivalent to
that existing at 80 dry bulb and 56.5 wet bulb. Temperature stratifica-
tion in the reactor building will be minimized by appropriate duct work
and forced circulation.

The control room cooling subsystem will main-
tain the control room temperature at 72 F by removing up to 1.1 X 106
Btu/hr.

The heat rejection plant refrigeration subsystem
will be capable of removing approximately 8.7 X.106 Btu/hr of heat from
the coolant and conveying it to the service water system.

Environment

Under normal conditions no cooler will be ex-
posed to temperatures in excess of 200 F.  The area in which the evap-
orator units, fans, ducting, and pipework for the closed loop argon sys-
tem are located will have the same degree of integrity as the gas annu-
lus.

Reliability/Availability

After the reactor vessel is filled with sodium,
the heat removal capacity in the closed loop argon subsystem must be
100% at all times.  When the feed and bleed ventilation system is not
operating, an additional heat removal capacity of 15% must be available
from the reactor building cooling subsystem. All subsystems will be
coupled to the temporarily interruptible power supply.

8-20



Maintenance

All coolers will be located in areas where

manned access is permitted. All coolers will have isolation valves.

Operation

Multiple heat rejection machinery will be con-
nected in parallel so that any combination of units can be used.

Safety

Argon will be the cooling fluid circulated in the

space between the reactor vessel and the biological shield liner.

Design Standards

The refrigeration system design will conform

to all applicable codes enumerated in section 1 of this report.  In case

of a conflict, the most stringent code will apply.

Interface

Reactor building penetrations will be kept to
a minimum. Refrigeration system components will be located in areas

served by overhead cranes. Adequate service water must be available

to act as a heat sink.

8.3.2. Detailed System Description

8.3.2.1.   Closed Loop Argon Cooling Subsystem

Drawing A31078E" is a cross section of the

reference design LMFBR showing the relationship of the reactor vessel
to the adjacent biological shielding. A 1-inch-thick carbon steel liner
and a 12-inch-layer of argon gas separate the concrete shielding from
the hot vessel which normally operates at 800 F. Common structural-

grade concrete must not be exposed for prolonged periods of time to

temperatures above about 200 F if strength and radiation attenuation

ability are to be preserved; therefore, a means of producing a 600 F
temperature difference across the gap between the biological shield liner
and the reactor vessel must be provided.

----

-'-B &W drawing A31078E is placed in Volume   1  of this report.
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A closed-loop, forced circulation of argon
through coolers just below the operating floor level was selected as the
means to produce the temperature difference. No insulation was applied
to the reactor vessel, even though it would have reduced the thermal

duty, since it would not permit vessel inspection or emergency core
cooling through the vessel wall in the event that the normal heat removal
coolers failed.

It is recognized that certain problem areas
still remain to be investigated before this concept can be fully accepted.
These areas include, among others, a means for distributing the argon
flow around the vessel, the effect of temperature gradients on the ves-
sel, and definition of system requirements with respect to the DBA.

Equipment functional specifications were de-

veloped from preliminary heat transfer analysis in an effort to establish

the approximate sizing and costs as related to the technical and economic
feasibility.

Engineering data for this subsystem are sum-
marized as follows:

Number of units                                  3

Capacity per unit, % of total
required capacity                        50

Thermal duty per unit, Btu/hr 0.9 X 106

Number of 100% fans per unit           2

Argon flow rate per fan, cfm 8150

Inlet argon temperature, F 190

Discharge argon temperature, F       50

Refrigerant flow rate per unit, gpm 282

8.3.2.2. Reactor Building Cooling Subsystem

The reference design reactor building is 100

feet in diameter and rises to in elevation of 183 feet. The space above

the 57-foot elevation is empty except for air of normal composition at

a slightly negative pressure. The total enclosed volume of this space
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is approximately 1 million ft .3  The reactor coolant pump motors, the
refueling machine, and seme minor components utilize the reactor

building air as a heat sink to reduce the number of building penetrations.
The cooling of machinery, coupled with the solar heat load, the heat
losses from the intermediate loop pipework, and the heat transmitted

through the reactor vessel cover structure, will require a maximum of
about 5.0 x 106 Btu/hr.

To remove this heat, a cooling package con-

sisting of two identical 50%-capacity air-to-R-11 containment coolers
are located just below the operating floor level. Each cooler is rated

at 212 tons and contains eight rows of cooling coils with a face area of
74 ftz. Mounted with these coils are two full-capacity fans rated at

59,000 cfm and 62 bhp each.  One fan is kept in continuous operation

and the other is on standby. Appropriate duct work for air distribution

suppresses the tendency for thermal stratification to occur in the build- ..     4.

ing. Additional reactor building cooling is accomplished by the continual        -

feed and bleed of air for personnel comfort.

Data on the cooling coils used in the prepara-

tion of purge air are included in the following summary:

Number of cooling units                   2                                   -

Capacity per unit, % of total :

required                               50

Thermal duty, Btu/hr 5 X 106

Number of 100% fans per unit           2

Air flow rate per fan, cfm 59,000

Inlet air temperature, F 100

Discharge air temperature             60

Refrigerant flow rate per unit, gpm 798

Number of ventilation cooling units      1

Capacity of ventilation cooling units,
% of total required 100

Refrigerant flow rate, gpm 45
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8.3.2.3.   Control Room Cooling Subsystem

The control room cooler is a single 90-ton-

capacity air-conditioning unit with two full-capacity fans rated at 30,000
cfm and with a power requirement of 25 bhp each.  One fan operates

continuously and one is on standby.

Engineering data for this subsystem are sum-
marized as follows:

Numbe r of units                                                              1

Capacity per unit, % of total required 100

Number of full-capacity fans per unit      2

Air flow rate per fan, cfm 30,000

Refrigerant flow, gpm 338

8.3.2.4. Plant Office Cooling Subsystem

The office building cooler is a 57-ton-capacity
air-conditioning unit with one full-capacity fan rated at 20,000 cfm and
with a power requirement of 15 bhp. The required refrigerant flow to
this unit is 217 gallons.

8.3.2.5. Plant Refrigeration Subsystem

Five one-third-capacity centrifugal chillers

are the main components in the heat rejection subsystem.  Each unit is
rated at 250 tons and requires an input of 300 bhp at this capacity.

The working fluid in the chiller is vaporized

in an evaporator as it absorbs heat from the R-11 coolant circulated to

and from the reactor building and other areas. This vapor is compressed
in a centrifugal compressor before entering a condenser. Service water

flowing on the tube side of the condenser extracts sufficient heat to cause

the working fluid to condense. The working fluid in liquid form is  then

returned to the evaporator through a throttling valve, thus completing

the cycle.

In addition to the five centrifugal chillers,
there are five one-third-capacity pumps for circulating the R-11 coolant.
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Each pump is rated at 958 gpm and absorbs 35 bhp at this condition.  A

piping network ties all of the plant coolers into a common system so

that any three chillers can carry the load.

Important engineering data on this subsystem
are as follows:

Number of centrifugal chillers                5

Capacity per chiller, % of total required 33-1/3

Service water flow rate, gpm 2300

Refrigerant flow rate, gpm 2760

Refrigerant inlet temperature, F             60

Refrigerant discharge temperature, F 40

8.3.3.    Principles of Operation

8.3.3.1.  Closed Loop Argon Cooling Szibsystem

The biological shield is cooled by circulating

argon through the space between the reactor vessel and the shield liner.

Argon leaves the coolers at 50 F and is ducted to the bottom center of

the reactor vessel.  On the upward pass through the pot annulus, heat
received from the reactor vessel raises the temperature of the argon

to 190 F.  At the top of the space, motor-driven circulators force the

hot argon through finned coils cooled by R-11 refrigerant. The cooled

argon is then ready for another cycle through the closed loop system.

8.3.3.2. Reactor Building, Control Room,  and
Office Cooling Subsystem

The reactor building cooling subsystem, con-

trol room cooling subsystem, and plant office cooling subsystem are in

the category of comfort cooling, since the temperature limits of the air

involved are dictated by human requirements although most of the heat

load comes from equipment.  In all three areas, hot air not exceeding

100 Fis circulated over finned coils carrying R-11 refrigerant andis

cooled to 60 F before being dumped back into the respective area from

which it was withdrawn.
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8.3.3.3. Plant Refrigeration Subsystem

Service water which passes through the heat

exchangers of the centrifugal chillers at a maximum rate of 2300 gpm
is the ultimate heat sink for all of the waste heat removed from the re-
actor complex by the refrigeration system. Figure 8-1 is a schematic

drawing of the entire system showing the rated capacity of each cooler

and the required flow. The centrifugal chillers extract heat from the

R- 11 coolant and reject it to the service water. The centrifugal pumps
in the R-11 circuit maintain the flow in the closed loops.

8.3.4. Safety Precautions

If a malfunction occurs  in the fans of the coolers, standby
fans are available and would automatically assume the fan load except
for the office unit. Since the biological shield cooling system is required
to be the most reliable system under normal plant conditions, an addi-
tional 50%-capacity unit is available.  If the control room cooler is non-
operational over 8 hours, the office cooler will assume 66-2/3% of the
control room requirement. The centrifugal chillers have two units as
backup to ensure continuity of operation and subsystem reliability.

When the reactor building cooling subsystem is shut down,
the reactor may operate at full power for 30 minutes, allowing personnel
access to the operating floor, and for 90 minutes before the design tem-
perature of the containment is reached. The reactor may operate at

zero power for 7 hours, allowing personnel access, and for 20 hours
before the containment temperature reaches the design value.  With the
containment ventilation section working and the reactor building cooler

shut down, the allowable full-power operation time is increased by 15%.
When the reactor building coolers are shut down, zero-power operation
of the reactor is not limited if the ventilation section is operating.

8.3.5.      Maintenance

Since no unusual items of equipment are included in the

refrigeration system, maintenance will follow generally accepted indus -

trial practice.
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Figure 8-1. 1000-MWe LMFBR -
Refrigerant System
Diagram

_- · R[(,ENERATIVE
'  SOLID ABSORBENT1 FLILL CAPACITY fAN 2·r ILL CAPACITY FANS

, CHEMICAL OE.MUM,01/ILQ „ITH IC,·TING UNITAT 20.000 0/M IALW AT 30,000 Cr M EACH

\    /    -, - Z:::11'ZIS:I':..
FOWER REG.0

'SUP· 

.POIER REQ 0 25 HP PRE rILTER - -

1                                                  \ #AWN
CONTA NMCNT F•,ieee MR -»-1 ,  LXHAUST AIREXHAUST --- „-ry M Ll,777    „Rti ig 560(7         -t. _t.      2,„P.  7 33 97>1 Err.,

ow D.a P TEST                                                                 17'50(,M FILTCACONTAINMENT   ..I COOLING COIL 556 N BSSLEEVES- ---- SUPPLY HEATER

»+1 CONTAINMENT PIRCE

* tr:r.·            [04-   i   |32#,              I =.
FAN -7                                                                                                                                 Cr'1*ZOB.AIR 1750 CFM

. I
1.1

1.1- 
   '-SEP-

45.5 OP B        76 448, GE'DP

eap L.LI  .OFFICE COOLER             l                           CONTROL ROOM57 TONS(leo,3) COOLER SO TONS 000 t'-) 55 .N(/INTER)     -r
2,7op.1

4'5GPM
HTe. - 20/ TO SOF) j Gor

1

33356PM                                                                                                                                                i           GOOOPM
OCHUMIDIFIER SECTION -3                     '                    40 .r

r RON SERVICE                                                                                                                                                                                                                      62500(.PMWATER SYSTEM
as·r

ro MERVICE                                                                                                                                                                                                                                                                                        DNATER 9/STEM                   I

23006PM.es-F               ,0                              D                                              t

V W . U

CENTRIFUGAL CHILLERS
5, 73 CAPACIrY UNirs
NOMINALLY t'50.0.5
C/CH,300 BH P

PROPER¥IES OF
R-1
SAT .Al
TEMP PR/SS

1

<                                                                                                                                                                                                                                                                          2760 GPI0 .40· rCXPANSION TANK E         
PRE•55UAL CONTROL---    „ F                         -                         „                         „

4 = = -. -
CONTROL
PRESSURE.
APPROx. to PS le 1     ..0...

GO -      r-L--                                                                                                                                                                                                                       f--           AcrenERAM 98

5.YBCAPACI.V UNITS
1                                      1                                                                                        NORMALLY DROOPM CK-

35 BH P

'8/        |1 12%       r  1
8    .                                                                                                         D 4--APPROX.,4 04

Ca W .14Ht' '« =-f
#                                                                                                                                                                                                                                                                                                                    L-COWTAINMENT SLZEVE_ 2160 GPM
I                GO r
z 00'r Ll=., i'

88 01/ .-1 '40 7

.GCY. id/ 2160 OPM

sao                    ;
| GPM >-0

7• e N12820PM •

,/CF1

4«r 40 F
17,8 e/M

'40. F

T• 190'/ .. ..

2:%% %& 0..        HI                                      1-O                                        --1-1                               'Ov•8.15OCFM
/00 0B

t
El=.- 55,000 C r M                                      -70'                '                                                      T· 50

r --
35/ op

*    1              GO' &   39 op

COOLING COIL,75 COOLING COIL.2,2TONS CAPACITY, to /1 +0

I
»p

TONS  CA PAC ITy  8 RON,ROWS it/INS/INCH / It F IN'%/ INCH, 74/r16 /TL YACE ARCA --J ARBON
ARGON COOLER FACC AREA CONTAINMENT V. 2-FULL CAPACITY FANS CONTAINMENT COOLER'"I 57          ICOOLER (Sot)

(504) COOLER(SOF) NOWNILLY 55.000 CrM (50*)LACH POWIR ROO'o
62 BHP

2,FULL CAPACITY FA
KINALLY  8 150  C /N «-- NOTE;S.
CACH. POIE R R[Q·o.

1. THE SUPPLY FAN E THE CXHAUST208.P BOOSTER FAN IN THI CONTAINMENT PURCIE

1
»,1 AIR SYSTEM OPERATC TOMAINTAIN 4

eLIOMT NteATIVE AIR PRESSURE  WITHIN
TME CONTAINMENT.

2.  THE ARGON COOLER FANS ARE CONNECTED
TO THE ESSENTIAL ELECTRICAL SYSTIM

AR6ON COOLER 50 THAT ANY TWO OUT Or THE SIX FANS A*t
(STAND BV UNIT) OPLRATED ON A OUARANTY BASI 3.

('50*)

8-27



Figure 8-2. 1000-MWe LMFBR -
Radwaste Disposal
System Diagram
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1 8.4. Radioactive Waste Disposal System

8.4.1. Introduction

8.4.1.1. System Function

The radioactive waste disposal system processes
and subsequently eliminates from the plant all gaseous, liquid, and solid
waste matter generated during plant operation.

Liquid Wastes

The radioactive liquid waste disposal subsystem

collects, monitors, segregates, stores, and exports all active and inac-

tive liquid wastes. Liquid waste may be discharged to the river only if
the activity level is below the limits established by state and federal reg-
ulations.

Gaseous Wastes

The gaseous radioactive waste disposal subsys-
tem collects, monitors, segregates, stores for decay, filters, dilutes,

and dispenses all waste gases in accordance with state and federal regu-
lations.

Solid Wastes

The solid radioactive waste disposal subsystem

compacts, stores, and packages solid wastes before they are shipped off-
site for disposal.

8.4.1.2. Summary Design Description

The radioactive waste disposal system com-
prises three subsystems and incorporates components necessary to pro-

cess all disposable liquid, gaseous, and solid waste matter in confor-

mance with applicable state and federal regulations. The c.omponents

required are storage tanks, filters, liquid-solid separators, such as

evaporators, activity monitors, pumps, piping, valves, and means for

disposal. Figure 8-2 is a schematic diagram of the system.

Liquid Wastes

It is estimated that 200,000 gallons of aqueous
and nonaqueous waste that could conceivably contain radioactive materials
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will be produced annually. The sources of such wastes include equip-
ment decontamination, showers and wash basins, laundry, and chemical
and health physics laboratories.

Frorn these sources the waste matter is essen-

tially in a liquid state,  and the densities depend on the solids content.

Approximately 75% of the liquid waste will be diluted and disposed of
following an appropriate holdup to allow reduction in the activity levels.

The remaining 25% will be concentrated by evaporation and processed
for off-site disposal.

The liquid waste disposal system includes the

following components: three 25,000-gallon stainless steel holdup tanks

for high and intermediate level waste storage, one 30,000-gallon carbon
steel storage tank for low-level waste storage, one 100-gph package
evaporator, four 100-gpm transfer pumps, seven 50-gpm transfer purnps,
and associated piping, valves, instrumentation, and radiationmonitors.

Gaseous Wastes

The radioactive gaseous waste disposal sub-

system processes radioactive gases originating in both the reactor blan-
ket gas subsystem and the liquid waste subsystems. Gaseous wastes

from the liquid waste subsystem are allowed to decay in a surge tank
and are subsequently filtered, diluted, and released to the atmosphere
in cornpliance with state and federal regulations. Radioactive reactor

blanket gas is held for decay in three decay tanks in the reactor building
before being released to the environment. Blanket gas activity is dis-
cussed in the Vented Versus Non-Vented Trade-Off Study.

The gaseous waste disposal subsystem con-
sists of the following components: two sodium vapor traps, three  150-
scfm compressors, one after cooler, three 3000-fl:3 stainless steel argon
decay tanks, one 3000-fd stainless steel waste gas surge tank, one 50-

scfm (1 hp) vacuum pump, two absolute filters of 1000 scfm capacity for
removal of particulates, two charcoal filters for removal of 13 lI, one 30-
to-300 cfm waste  gas  fan, one 50,000-cfm stack fan, and associated piping,
valves, radiation monitors, gas analyzers, and instrumentation.

An alternate scheme for the processing of radio-

active waste  gas is presented in Appendix 8-C.
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Solid Wastes

High-level solid wastes, such as those that
might originate from evaporator residues or filter sludges, are com-
pacted by centrifugation and then mixed with cement in 55-gallon drums
which are stored before off-site shipment. Low-level solid wastes,
such as laboratory breakage, discarded clothing, etc. , are cornpacted
in 55-gallon drurns by a hydraulic baler. After a volurne reduction fac-
tor of approximately 10 is achieved, the low-level waste-containing
drums are stored and subsequently shipped off-site.

The solid waste disposal system consists of
the following components: one 50-gpm-capacity centrifuge with associ-
ated hopper, piping, and valves, one 2-hp hydraulic baler, rernote-con-
trolled conveyor-driven drum filling machine, and miscellaneous radia-
tion monitors, instrurnentation, and 55-gallon drurns.

8.4.1.3. System Design Requirements

Performance

All waste transfer, metering, and discharge
pumps are designed for a liquid with a specific gravity of one. Design
discharge heads for these pumps will be 120 feet.

Fluid velocities in pipework transporting liquid
waste will not exceed 20 fps. The liquid waste disposal portion of the
radioactive waste disposal system will be capable of handling a through-
put of approxirnately 200,000 gallons of aqueous and nonaqueous fluids

per year.

The gaseous waste disposal portion of the radio-
active waste disposal system will be capable of handling a throughput as
set by the maximurn site release rate of 85K. The allowable limit on this
release is 5000 p.C/sec. Kr produced in excess of the maximum re-

85

lease rate will be either retained in the fuel or stored in the reactor

blanket gas space.

The solid waste disposal portion of the overall

system will be capable of handling solids centrifuged from liquid waste
or contaminated clothing, and any other solid or semisolid waste gen-
erated in the plant.
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Environment

Most of the radioactive waste handling equip-
ment will be located in a typical industrial atmosphere. Average tem-
peratures will probably not exceed 100 F.

Reliability/Availability

Multiple pumps, filters, and other critical corn-

ponents of the radioactive waste disposal system will be provided to en-
sure uninterrupted service.

Maintenance

All parts of the systern will be accessible for
maintenance and will be fitted with sufficient valving to by pass or shut
off gaseous or liquid flow.

Operation

The system will be capable of uninterrupted
operation while maintenance, repair, component replacement, or waste

sampling are being performed.

Safety

All cornponents of the radioactive waste dis-

posal system will be located within limited access, shielded compart-
ments with adequate ventilation to minimize the spread of contaminated
material in the event of leaks. All areas will have monitors.

Drain tank inlets are designed to prevent re-
verse flow of liquids and radioactive vapors. River and atmospheric
discharging  of  aque ous and gaseous wastes  will be continuously rnoni-
tored to ensure that activity levels in the effluents are below the limits

specified by state and federal regulations. These monitors operate on
a two out of three principle for closing two valves in the discharge path.

Facilities to flush leakages into radioactive
waste disposal system drains will be provided in all compartments or
rooms housing radioactive waste handling equipment.  Care will be taken
to limit the volume of the flushing fluid.
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Design Standards

The radioactive waste disposal system is de-

signed in accordance with generally recognized codes, standards, and
regulations that are applicable to the individual components. Equipment
exposed to corrosive fluids will be constructed of stainless steel or other
suitable corrosion-resistant materials.

Interface

Sizing of the radioactive waste disposal facilities

will reflect the disposal needs of all areas or functions producing waste.

Among these sources are:

1.  The reactor blanket gas subsystem.
2.  The laundry.
3. Equipment decontamination facilities.
4. Chemical laboratory.
5. Building drains.

8.4.2. Detailed System Description

8.4.2.1. Liquid Wastes

Chemical Laboratory Neutralizer
Drain Tank

The liquid wastes received by this tank originate
within the chemical and health physics laboratories of the plant. There-

fore, it is probable that wastes from these areas will contain high con-
centrations of radioactive materials, as well as highly corrosiv-e chemi-
cals.  Because of the corrosion problem, 304 stainless steel has been

selected as the tank material. This 5000-gallon tank is 7.25 feet in di-

ameter and 17 feet long.  A tank wall thickness of 0.4 inch was established

to prevent collapse by inadvertent evacuation.

To neutralize the contents of the tank, chemicals

are dispensed into the tank through a remotely controlled hopper.  A
motor-driven mixing device with dual propellers is installed to aid in the

distribution of the neutralizer chemicals. The centrifugal motion im-

parted to the liquid by the mixer is controlled by four equally spaced ver-
tical baffles welded to its inner circumference. The tank baffle s  and the

portions of the mixer in contact with the corrosive materials are made of
304 stainless steel.
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Operating temperature, F    150

Additional equipment includes :t 304 stainless
steel vent pipe equipped with a mechanism allowing inward containrnent
air flow to equalize the tank's internal pressure by counteracting the
low pressure created by the pump; this arrangement prevents any out-
flow of contarninated vapors. A manhole is provided for maintenance
accessibility. Drain backflow is prevented by check valves.

Fluid in excess of a prescribed level, as in-
dicated by a level sensing device, is withdrawn frorn the tank by one of
the 100-gpm liquid waste transfer purnps and routed through a radiation
counter. Disposition of the radioactive fluid to the 25,000-gallon holdup
tanks will depend on the level of activity in the fluid.

Tank design data are summarized as follows:

Capacity, gal 5000

Operating pressure, psia 14.7

Material                       304 SS, ASTM A-240
Type of mixing device Mechanical
Location Grade floor

Laundry Drain Tank

This tank receives liquid wastes of relatively
low activity from the laundry, personnel decontamination, and shower
drains. The carbon steel tank has a capacity of 1500 gallons, an out-
side diarneter of 5 feet, a height of 11 feet, and a wall thickness of
0.1875 inch.   The tank is contained within a grade-level compartment
which requires no further shielding.  The tank operates with a slightly
negative pressure relative to atmospheric pressure.  It has a carbon
steel vent to permit inward air flow and prevent the release of radio-
active vapors. A manhole is provided for internal rnaintenance acces-
sibility.

When the maximum capacity of the tank is
reached, the contents are drained and routed to the low level storage
tank  by  a  100 gprn liquid waste transfer pump.

Pertinent tank design data are summarized as
follows:
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Capacity, gal 1500

Operating temperature, F 150

Operating pressure, psia 14.7                            '

Material Carbon steel, ASTM
A-283, Gr C

Location Grade floor

Interrnediate- and High-Level Storage Tanks

Three 25,000 gallon tanks fabricated of 304
stainless steel are designated as the intermediate- and high-level stor-
age tanks. These storage units receive liquid wastes from the equip-
ment decontarnination tank, the chemical laboratory neutralizer drain

tanks, the emergency river bypass,  and the centrifuffe. Storage func-
tions are as follows:

1.  One tank stores high-level wastes until the
activity decays to a point where treatment and release is possible.

2.  One tank stores intermediate-level wastes
until the activity decays to a point where treatment and release is pos-
sible. Intermediate-level activity is slightly in excess of the permis-
sible release value and too hot to store in the low-level waste tank.

3.  The third tank is installed as a backup for
either of the first two tanks.

Each tank has a carbon steel vent pipe for venting released gases to the
waste gas surge tank, a chemical feed funnel with strainer cover, a man-
hole for maintenance accessibility, and check valves that prevent back
flow.  Each tank has an outside diameter of 16 feet, a height of 22 feet,
and a wall thickness of 9/16 inch.

Tank design data are summarized as follows:

No.  of high-level storage tanks     3
Capacity per tank, gal 25,000
Operating ternperature, F 150

Operating pressure, psia 14.7
Material 304 SS, ASTM A-240
Location Grade level
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Low-Level Storage Tank

The low-level storage tank located on the grade

floor collects low-level liquid wastes from the turbine building and laun-

dry drain tanks.  This tank is designed for a maximum capacity of 30,000

gallons, which permits storage for 3 months before the wastes are pro-

cessed and disposed of in the river. A carbon steel vent pipe is provided

for pressure equalization.  The vent mechanism is designed to allow con-

tainment air to enter the tank but prevent contarninated vapors from es-

caping. Internal accessibility for rnaintenance is by a manhole.  Addi-

tional equipment consists of a chemical feed funnel with a strainer cover

and a check valve to prevent back flow. An externally mounted sump

pump transfers the contents  of  the  tank  to the river sampling  tank.

Tank design data are summarized as follows:

Capacity, gal 30,000

Operating temperature, F 150

Operating pressure, psia 14.7

Material Carbon steel, ASTM
A-283, Gr C

Location Grade floor

Equipment Decontamination Drain Tank

Liquid wastes from equipment decontamination

are collected in this stainless steel tank before being transferred to

either the high- or intermediate-level waste storage tank.  The maxi-

mum capacity of the tank is 20,000 gallons.  The tank is equipped with

a chemical feed system similar to that of the chemical neutralizer drain

tank, a manhole providing access for internal maintenance, a stainless

steel vent pipe to allow containment air to enter but prevent contaminated

vapors from leaking, and a check valve to prevent a flow reversal.  The

equiprnent decontarnination drain tank is located within a shielded grade-

floor compartment  next  to the neutralizer drain tank.

Tank design data are summarized as follows:
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Capacity, gal 20,000
Operating temperature, F 150

Operating pressure, psia 14.7
Material 304 SS, ASTM A-240
Location Grade floor

River Sarnpling Tank

This 3000 gallon carbon steel tank receives

processed low-level liquid wastes before their release to the river.  It

is equipped with a chemical feed funnel, manhole, check valve,  and a

specimen drain valve.

De sign data  for  the  tank  are as follows:

Capacity, gal 3000

Operating temperature, F 150

Operating pressure, psia 14.7

Material Carbon steel, ASTM
A-283, Gr C

Location Grade floor

Evaporator

The evaporator concentrates dissolved solids
in the liquid waste before they are separated by centrifugation.  This

unit,  the AMF Ray-Di-Pak evaporator package, has distinct advantages

over the conventional steam-heated evaporator: since no steam is uti-

lized in the system, there is no possibility of airborne contarnination

due to a leak. Operating temperatures are below the atmospheric boil-

ing point of water since the unit operates under a vacuum. Any leakage
in the concentrator shell passes into the evaporator section and thereby

precludes the spread of radioactive material.

The operation of this skid-mounted package

systern may be divided into two cycles:

1. Waste Cycle - Liquid waste frorn the high-

and inte rmediate-level storage tanks is pumped  into  the hot waste  feed

tank. This waste is then continuously circulated through the evaporator
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section of the concentrator by the feed tank pump, in which it is boiled
at low ternperature and high vacuurn until the desired solids concentra-
tion is reached.  The rate of evaporation and distillate production is con-
trolled by throttling the heating and cooling water valves.  When the de-
sired waste solids concentration has been reached, the concentrate is
purnped to the centrifuge for further separation. Solids are then mixed
with cement and placed in 55-gallon drums before shipment for off-site
disposal.

2. Distillate Cycle - Vapors produced in the
evaporator section of the concentrator pass through separators to re-
rnove droplets, thereby preventing the carryover of contaminated par-
ticulates. The vapor is subsequently condensed on the condenser tube
bundle and withdrawn by an eductor in the distillate circulating line.
When the distillate is of sufficient purity, as determined by a conduc-
tivity cell, it is circulated through a mixed-bed ion exchange column
and then purnped to the river.

Engineering data on the evaporator unit are
summarized as follows:

Capacity, gph 100

Type Low pressure, water heated
Operating temperature, F 110

Operating pressure, in. Hg 27

Service requirements

Water, gpm 7 5  at  8 5  F,   8 0  .it   1 8 5  F
Air 1 cf/hr
Power 440 volt, 3 phase, 60 cycle

Location Mezzanine floor

Transfer Pumps

The liquid waste disposal systern has 11 waste
transfer pumps which route waste products through the systern.  Four

100-gpm pumps transfer liquid waste from the drain tanks to the stor-

age tanks.  Two of these pumps transfer the liquid waste from the laun-
dry drain tank to the low-level liquid waste storage tank. The other two
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pumps transfer the liquid wastes from the chemical laboratory neutral-
izer drain tank and the equipment decontamination drain tank to the high-
and interrnediate-level waste storage tanks. Each purnp is rated at full

capacity,   and one serves  as a standby  unit.
The rernainder of the pumps (7) are rated at

50 gpm and function as follows:

Two transfer liquids from the high- and inter-
mediate-level storage tanks to the evaporator
concentrator system.
Two transfer wastes from the evaporator to the
centrifuge.    (The se units, along  with the  two
listed above, are rated at full capacity,  and one
is on standby.)
One transfers the residue from the filter sludge
storage tank to the centrifuge.
One transfers liquid effluents from the centrifuge
back to the high- and intermediate-level waste
storage tanks.

One, an externally mounted  sump pump on the  low-
level waste storage tank, transfers low-level wastes
to the river sampling tank.

Design data for the transfer pumps are sum-
marized as follows:

Liquid Waste Transfer Pumps (Type 1)

No. of pumps             4

Capacity, gpm 100

Power required, bhp    3

Pump duty, % of sys-
tem requirements 100

Location Two adjacent to equipment decon-
tamination drain tank and chemical
neutralizer drain tank; two adjacent
to turbine building floor drain tank
and the laundry drain tank.

Liquid Waste Transfer Pumps (Type 2)

N o.   o f  pum ps                              7

Capacity, gpm       50
Power required, bhp 1.5

Pump duty, % of sys-
tem requirements 100

Location One (sump) inside 30,000-gallon low-
level liquid waste storage tank; two
adjacent to 25,000-gallon high-level
holdup tanks; two adjacent to the
evaporator; two adjacent to the
centrifuge.
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Waste Discharge   Pum p

One 100-gprn waste discharge pump located
near the river sampling tank transfers waste originating in the low-level
storage tank to the river. This pump is rnanually operated to prevent
erroneous discharge to the circulating water flurne when the plant is not
operating.  A 3-hp motor drives this pump.

8.4.2.2. Gaseous Wastes*

Waste Gas Surge Tank

A 3000-ft3 stainless steel tank in a shielded
compartment on the mezzanine floor is used to store and hold up gaseous
effluents originating in the high- and intermediate-level liquid waste stor-
age tanks. Charcoal and particulate filters are also located in this com-
partment. Any condensation occurring in the tank is gravity drained
through a 2-inch· stainless steel conduit back to the high-level storage
tank on the grade level. A check valve in the drain permits only the
downflowing liquid to pass. A remotely operated, solenoid shutoff valve
serves as a maintenance aid for both the surge and the liquid waste high-
level holdup  tank.

Following holdup within the surge tank, the
waste gas is filtered for particulates and iodine-131, diluted, monitored,
and released to the atrnosphere through the exhaust stack.

Design data for the waste gas surge tank are
as follows:

Capacity, ft3 3000
Design pressure, psia 50
Material 304 SS, ASTM A-240
Location Mezzanine floor

Reactor Blanket Gas Decay Tanks

Three 3000-fd stainless steel decay tanks, 8
feet in diameter and 15 feet high, are located within the reactor building

-----

*
See Appendix 8-C for a discussion of an alternate radioactive waste gas
system.
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for storing the radioactive argon and gaseous fission products from the
reactor blanket gas subsystem. A design pressure of 75 psia gives each
tank a storage capacity of 15,000 SCF. A maximum permissible activity
release rate of 5000 pc/sec of 85Kr was established as a design limita-
tion on the waste gas disposal system.  It was also concluded that, with

a 0.1-CFM flow rate from the equilibrium gas mixture in the reactor

vessel, a period of 246 days is required to decay all the isotopes except

85Kr to insignificant contributors. Since the half-life of 85Kr is  so long
(10.5 years), it is impractical to retain the blanket gas any longer than
the stated period.

The three tanks are arranged in series with

internal baffling to provide a restricted and directional flow path for the

gas.  A flow rate of 0.1 SCFM for a period of 246 days results in a total
volume of 35,424 SCF; the combined storage volume is 45,000 SCF.

Therefore, the total residence time is 312 days. This should be ample
storage, considering a certain inefficiency (flow bypass) in the baffles.
The radioactive gases are monitored, filtered, and released to the at-

mosphere through the exhaust stack.

Each decay tank is individually housed within

a limited-access, concrete-shielded compartment with 48-inch-thick

walls. This arrangement reduces the radiation level near each tank and

provides the isolation required during maintenance.

Pertinent design data for the decay tanks are

summarized as follows:

No. of decay tanks            3
Capacity per tank, ft3 3000
Operating pressure, psia    75
Material 304 SS, ASTM A-240
Location Containment building

Waste Gas Fan

A variable discharge waste gas fan of 300 cfm
maximum capacity transports filtered waste gases 'to the stack before
dilution, final monitoring, and release.  This fan is located on the mez-

zanine floor and requires a 5-hp motor to attain rated capacity.

Stack Fan

A 50,000-cfm stack fan furnishes air from the
steam generator building ventilation system for dilution of the waste
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gases before their release to the environment. Fan bearings are air
cooled. A single-flanged 44-inch-diameter inlet and a 42-inch-diameter

duct outlet characterize the construction of this fan, which is located on

the mezzanine floor.
Waste Gas Vent Stack

A 42-inch ID, 1/4-inch-thick carbon steel stack

receives the exhaust gas from the stack dilution fan and discharges it to
the atmosphere at an elevation of 165 feet. Activity levels are limited

in compliance with state and federal regulations. Any liquid condensa-

tion will drain to one of the intermediate-level liquid waste storage tanks

through a 2-inch stainless steel conduit. The drain has a check valve

which allows the condensed fluid to flow to the liquid waste storage tank,

but prevents any contaminated vapors from flowing up the vent from the
tank to the stack.

Vacuum Pump

A 50-scfm vacuum pump transports decayed
waste gases from the waste gas surge tank to the particulate filters be-

fore the gases are diluted and released.  This pump is located on the

mezzanine floor and requires a 1-hp-drive motor.

Absolute Filters

Two high-efficiency particulate filters in par-
allel remove radioactive dust particles.   When a differential pressure
transducer indicates a differential pressure in excess of 1.5 inches of

water, the flow is switched to a standby filter. The filters are fire-

proof and resistant to moisture damage at 100% relative humidity.  Both
are contained in a zinc-plated sheet-steel housing with provisions for

simple removal and replacement of filter elements.

Engineering data for these filters are as follows:

No. of filters                          2

Capacity per filter, scfm 1000

Type 99.97% efficient for
+0.3 micron

Filter medium Gla s s
Static pressure drop, in. of H20
at full capacity                        1
Location Mezzanine floor
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Charcoal Filters

Two high-efficiency activated charcoal filters

in parallel (for reliability through redundancy) remove iodine vapors.
A differential pressure transducer similar to those on the particulate
filters indicates the condition of the filter. To eliminate a fire hazard,
thermocouples will be installed to ensure that the filter is not operated
near the ignition point of the activated charcoal.

Design data for these filters are summarized

as follows:

No.   of filte rs                                                      2

Capacity per filter, scfm 1000

Type 99.9%  e fficient*

Filter medium Activated coconut shell
Static pressure drop, in. of H20
at full capacity 1.J

Location Mezzanine floor

Sodium Vapor Traps

Two air-cooled, NaK-filled sodium vapor traps
will remove any sodium vapor from the waste gas before it reaches the

decay tanks. The traps are located in the reactor building within isolated
shielded compartments.

Gas Compressors

Three 15-SCFM gas compressors are installed

in parallel to force the blanket gas withdrawn from the reactor into the

high-pressure storage tanks. Each compressor is capable of producing

a discharge head of 75 psia.

After Cooler

The after cooler removes the heat of compres-

sion from the gas. The compressed gas flows through cooling coils

which are cooled by the forced circulation of reactor building air.  A
fan generates reactor building air motion.

-----

True efficiencies may be as high as 99.9% ; however, regulatory people
acknowledge credit for only 90%.
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8.4.2.3. Solid Wastes

Hydraulic Baler

A hydraulic baler compacts low-level solid

wastes, such as laboratory breakage, discarded clothing, etc., in 55-
gallon drums  to a volume reduction factor of approximately  10.    The
baler is manually operated from a local station near the shipping and

receiving overhead door on the grade floor.

A standard 55-gallon drum is used if no shield-

ing is required; if shielding is required, a 15- or 30-gallon drum is
placed.inside an empty 55-gallon drum, and the annulus is filled with
concrete or other suitable shielding material.

   Pertinent data on the baler are summarized as

follows:

Dimensions, ft
OD           4
Height 8.5

Power required, bhp   2
Piston compacting
force, 1b (8.3 psi) 2300

Location Grade floor

Filter Sludge Storage Tank

Spent filter sludge originating in the liquid
waste disposal system is stored in a 1000-gallon carbon steel tank. The

sludge is pumped to the centrifuge for separation. Solids are mixed with
cement in 55-gallon drums before shipment for off-site disposal.  Tank
data are summarized as follows:

Capacity, gal 1000
Material 304 SS, ASTM A-240
Operating temperature, F 150
Operating pressure, psia 14.7
Location Mezzanine floor

Centrifuge and Drum-Filling Machine

The centrifuge separates radioactive sludges
from the filter sludge storage tank and the evaporator into a semidry
radioactive material. A 50-gpm transfer pump forces the liquids through
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a radiation monitor and recirculates them to the high- and intermediate-

level storage tanks for further holdup or to the river sampling tank de-

pending on the activity level. The concentrated solid sludge drops from

the centrifuge via gravity through a vertical chute and into a vibrating

solids collection hopper. The hopper has a 50-ft3 volume and is equipped
with water spray nozzles to wash out any material adhering to the in-

side of the hopper after it has been emptied. Hopper discharge is through
a 12-inch-diameter, 3/16-inch-thick drum feed pipe. A standard 55-

gallon open-top drum is positioned under this pipe for filling operations.

All materials are 304 stainless steel.

The remotely operated centrifuge is located on

the mezzanine floor and is capable of unattended operation; i. e.,  it will

not be accessible during operation. The removal efficiency of solids

will be at least 98% of the solids in the feed, and the resultant sludge

will contain from 40 to 50% water by weight.

Waste Drum Conveying and Storage
Assernbly

This systern transports a 55-gallon drum from
the empty drum storage area, through the filling, mixing and capping

stations, and on to the storage area before shipment by truck or rail for

off-site disposal. The system comprises three subsystems: the empty

drum conveyor, the transfer car, and the storage conveyor.

After an ernpty drum is manually loaded onto

the empty conveyor, it is transported to the transfer car. The transfer

car moves the drum to the feed pipe where it is partially filled with ra-

dioactive sludge frorn the vibrating solids hopper. To account for irn-

pact loads when wastes are dumped into the drums,  the wall rnounted

transfer car and its support is designed for a 4500 pound static load.

The drum is then moved to the mixing station where cement is added

and the contents of the drum are mixed. Following the mixing operation,

the transfer car rnoves to the capping station where the drum is capped

by a remotely operated capping machine. The capped drum is then trans-

ferred to the storage conveyor which moves it to a shielded storage area.

Engineering data for the dfum handling system

are summarized as follows:
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Transfer Car

Capacity (loaded drum), 1b 750
Type Wall mounted
Elevation Top of drum, 5 ft above grade floor
Drum dimensions, in.

Lid OD 24
Base OD 22-7/8
Height 34-3/4

Drum weight, 1b               52
Speed, ft/min =20

Positioning Automatic at any stop-position
with maximum tolerance of
f3/8 in. either along or across
car run

Empty Drum Conveyor

Capacity, 1b 300
Type Powered rollers, remotely

controlled
Elevation Matches transfer car

       Speed, fprn =20

Storage Conveyor
Capacity, 1b 750
Type Power rollers, remotely

controlled
Elevation Matches transfer car
Speed, fpm =20

-                  8.4.2.4. Instruments, Controls, Alarms, and
Protective Devices

Liquid Waste Disposal System

The liquid radwaste control panel and motor
control center are located in the northwest corner of the steam genera-
tor building on the mezzanine floor.   Each of the system's tanks is

equipped with a locally mounted level transmitter having an associated
level indicator mounted on the control panel. The tank's also have level-

sensing devices which actuate level alarms on annunciators mounted on
the control panel and in the main control room. The alarm is an audible
signal which is terminated by a button when the alarm signal is acknowl-

edged. Also mounted on the control panel is a blinking trouble light
which indicates a tank with a high level. Locally mounted pressure

gauges are provided downstream of all liquid waste trans fer pumps.   A
radiation detector mounted in an in-line instrument well monitors the
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effluent from the low-level liquid storage tank before it is released to
the river. The detector output is amplified by a preamplifier and
transmitted to the main control room where it is indicated on a meter

and recorded by a multipoint recorder.

Gaseous Waste Disposal System

The gaseous radwaste control panel and motor

control center are located adjacent to the liquid radwaste control panel.
The activity level of gases about to be released to the environment is

monitored by control panel and in the rnain control room. The protec-

tion system actuates a diversion valve when particulate and/or halogen
activity exceeds 7 X 10-6 PC/cc  or when noble gas activity exceeds 0.5

* *
llc/CC. Audible and visual alarms are activated on the gaseous rad-
waste control panel and in the control room when the aforementioned

concentrations are approached. Since these trip settings are based on

the maximum rated flow capacity of the waste gas fan (300 cfm), a flow
recorder is provided in the fan discharge line to trigger an alarrn on the

gaseous radwaste control panel and in the control room when the fan dis-

charge flow exceeds 330 cfm. Pressure gauges monitor the pressure in
the argon decay tanks and the waste gas surge tank.

Solid Waste Disposal System

The control panel governing the operations of
the ernpty drum conveyor, transfer car, and storage conveyor is located

on the north shield wall of the drum loading aisle. Indicator lights on the
control function as follows:

1.  Indicate when a drum is in the process of
passing through each escapernent  unit.

1 2.  Indicate when each storage lane is full.

3.  Indicate drum position at filling, mixing,
and capping stations.

A digital counter with manual reset is located

at each storage lane and counts drurns in and subtracts drums out.  An

interlock prevents an empty drum from entering the transfer car until

--- --

.,

./

Based on "milk cycle" limit for 131I.
 " &
' 'Based on rnost restrictive MPC for noble gas.
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the preceding drum has been discharged from the car and the car has
returned to its initial position to accept the next drum.

The hydraulic baler is manually operated and
requires no particular control or instrumentation device.  It has a fan
and filter system which is connected to the steam generator building
exhaust ventilation system by an air duct in order to remove any air-
borne particulates released during the compaction process.

8.4.3. Principles of Operation

8.4.3.1. Normal Operation

Liquid Waste Disposal System

Liquid wastes collected in the laundry drain

tank are pumped by one of two 100-gpm liquid waste transfer pumps to
the 30,000-gallon low-level liquid storage tanks. The estimated activity
concentration of the laundry drain tank contents varies from a normal
operation level of 10-5 PC/cc to a maximum operating level of 10-3 llc/cc.
If the activity of the liquid in the low-level storage tank is less than 10-5

BC/cc as determined by liquid sampling probes, then an externally

mounted sump pump pumps the liquid through a particulate filter and

in-line liquid radiation monitor and on to the river sampling tank.  Liq-
uids with activities below 10-5 tiC/cc will be below the maximum per-

.6

missible concentrations when diluted by the discharge circulating water;

therefore, such liquids will be pumped into the circulating water dis-

charge flume and subsequently discharged to the river.

Liquid wastes collected in the chemistry lab-

oratory's neutralizer drain tank and the equipment decontarnination drain
tank are pumped through a radiation monitor which operates a diverter
valve. The diverter valve perrnits separation of the liquid wastes based
on the indicated activity. High-level waste is routed to the 25,000-gallon
high-level holdup tank,   and inte rmediate-level waste is forced  into  the
intermediate level holdup tank. The estimated activity concentration of
the contents of the chemistry laboratory's neutralizer drain tank varies

-----

.
,r

1 X 10-7 for unidentified mixtures in unrestricted areas, since it is
known that  129.I,  226Ra,  and 228Ra are not present.
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from a norrnal operating level of 10-5 PC/cc to a maximum operating

level of 10-3 11(/cc; the estimated activity concentration of the contents

of the equiprnent de contamination drain tank varies from a normal op-
erating level of 10-3 to 10-4 PC/cc to a maximum operating level of
10-1 PC/cc. After being held up for decay in the intermediate- and high-

level storage tanks, the waste is pumped to the evaporator by one of two

liquid waste transfer pumps. Purified distillate from the evaporator is

purnped to the river discharge line, while concentrated sludge is pumped

to the centrifuge. Centrifuge effluents are either pumped to the river

discharge line, recirculated to the high- and intermediate-level storage

tanks, or recirculated to the centrifuge.

Gaseous Waste Disposal System

Radioactive reactor blanket gas from the re-
actor blanket gas subsystem is passed through electrically heated vent

lines to the NaK-filled sodium vapor traps. Following the sodium vapor
removal process, the blanket gas is compressed by one of the three 150-

scfm compressors and cooled by an after cooler to remove the heat of

compression. Following holdup, the gas passes through a radiation

monitor after which it may be recirculated to the decay tanks (via the

compressors) or bled to the waste gas discharge line. Gases originating
in the high- and intermediate-level storage tanks are bled to the waste

gas surge tank where they are held up for decay. Following holdup, the

gases are pumped through a high-efficiency particulate filter, a char-

coal filter, a radiation monitor, and discharged through a 165-foot-high
stack. Another radiation sensing element located in the stack at eleva-

tion 65 feet closes a flow control valve in the event of an increase in the

gamma radiation level.

Solid Waste Disposal System

Solid-laden sludges from the evaporator and
the filter sludge storage tank are pumped to the centrifuge. After cen-

trifugation, the waste is stored in a vibrating hopper and gravity fed

into 55-gallon drums. After the drums are partially filled with waste,

cement is added, the contents are mixed, and the drum is capped and
conveyed to a shielded storage area to await shipment for off-site dis-

posal.
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8.4.3.2. Emergency Operation

Liquid Waste Disposal System

An in-line radiation rnonitor between the par-
ticulate filters and the river sampling tank activates a valve which di-

verts the river discharge flow to the inlet header of the high- and inter-

mediate-level liquid storage tanks in the event that an activity exceeding

10-5 BC/cc is detected.

A radiation monitor downstream of the centri-

fuge activates a four-way valve in accordance with the radiation level of

the liquid passing through it.  For a radiation level of 10-3 to 10-S BC/CC,
the flow is recirculated to the inlet of the centrifuge. For radiation levels
in excess of 10-3 BC/cc, the flow is pumped back to the inlet header of
the high- and intermediate-level storage tanks.

Gaseous Waste Disposal Systern

A radiation monitor located downstream of the

waste gas surge tanks diverts the gaseous discharge back to the tank

upon sensing an abnorrnally high radiation level.

A radiation monitor located between the waste

gas fan and the stack and one in the stack itself monitor the activity of

the gas before and after its dilution. After an abnormally high radiation

level is detected, the vacuum pump and the waste gas fan are shut off,
thus isolating the source of the high activity.

A radiation monitor downstrearn of the blanket

gas decay tanks controls the operation of another valve. A signal caused

by an abnormally high radiation level activates this valve to divert the

flow back to the gas cornpressor inlet.

Solid Waste Disposal System

An emergency situation, such as the tipping

over of a solids-containing drum in the loading and transfer area, would

be remotely handldd; a series of water nozzles located throughout the

drum-filling and storage area would flush the radioactive solids into

drains. The resulting radioactive sludge would be purnped to the equip-

ment decontarnination drain  tank.
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8.4.4. Safety Precautions

Hazards associated with the operation of the radioactive

waste disposal systern are due to spills in the drum loading area and

leakage from piping and tanks. Spillage  in the drum loading area re-
sulting from the tipping over of a solids-containing drum is remotely

handled; a series of water nozzles located throughout the drum-filling

and storage area flush the radioactive solids into drains. The flushed

solids entering the drains are pumped to the equipment decontamination

drain  tank.

Any radioactive liquid released from pipes or tanks is

first detected by area monitors. Steps are then taken to isolate the con-

taminated area, and operators close the valves necessary to prevent

further contamination.  If the released radiation level permits personnel
access, fire hoses can be used to flush the spill into suitably located

floor drains. If personnel access is impossible, the fire protection

sprinkler system can be used to partially flush the waste down the floor

drains and thus permit personnel access for rnore thorough decontarnina-

tion. Wastes entering the floor drains are pumped to the equipment de-
contamination drain  tank.

A radioactive gaseous release is handled similarly; area
monitors alert operators so that the area can be sealed off and steps can
be taken to halt the release through the operation of certain valves.   The
released wastes are then processed by the building ventilation exhaust

system or by other means, depending on the amount of radioactive gases
released. The means for disposing of large quantities of radioactive

gases released accidentally or intentionally, have not been devised.  A
candidate method is discussed in Appendix 8-C.

Permanent area radiation monitors are provided to warn
personnel of above-normal radiation levels in areas most subject to irra-
diation from equipment, tanks, or pipelines. Areas that are subject to
gross contamination and consequently are shielded, do not contain per-
manent area monitors. When entrance into such areas is required,
health physics procedures subject to administrative control are applied.
The following facilities are provided in the control room for each de-
tector:

1. Adjustable trips for dose rate alarm and
loss of current.

2.  Audible and visual alarms, both locally and
in the control room.
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3.  Pushbutton to actuate detector check source.

4.  Dose rate indicating meters and recorder.

8.4.5. Maintenance

8.4.5.1. Liquid Waste Disposal System Components

Maintenance on tanks is expected to be infre-

quent.   In the event of leaks or defects, appropriate valving is provided
to evacuate the tank if it requires internal maintenance.   Each tank has
a leakproof manhole to allow personnel to enter if it is mandatory.   The

liquid waste system is designed to allow drainage of a tank. The efflu-

ent is monitored and returned to another storage and holdup tank if the

activity level exceeds the allowable disposable limit.

Maintenance of the pumps should be infrequent.
In the event of a malfunction, the standby pump, which is in parallel with
the defective purnp, is started.  Flow to the defective pump is valved off,
allowing the purnp to be removed or repaired.

Multiple filters provide for uninterruptible ser-
vice in the event that cornponent repair or replacement is necessary.

Each filter has valves to allow isolation and removal of the components
frorn the system.

In the event of an evaporator malfunction, the

incoming liquid wastes from the holdup and storage tanks are by-passed,
or the 50-gpm waste transfer pumps and valves Are turned off to halt

drainage  of the storage tanks.

8.4.5.2. Solid Wastes

The components in this system require very

little rnaintenance. However, the drum-filling area conveyors and re-

motely operated drum capping machine are annually inspected, cleaned,

and repaired or replaced if necessary.

8.4.5.3. Gaseous Wastes

The design of multiple vapor traps, compres-

sors, decay tanks, and absolute and charcoal filters provides for unin-
terruptible service in the event that component repair or replacernent

is necessary. Other components are maintained by curtailing discharges
from the surge  tank  or the blanket gas decay tank.
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8.4.5.4. Instruments, Controls, Alarms, and
Protective Devices

The reliability of these components Trust be

extrernely high.  They must be periodically tested, calibrated, and re-

placed according to the manufacturer's specifications.

8.5. Preheat System

8.5. 1.   Introduction

All of the systems handling or receiving liquid sodium

must be preheated and maintained at a temperature in excess of 208 F

to p. revent solidification of sodium. Preheating needs can be divided

into two areas: system or loop restart, and plant commissioning.  The
restart preheating equipment is "permanent" and will be available dur-

ing plant commissioning (for example, the intermediate loop pipework

heaters are in this category). Such prestart preheating may take the
form of raising the temperature of a system being held on standby in a

subcooled condition. During plant commissioning the capability of the

permanently installed preheating equipment must be augmented because
both the reactor coolant system and the intermediate coolant system are

"dry " and normal internal heat generation via the pumps or the core can-

not be utilized. Only selected portions of the preheat system are de-

scribed in this section since some of the equipment can be treated more

logically as a part of the major system to which it is attached.

8.5.1.1. System Function

The preheat system raises the temperature of

LMFBR systems handling or receiving molten sodium to a point that will

preclude solidification, thermal shock, and flow blockages in critical

areas by impurity precipitation.

8.5.1.2. Summary Design Description

The preheating system utilizes permanently

installed systems, such as the decay heat removal system, and espe-

cially designed supplementary equipment to complete the capability of

raising the sodium heat transport loops to the desired operating tem-

perature from a dry condition. The argon circulators for the reactor

vessel are the only major components that will not have a continuing

function after plant commissioning. Components or systems used for
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preheating, in addition to those already mentioned, include the inter-
mediate loop pipework heaters, the package boiler, and the main cool-
and pumps (optional).

8.5.1.3: System Design Requirements

Perforrnance

The reactor preheating system will be capable
of raising the temperature of the reactor vessel and reactor internals to
400 F.

Inert gas circulation will be sufficient  to  lim it
temperature variation within the reactor vessel to a maximum of :E20 F.

The preheating capacity of the reactor system
will be based on raising the reactor system to 800 F with a full inventory
of sodium.

Environment

Inert gas circulation blowers will be exposed to
an argon atmosphere bearing sodium vapor at 400 F.

Reliability/Availability

Once the first batch of sodium is injected into
the reactor vessel, the reactor preheat system must stay on line until

enough sodium is loaded into the vessel to submerge the reactor coolant

purri p s.

Maintenance

All induction heating coils and resistance heaters
will be accessible for replacement.

Operations

Provisions will be made to operate the reactor
coolant and intermediate pumps as a heat source during systern preheat
ing.

Safety

When the plant is commissioned,
there will be              Ino sodium radioactivity; however, typical safety precautions will be in

effect for the handling of the chernically reactive sodium.
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Design Standards

All components in the preheat systern will con-

form to the applicable design codes enumerated in this report.

Interface

Argon circulators will not require special open-

ings in the reactor vessel cover structure.

8.5.2. Detailed System Description

LMFBR reference design systems or cornponents having

permanently installed electrical heating units are as follows:

1.  Interrnediate loop pipework and valves.

2.  Intermediate loop blanket gas vent, rnakeup
and equalizing lines.

3. Intermediate coolant transfer pipework.

4. Nonradioactive sodium storage subsystern.

5. Sodium unloading subsystem.

6. Nonradioactive sodium purification sub-
system.

7. Inte rmediate sodium purification subsys-
tenn.

8. Stearn generator and reheater rupture disks.

9. Radioactive sodiurn storage subsystem.

10. Reactor blanket gas subsystem.

After the reactor coolant system has been filled to a pre-

determined level above the primary purnp inlets,  heat can be added at a

maximum rate of 16.5 X 106 Btu/hr by the pumps operating at full speed

against the design system head. The design head, however, must be
simulated artificially to get the full benefit of this method of heating,

since the core will not be loaded at this stage of commissioning.  The

intermediate pumps can be used in a sirnilar rnanner after the system

has been partially filled with sodiurn. The maximum  rate  of heat input

to an intermediate loop (9.7 X 106 Btu/hr) can be achieved without special
flow restriction devices. Since the pumps cannot be operated until so-

diurn is admitted to the systems, and the perrnanently installed electrical

heating units are incapable of bringing the coolant loops up to ternpera-

ture, special provisions must be made for preheating.
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8.5.2.1. Reactor Vessel Preheat Subsystem

The decay heat removal system described in

section 8.2 of this report will be used to preheat the reactor vessel, re-

actor internals, and cover structure to a uniform temperature of 400 F

by circulating hot NaK through the two shell-and-tube heat exchangers
in the reactor vessel. Propane heaters outside of the reactor building
will be used to adjust the temperature of the flowing NaK up to the de-

sign point of the decay heat removal system (900 F) although such high

temperatures will probably not be needed.

The maxirnum NaK inlet temperature will de-

pend upon three factors:  the heat loss from the reactor system, the de-

sired rate of heat up, and the effectiveness of the tube bundle heat trans-

fer surface. Temporary blowers will be installed on each heat exchanger
bundle to obtain the required heat transfer coefficient, since the bundle

surface area is fixed at 5930 ft2 as a result of its prirnary function.  If

required, additional blowers and heaters will be positioned in the vessel

to ensure uniform thermal soaking of the entire system before sodium

is admitted.

8. 5. 2. 2. Stearn Generator and Reheater
Preheat Subsystem

The steam-raising equipment will be preheated

to  400  F  by supe rheated steam from the plant package boilers before  so-

diurn is admitted from the nonradioactive sodium storage vessel.  The

valves, pipework, and other components that are required to execute this

operation will be a permanent part of the plant installation because  the se

units will have to be preheated after any maintenance activity involving

loop drainage.

The combined external surface area of a re-

heater and a steam generator is 4382 ftz. The estimated heat loss from
this surface is 132,000 Btu/hr with 4 inches of typical medium-tempera-
ture block insulation covering a metal skin temperature of 400 F.  A

steam flow rate of 1200 lb/hr from the package boiler (rated at 60,000

lb/hr,   190  psia,   and 60OF) would be sufficient tomake upthese  the rmal
losses. Since more auxiliary steam is available then needed, the heatup
rate can be adjusted to ensure compatibility with interfacing systems.
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Argon gas at 10 psig in the steam generator

and reheater will convey heat by natural circulation from the tube bun-

dles to the shells and internal structural members.

8.5.3.   Principles of Operation

8.5.3.1. Reactor Preheating

In explaining the preheating phase of reactor

startup,  it is assumed that plant commissioning has advanced as follows:

1.  All of the reactor internals except the core

have been installed.

2.  The closed loop argon coolers are opera-

tional for the protection of the biological shielding.

3.  The temporary sodium transfer line has   ·

been installed between the reactor vessel and the nonradioactive sodium . I ./'

4.

storage subsystem.

4. 100,000 gallons of pure sodium at 400 F is

standing by in the nonradioactive sodium storage subsystem.

5.  The reactor internal surfaces have been

cleaned using the best available techniques.                                              «

6.  The reactor vessel has been purged and
filled with argon to a pressure of 5 inches of water.

7.  All dry operational tests, leak tests, and

inspections have been made on the reactor and interfacing systems.

8. Temporary argon circulating blowers have

been installed in the reactor vessel.

The reactor system will initially be brought up

to the normal operating temperature  of 800  F as follows:
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1.  Start the reactor vessel argon circulating
blowe r s.

2. Gradually raise the temperature of the NaK
circulating in the decay heat system by increasing the heat input from
the propane heaters.

3.  When the reactor vessel skin reaches 20OF,
place the closed loop argon cooling system in operation to protect the

biological shielding.

4.  Continuously add heat to the reactor to ob-

tain  cornplete the rmal soaking  of the system  at  a  temperature  of  400  F.

5.  At 400 F, purge the reactor vessel with

fresh argon until the water vapor and gaseous impurities that were baked

off the internal surfaces reach an acceptable concentration.

6.  Pressurize the nonradioactive sodium stor-

age vessel and transfer 100,000 gallons of sodiurn into the reactor vessel            I

via the temporarily installed pipeline between the two systems.  As the

sodium enters the reactor vessel, the displaced argon is vented to the                
atmosphere to keep the vessel pressure below 5 inches of water.

7.  Increase the heat input to the reactor cool-

ant via the decay cooling system to bring the system up to the normal
operating temperature of 800 F, so that the cold traps can complete the

purification process.

8.  Once the vessel has been filled, remove

the argon blowers and temporary sodium transfer pipework.  The tem-

perature can then be manipulated by the pumps and the submerged decay
heat removal system.

8.5.3.2.  Intermediate Heat Transport Loop
Preheating

There will be very few differences between the

initial intermediate loop startup procedure and any subsequent startups

after the plant is placed in service.  For any startup, it is assumed that:
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1.  Enough pure sodiurn at 400 F is standing
by in the nonradioactive sodium storage vessel to completely fill one

intermediate loop.

2.  The steam raising equipment and intermedi-

ate loop pipework have been thoroughly cleaned, tested, and inspected.

3.  The entire loop has been purged of air and
filled with argon at a pressure of 10 psig.

A loop will be brought up to temperature and charged with sodium as
follows:

1.  Energize the pipework electrical heaters.

2.  Admit a controlled quantity of stearn from-

the package boiler to the steam generator and reheater. Carefully sur-

vey the cornbined effects of the two preheating methods to preclude ex-
cessive thermal stresses.

3.  When the entire systern reaches 400 F,

pressurize the nonradioactive sodium storage vessel and open the loop

drain valve. Sodium fills the loop from the bottom, permitting atmo-

spheric vent of the displaced argon.

4.  When the irnpellor of the intermediate pump
is submerged, begin low-speed operation to assist in temperature sta-

bilization.

5. Begin cold-trapping of the impurities
leached from the loop internal surfaces as soon as practicable.

6.  When the system is cornpletely charged,
use a combination of intermediate pumps and steam from the package
boiler to rnanipulate the temperature up to at least 600 F.

8.5.4. Safety Precautions

Care must be exercised in preheating operations to pre-
vent excessive thermal stresses due to uneven heating. Strategically

located temperature instrumentation will provide sufficient data to pre-
clude adverse conditions.
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8.5.5.   Maintenance

Maintenance aspects for the equipment used in system

preheating are discussed in the section describing the prime function

of the particular item.    The only exception to this  is the argon circula-
tors,  which are not expected to give trouble during their limited period
of use.
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APPENDIX 8-A

Sizing of the Decay Heat Removal System
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The decay heat removal system prevents excessive reactor tem-

perature buildup and core damage by heat additions from the decay of
radioactive isotopes produced by fission and transmutation.   In B&W's

LMFBR reference design, fission products are present in the core and
in the spent fuel assemblies stored in the reactor vessel. Figure 8-A-2

is a plot of reactor thermal power generation as a function of time fol-

lowing the initiation of a scram from full power.* The effects of delayed
neutrons and spent fuel in storage are included in this curve.  Heat re-

lease by spent fuel has been conservatively factored into the curve by
assuming an infinite core operation before shutdown.

Because of the large inventory of sodium in the primary system
of the reference design and the high core neutron flux in a fast breeder

reactor, the decay of sodium isotopes produced by transmutation con-
tributes a portion of the total afterglow heat that must be removed from
the system to maintain prescribed temperatures. Figure 8-A-1 gives
the heat generation rate as a function of elapsed time after shutdown
for the 24 a isotope under the assumption that all decay energy is de-
posited in the reactor coolant. The absolute magnitude of this curve is
a function of the core neutron flux and the sodium inventory, and was
plotted for the reference core flux of 5 X 1015 n/cmz/sec assuming that
sufficient time had elapsed to produce an equilibrium isotopic concentra-

tion. Heat generated by other sources activated by the core neutron
flux has not been computed because it will be negligible.  . To obtain the
maximum total heat generation rate in the reactor vessel, the ordinates
of the curves in Figures 8-A-1 and 8-A-2 can be added for each point in
time following reactor shutdown.  A plot of the combined curves is not

included, since heating by sodium deday amounts to only a small portion
of the total decay heat and would not appreciably alter the shape of the
curve in Figure 8-A-2.

An examination of Figure 8-A-2 reveals that thermal power gen-
eration in the reactor system drops very rapidly, but not rapidly enough
to eliminate the need for core flow inertia. Examination also brings up

-----

*
Gravity insertion only-for safety reasons, the control rods are followed
mechanically into the core to prevent incomplete insertion.
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the question of the sizing of the decay heat removal system. Since B&W's

reference design has a large primary sodium inventory and, hence,

considerable thermal inertia, the size of the decay cooling system can

be reduced. There is sufficient thermal inertia in the 2.5 X 106 lb of
primary sodium to absorb all heat during the shutdown transient in ex-

cess of the 2% rated capacity (171 X 106 Btu/hr) of the decay heat re-

moval system without exceeding reactor design temperatures. An added

advantage of having a great deal of thermal inertia is the elimination of

the need to get the decay heat removal system on line quickly. There

is sufficient time to actuate the system manually from local control sta-

tions if a malfunction of the automatic control system occurs.

Sodium flow through the reactor core must be sufficient to limit

the maximum fuel pin temperature  to  1250 F. Minimum flow require -

rnents would follow the decay heat generation curve shown in Figure

8-A-2.  During a scram caused by a loss of pump power, flow decay

would begin at time zero and not at the beginning of control rod insertion

(see dashed curve in Figure 8-A-2). Calculations show that a rise of

less than 1 F in the core bulk outlet temperature occurs under these

conditions because the pump inertia is great enough to sustain a sub-

stantial portion of the design flow through this critical period.  At 250

seconds, pony motors must be brought on line to drive the pumps,  so

that a minimum flow of 11,100 gpm can be sustained through the core.

Maintenance of this minimum flow throughout normal decay heat removal

operation is considered mandatory because no credit has been taken for

flow caused by natural circulation.

Under DBA conditions, decay heat will be removed by coils em-

bedded in the biological shielding surrounding the reactor vessel if fail-

ures occur in the normal decay heat removal paths. To obtain the re-

quired thermal communication, a large quantity of intermediate sys-

tem sodium will be dumped into the 12-inch annulus surrounding the re-

actor vessel. The additional sodium, coupled with a higher permissible

reactor system temperature rise (to 1300 F), prolongs the period during

which no heat removal is required to approximately 2.5 hours. Because

of this increased time, the required decay heat removal capacity is re-

duced to 85.5 X 106 Btu/hr.
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Figure 8-A-1. Ratio of 24Na Decay Heat Generation Rate
to Reactor Thermal Power
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Figure 8-A-2. Ratio of Decay Heat Generation to Reactor
Thermal Power* and Ratio of Coastdown
Flow to Design Reactor Flow
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*The decay heat generation curve is plotted for the reference design core at the end of its lifetime,
so that heat generated in the fuel storage racks can be accounted for in a simple manner.  The
actual heat generation rate during a core cycle will depend somewhat on the spent fuel handling
scheme. The decay heat generation rate shown above will be conservative.



APPENDIX 8-B

Purity Requirements for the Liquid
NaK Heat Transport Medium
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The main concern for the liquid NaK (56% Na, 44% K) heat trans-

port medium is not for corrosion, since adequate allowances can be

provided in the system without significantly degrading performance or

increasing costs, but for the plugging effects caused by high impurity
concentrations. Although the system will operate at temperatures in

excess of 600 F, it must be designed for a plugging temperature of no

more than 250 F, which is considered mandatory for trouble-free sys-
tem operation under all expected operating conditions. The tentative

operating specifications established for the liquid NaK heat transport
medium are as follows:

Normal Chemistry Control

Element Ppm

B            10
C (total) 40

Cyanide           - -
Co                       10
Cr 25
Cu         5
Fe 40
H 5
N          20
O           10

Prohibited Additions Except as Residuals

Ag       Mg
Al Pb
Au                         S
Ba Sb
Ca Si*
Cd Sn
Halogens Zn
Hg

Allowable to 0.75% in metals and alloys.
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APPENDIX 8-C

Alternate Radioactive Gas Handling Scheme
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The production of radioactive noble gases is a direct function of
the fission rate and hence the thermal power output of a reactor core.
As the installed capacity for a single site increases, the problems of
safely disposing of the gaseous radioactive wastes are increased.  Pres-
ently, there is a practical activity release limit of approximately 5000
PC/sec for 85Kr in a single area. Exact limits depend on meteorological
conditions and the location of the reactor. Pollution control trends point
toward even more strict limitations than are now imposed.  By the time
that a 1000-MWe LMFBR goes on line the release of radioactivity may
be even more restrictive.

Sodium-cooled breeder reactors tend to compound the problems
of waste disposal, especially gaseous waste, as follows:

1. Require large-capacity plants to be economically com-
petitive with other power producing systems.

2.  Have a very sensitive direct relationship of fuel cost
to clad thickness and thus favor a vented fuel design.

3. Have numerous unsolved seal problems in the reactor
vessel cover structure and other critical areas.

4. Require large volumes of inert gas to blanket the highly
reactive sodium. Candidate blanket gases are expensive,
cause metallurgical problems, or become activated.

5. Have activated sodium vapor in the blanket gas atmosphere.

The alternatives are quite clear for B&W's reference design.  If
adequate seals (dynamic and static) can be developed to limit the reac-

tor blanket gas purge rate to less than 0.1 scfm and the leakage of the
radioactive blanket gas out of the vessel into the reactor buildings to

4.1 cc/day, then a holdup for decay scheme will work satisfactorily (as
suming a release rate of 5000 PC/sec for 85Kr).* Otherwise, a contin-

uous purge of the blanket gas followed by noble gas separation will be
required. An alternate scheme to the holdup and decay system has been
proposed by Oak Ridge National Laboratory.

The proposed scheme involves the separation of the gaseous ef-
fluents in a cascade operation using permselective membranes of di-
methylsilicone rubber. Figure 8-C-1 is a diagram of this operation.
These membranes are 1-mil-thick sheets suitably protected on each
side by porous Dacron mats. A number of such sheets are assembled

-----

*
See "Vented Vs Non Vented Fuel Pin Trade-Off Study, Volume 4, Sec-
tion 4, this report.
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in a compact package to constitute one stage, and this in turn is housed
in a steel enclosure for containnnent. The membranes are able to dis-

solve gases and allow diffusion of these gases through the membrane

under the influence of a difference in partial pressure.  Each gas has
its characteristic permeation rate, and if these rates are different for

gases in a mixture, then the faster permeating gases will concentrate

on the downstream side of the membrane.  In this instance, xenon has
the highest permeation rate, krypton the next highest, and argon the

third highest.

Sizing of the separation system and other calculations were made

by ORNL for the B&W reference design data shown in Table 8-C-1; the

calculations are summarized in Table 8-C-2. A parametric study of
the product gas rate for a cover gas purge rate of 10 scfm was included
inthe calculations. Product rates chosen were 1, 0.1, and O.02 scfm.

Low values of the product gas rate are desirable because this gas, which

contains the bulk of the krypton and xenon activity, must be stored for

long periods of time for the decay of 85Kr. The governing criterion for

each calculation was that the recycle (or discharged) argon contains no

more than 5000 PC/sec of Kr + Xe activity. This value was considered
to be a permissible rate for continuous discharge. Radioactive decay
of nuclides while in transit through the cascade was not taken into ac-

count.

The data in Table 8-C-2 represent the results of calculations with

concentration factors (product/feed) of 10, 100, and 500 for Kr + Xe

activity. Estimated plant costs are $289,000, $342,000, and $366,000,

respectively. These capital costs are installed costs including mem-
brane, compressor, cooler, piping, instrumentation, electrical, engi-

neering, inspection, and contingency costs. Not included is the cost of

building space to house the plant. The volume occupied by the plant

would be primarily that required for compressors and coolers, one of

each for each stage. The cascade itself occupies little space.  Com-

ponent costs are based on reliable data for current costs of equipment
and labor with the possible exception of the membrane cost. Membranes

are not a current commercial item, and a projected mass production

cost of $10/ydz was used. This figure was estimated by the General
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Electric Company, manufacturers of the membrane.  On this basis,
the membrane cost is about 15% of the total cost.

To obtain an essentially minimum-cost cascade, the design cri-
terion adopted was that the ratio of permeated flow in a stage to its inlet

flow be identical for· all stages in a cascade. A multicomponent, cascade-

productivity computer  code  was  used to establish the minimum numbe r

of enricher and stripper stages conforming to this criterion.  The com-

plete number of stages is the number required to yield xenon and krypton
concentrations in the recycle stream, so that the specified maximum
activity in it will not be exceeded.

There are some approximations and uncertainties inherent in the
estimates presented. First, the size of a membrane cascade and there-

fore its cost are strongly dependent upon the relative and absolute per-

meability of the membrane to each of the gases present, and the design
calculations are based on preliminary permeability measurements which
are the only ones available. Second, the stage model assumes a cross-

flow path for the permeated stream, which may not be representative
of an actual stage design. Third, pressure drop and mixing inefficiency
in the high-pressure steam have been neglected.

The results furnished here required the efforts of a number of ·
people. In particular, Babcock & Wilcox wishes to acknowledge the
work of Mr. Samuel Blumkin of ORGDP, Mr. R. H. Rainey of ORNL,
and Mr. W. L. Carter of Chemical Technology Division of ORNL.  Mr.
Blumkin prepared the computer program and made most of the calcula-

tions. Mr. Rainey's laboratory research furnished the basic perme-

ability data, and Mr. W. L. Carter incorporated the information from

many sources into a comprehensive and practical system design.

8-C-4



-

-%

Figure 8-C-1. Removal of Kr and Xe From Reactor Cover
Gas Using Permselective Membranes
(ORNL Dwg 68-3577-R2)
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Table 8-C-1. Description of Argon Cover Gas System for a 1000-
MWe Sodium-Cooled Fast-Breeder Reactor

Physical Data:

Volume of argon plus rare gases, ft3.   25,000
Gas temperature,  F                            ·800
Gas pressure, atm                     1                          '
Volume of krypton, ft*a) 1

Volume of xenon, ft3(al                      34
Gas purge rate, scfm                  10

Activity,
Nuclide Half-life curies

83Krrn 1.86 hr 9,880

85Krm .     4.4 hr 39,800

85Kr 10.76 yr 43

87K* 76 min 70,000

88Kr . 2.8 hr 108,000

89Kr 3.2 min 9,660

131Xe 12 d 16,300
rn

133Xe 2.3 d 89,400
rn

133Xe 5.27 d 4,470,000

135Xe 16 min 66,200
rn

135* e 9.2 hr -   356,000

137Xe 4.2 min 33,900

138Xe' 17 min 258,000

41Ar '
1.83 hr 2,200

Total: 5,530,000

(a) Total volume of radioactive plus stable isotopes.
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Membrane area, y< 4,630 5,020 5,140

1 Number of enriching stages                 9                15               20

' Table  8 -C-2. Performance and Cost of Several Cascades of
Permselective Membranes for Separating
Krypton and Xenon From Argon

(Gas Feed Rate to Cascade = 10 scfm)

Product gas rate
1 scfm 0.1 scfm 0.02 scfm

Cascade

Number of stripping stages                 19 23 24

Catcade volume, ft -9 -10 -11
i Power requirement, kW 126 136 140

Largest compressor, hp 9.2 7.9 7.7

High pressure side of membrane, psig 150 150 150

Low pressure side of membrane, psig      0                 0                 0
' Feed Gas

Kr concentration, at. % 0.004 0.004 0.004
Xe concentration, at. % 0.136 0.136 0.136
Kr activity, curie/ft 3 24.4 (a) 24.4 24.4
Xe activity, curie/ft 3 542.6(a) 542.6 542.6

Recycle (or vented) Gas

Kr concentration, at. % 0.47 X 10-5 0.49 x 10-5 0.46 X 10-5
Xe concentration, at. % 0.53 x 10-9 0.51 X 10-10 0.25 X 10-10
Kr + Xe activity, curie/ft3 0.029 0.030 0.028

Product Gas (to be stored)

Kr concentrati 7, at. % 0.04 0.4              2                                                                                                                                                1

Xe concentration, at. % 1.4             14              68
Ar concentration, at. % 98.6 85.0 30
Kr activity, curie /ft3 244 2,440 12,200
Xe activity, curie/ft 3 5,426 54,260 271,300
Concentration factor, product/feed         10 100 500
Number of storage cylinders per week     50              5                 1

Capital Cost

Membrane 46,000 50,000 51,000
Compressors 70,000 84,000 90,000
Coolers 7,000 8,000 8,000
Installation 62,000 68,000 71,000
Instrumentation 42,000 57,000 66,000
Electrical 3,000 3,000 3,000
Engineering and inspection 23,000 27,000 29,000
Contingency ( 15%) 39,000 45,000 48,000

Total $289,000 $342,000 $366,000

(a) Based on 32Fand  latm., i.e., standard conditions.
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B&W Drawing A31117E-

1000-MWe LMFBR - Reference
Concept Decay Heat Removal
System, Schematic Diagram
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9. INTERMEDIATE COOLANT SYSTEM

9.1.  Introduction

9.1.1. System Function

The intermediate coolant system transports heat received
from the reactor coolanti in the intermediate heat exchangers to the steam-

raising equipmentz for all normal modes of plant operation. The inter-

mediate heat transport system separates the reactor coolant sodium from
the feedwater, thereby ( 1) restricting the highly radioactive sodium to the

reactor building, (2) eliminating the need to route feedwater to the reac-

tor building, and (3) eliminating the possibility of the products of a so-

dium-water reaction from degrading fuel performance.

9.1.2. System Summary Description

The intermediate coolant system physically connects the

reactor coolant system with the steam generating system. The system

consists of three independent loops, each servicing two intermediate

heat exchangers, one steam generator, and one reheater (see Figure

9- 1). The sodium is circulated in each loop by one vertically mounted,

free-surface, single-suction centrifugal pump located in the cold leg.
A constant-speed induction motor is connected to the pump through an
eddy current coupling which is used for varying the pump speed under

partial load operation of the plant.
The piping in each loop is arranged so that the intermediate

coolant pump discharges into a single pipe which then splits before en-
tering the reactor building and connecting to the IHXs. Return piping

from the IHXs join outside the reactor building before continuing to the

steam generator and the reheater.  Each loop has two sodium inlets for

both the steam generator and the reheater, and a throttle valve between

the units is used to proportion the sodium flow. A sodium bypass line is
provided around the steam-raising components for control of partial load.
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Figure 9- 1. Intermediate Coolant System Flow Diagram
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Isolating valves are located outside the reactor building

on the suction and discharge lines to and from the IHX. Discharge iso-

lation valves are also provided for the steam generators and reheaters.

Each loop contains its own gas blanket system which pro-

vides for makeup, venting, and relief of hydrogen resulting from a so-

dium-water reaction. Sodium purification is provided in each inter-

mediate loop by an air-cooled cold trap which is located in a bypass

loop containing an electromagnetic pump.
The intermediate coolant system also includes the incom-

ing plant sodium unloading facilities and the nonradioactive sodium

storage tanks. The unloading facilities provide the hot oil used to liquify

tank car sodium and the transfer lines and pumps used to deliver the

sodium to the nonradioactive storage tanks. The storage facilities com-

prise two 50,000-gallon carbon steel tanks, a cover gas system, and a

circulating cleanup system. The tanks can accept or discharge sodium

to or from the intermediate loops and interfacing components.

The subsystems required to place the intermediate sys-

tem in service, to control the purity of the coolant, or to support the

maintenance activities are as follows:

1.  Internnediate blanket gas.
2. Intermediate sodium purification.
3. Sodium unloading.
4. Nonradioactive sodium storage.
5. Nonradioactive sodium purification.
6. Intermediate pipework heating.

These subsystems are considered as part of the intermediate cooling

system and are discussed in this section.

The intermediate blanket gas subsystem can be divided

into three identical portions corresponding to the three intermediate

coolant loops.  Each loop has vent lines between the gas spaces in the

intermediate pump, the steam generator, and the reheater. Pressure-

regulating valves continuously sense the blanket gas pressure and admit

fresh argon from the plant manifold when the pressure drops below 10

psig, primarily because of the dynamic seals on the intermediate pump

shaft. Excess argon pressure during loop purging will be relieved by

a pressure-regulating valve exhausting to the atmosphere through check

valves.   Also, the intermediate blanket gas subsystem maintains an

9-3



inert atmosphere in the safety stacks which exhaust the hydrogen gener-
ated in a sodium-water reaction.

The intermediate sodium purification subsystem contains
an air-cooled cold trap for each independent loop.' These traps are

positioned near the top of the steam generators for safety and ease of
maintenance (see drawing A3111 4E*). Oxide-laden sodium is withdrawn
from the discharge line of the steam generator, and forced by an EM
pump back to the top of the unit where it enters the cold trap. Purified
sodium is pumped back into the hot leg of the intermediate loop.

The sodium unloading subsystem comprises a propane-
fired heater with integral controls, which heats the oil circulated through
the tank car and thus melts any solidified sodium, a heated carbon-steel
pipe which transfers sodium from the tank car to the nonradioactive so-
dium storage vessel, a controlled argon supply which effects sodium

transfer, and a sodium sampling system.

Before the integrity of an intermediate loop is violated,
the contents of the loop are transferred to the nonradioactive sodium
storage subsystem. Two 50,000-gallon, electrically heated carbon-
steel tanks are the main components in this subsystem. A network of
heated Croloy pipes with strategically positioned blocking valves con-
nects the three intermediate loops to the common storage facility.  Vent
lines connecting the blanket gas spaces in the steam-raising equipment
with the blanket gas space in the storage vessels permit gravity drain-

age of a loop when desired. A secondary purpose of the nonradioactive
storage system is to provide an interim sump for newly purchased so-
dium while it is being purified before injection into the heat transport
systerns.

The nonradioactive sodium purification system includes
a filtration module and an air-cooled cold trap. A 100-gpm electro-

magnetic pump withdraws sodium from the nonradioactive storage ves -
sel and forces it through the purification system. An axial-flow fan
powered by a constant speed, 20-hp, a-c motor passes a stream of cool
air over the finned cold trap. The temperature of the trap is controlled

-----

*
B&W drawing A31114E is placed at the end of this section.
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by a damper below the fan motor. The sodium oxide capacity for the

cold trap is approximately 250 pounds.
Pertinent data for the reference design LMFBR power

plant are summarized in Table 9-1.

Table 9-1. Intermediate Coolant System Design Data

Intermediate Pumps

Type Free surface, single
suction, centrifugal

Number of units                        3

Capacity per pump,
gpm/lb per hr 71,000/30.70 X 106

Developed head, ft at 700 F 205

Design temperature, F 900

Brake horsepower 3780

Operating temperature, F 700

Rated speed, rpm 825

Normal speed range, rpm 231 to 825

Impellor diameter, in. 41.0

Diameter suction/discharge,
in. 36/36

Pump Drivers

Type of motor Vertical induction

Motor speed, rpm 900

Motor horsepower, bhp 3800

Type of motor cooling Air

Pony motor horsepower, bhp    5

Pump Speed Control

Type Vertical eddy current coupling

Design eddy current coupling
s lip,   % 3

Type of eddy current cou-
pling controller Solid state

Torque at rated output, lb-ft -24,000
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Table 9-1. (Cont'd)

Type of field coil cooling Circulating oil

Cooling oil flow rate, gpm 180

Max. duty for oil-water HX
per coupling, Btu/hr 2.3 X 106

Approximate dimensions of
pump, motor and coupling
envelope, ft

Dianneter                    12

Height                                      19

Intermediate Pipework & Valves

General

Number of independent inter-
mediate coolant loops              3
Number of intermediate heat
exchangers                    6

Number of steam generators    3
Number of reheaters             3

Sodium flow rate/IHX,
1b / hr 15.35 X 106

Sodium flow rate/SG,
lb/hr 22.20 X 106

Sodium flow rate/RH,
1b / hr 8.50 X 106

Hot leg sodium ternp, F 1000

SG discharge sodium
tem p, F 852

RH discharge sodium
temp, F 825

Sodium Piping

Material C roloy   2-1/2
Maximum s odium velocity,
ft/sec                                             25

Pipe wall thickness, in. 3/8

SG inlet pipes
Numbe r                                                      2
Dia,   in.                                                      28
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Table 9-1. (Cont'd)

Reheater inlet pipes
Numbe r                                                      2
Dia,   in.                                                       18

Reactor building penetrations
Numbe r 6,  6
Dia, in. 22, 26

Average thrust/moments,
lb/lb-in. 1200/52,000

Insulation Medium-temperature block

Insulation thickness,  in.                4

Insulation surface temp, F =140

Assumed environmental
temp, F                            80

Estimated specific pipe-
work loss, Btu/hr-ft2 150

Estimated total inter-
mediate coolant system
surface area, ft2 34,000

Estimated total inter-
mediate coolant system
heat loss, Btu/hr 5.1 x 106

Valves

Location of intermediate
coolant system isolation
valves Outside reactor building

Reactor building isolation
va 1 v e s

Numbe r 6,  6
Size, in. 22,  26

Reheater throttling
valves

Numbe r                                                    3
Size, in. 22

Bypass throttling valves

Numbe r                                                         3
Size, in.                    14
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Table 9-1. (Cont'd)

Intermediate Coolant System Auxiliaries

Intermediate Blanket Gas Subsystem

Intermediate loop blanket
gas pressure, psig             10

Intermediate Sodium Purification Subsystem

Number of intermediate
systern cold traps               3

Cold trap circulating pump EM, linear induction
Cold trap flow rate, gpm 100

Internnediate cold trap
Coolant Air

Intermediate cold trap blower
power, hp                     20

Cold trap blower motor Constant speed, induction

Cold trap temperature
control Inlet air dampers

Sodium Unloading Subsystem

Sodium tank car circulating
oil supply capacity, gal. 500

Oil heater Propane fired

Minimum thermal duty of
thawing system, Btu/hr 1.2 X 106

Tank car blanket gas pres-
sure, psig                      15

Nonradioactive Sodium Storage Subsystem

Number of nonradioactive
sodium storage tanks            2

Total nonradioactive
sodium storage capacity,
gal. 100,000

Orientation of nonradioactive
sodium storage tanks Horizontal

Nonradioactive sodium stor-
age vessel design pressure,
psig                                                50
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Table  9-1.    (Cont 'd)

Nonradioactive sodium stor-
age vessel design temperature,
F                             1000

Nonradioactive sodium stor-
age vessel insulation thick-
ness, in.       -         4

9.1.3. System Design Requirements

9.1.3.1.  Performance

1.  The intermediate coolant system shall re -               '

spond to programmed temperature and flow changes throughout the

plant's lifetime without inducing excessive thermal stresses or thermal

fatigue.

2.  The capacity of the intermediate pumps

must be variable from 20 to 100% of the rated plant conditions.3

3.  The head capacity characteristics of all

intermediate pumps must be matched within :t5% of the design rating.

4.  The average sodium velocity in the inter-

mediate loops shall not exceed 25 ft/sec.

5.  The intermediate sodium purification sub-

system shall be designed to hold the oxygen concentration in the coolant

to a maximum of 10 ppm.

6.  The sodium unloading subsystem shall be

capable of raising the temperature of a carload (40 tons) of sodium to

240 Fin 16 hours.4

7.  The nonradioactive sodium storage sub-

system shall have sufficient capacity to raise the temperature of the

fully loaded tanks evenly at a rate of 10 F per hour up to a maximum

temperature of 400 F, and exist in the deenergized state at temperatures  1

up to 1000 F.
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8.  The nonradioactive sodium purification
subsystem shall be capable of filtering and purifying a full inventory of
sodium in the nonradioactive sodium storage tanks to an oxygen concen-

tration of 10 ppm in 100 hours and of maintaining this impurity level un-
til loop charging is completed.

9. Gravity drainage of an intermediate loop
shall be possible in less than 1 hour.

10. The intermediate pipework heating sub-
system shall be capable of raising the temperature of all conduits filled
with sodium to their prescribed limits in not more than 100 hours, start-

ing from a frozen state at 60 F.

9.1.3.2.  Environment

The intermediate coolant system shall be en-
closed in a typical industrial building, and temperatures shall be con-
trolled by a ventilation system.

9.1.3.3.   Reliability/Availability

1. Routine maintenance on loop components
should be done during refueling shutdowns so that plant availability is
not influenced.

2. Clearance between rotating and stationary
parts must be adequate to prevent seizure when operating up to 900 F.

3.  At least one independent intermediate so-

dium purification unit shall be provided for each heat transport loop.

4.  The oxide holdup capability of a cold trap
shall be designed for a minimum of one year. Plant availability shall
not be compromised as a result of replacement of the purification com-
ponents.

5.  All sodium transfer pipework and argon
vents must be equipped with some means of heating to prevent flow
blockage of freezing.

6. Redundant pipework heating elements shall
be provided in inaccessible areas.
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7.  The intermediate sodium pipework shall be

capable of safe operation under the schedule of temperature transients

expected in the 30-year lifetime of the plant.

9.1.3.4. Maintenance

1.  Seals at the interface of the intermediate

coolant pump driver shall be replaceable without removal of the driver.

2. Pump drivers shall be easily disconnected

from the pumps for maintenance or replacement.

3.  All components and pipework in the inter-

mediate coolant system shall have provisions for gravity drainage.

9.1.3.5. Operations

1.  At least three samples shall be taken from

each load of sodium purchased in order to provide initial data for a

continuing analysis of the interplay of the sodium purification system.'

2.  All on-line loops shall be operated within

:El% power output.

3.  A sodium bypass line around the steam-

raising components should be provided for plant control at partial 16ads i:

in conjunction with the variable speed pumps.

9.1.3.6.  Safety

1.  The elevation of the free sodium surface

in the intermediate coolant pumps, the steam generators, and the re-
heaters should be approximately the same.

2.  The sodium blanket gas pressure in the

pump shall equal the blanket gas pressure in the steam-raising units.

To guarantee pressure equality, heated vent lines connecting the steam

generator, the reheater, and the pump shall be installed in each loop.

3.  The intermediate sodium purification sys-
tems shall be near the top of the steam generators as a safety precaution

against the possibility of losing the intermediate coolant during replace-
ment of the cold trap.
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4.  The electromagnetic pump supplying the
cold trap shall be placed low in the cold leg of the intermediate loop to
ensure priming and prevent burnout.

5.  The nonradioactive sodiurn storage sub-

system shall be below the level of all other intermediate system com-

ponents to permit a gravity drain of the loop contents in an emergency.

6. Driver inertia is guaranteed to supplement
the pump inertia to ensure a gradual flow coastdown during power failures.

7.  The intermediate loop isolation valves shall

be designed to perform satisfactorily in the event of a pipe rupture di-

rectly adjacent to the steam generator side of the valves.

8.  Normally, the isolation valves will be

opened and closed by motor-driven actuators powered from the (diesel

backed) interruptible bus. Manual operation shall be included for ex-

tremely adverse conditions.

9. Isolation valves shall not be used as throt-

tling valves.

10. The isolation valves shall form a part of
the reactor building and be positioned so that radiation hazards to per-
sonnel outside the containment building would be negligible after an ac-

cident in which radioactive sodium were able to diffuse into the inter-

mediate system and reach the valve.

11. The intermediate coolant pipework within

the reactor building shall be enclosed by a secondary barrier as a posi-
tive means of reducing the possibility of a sodium fire in the area.

12.  Inert gas shall be supplied to the sodium

delivery vehicle at a pressure not to exceed the tank's rating.

13. Flexible hoses shall not be used in trans-

ferring sodium from the delivery vehicle.

14. The integrity of the intermediate system
must not be compromised by the use of mechanical pumps requiring

dynamic seals, except in the case of the main coolant pumps.
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9.1.3.7. Design Standards

1. Pump parts in contact with sodium shall be

constructed of Croloy 2- 1/4,  with the exception of bearings and wear

ring nnaterials.

2.  All intermediate loop sodium conduits shall

be made of standard-weight Croloy pipe and be fusion welded in accor-

dance with ASTM Code A155-65.

3.  All pipework shall be of single-wall con-
struction except in areas in which there is a mixing of flow between two

streams of sodium at different temperatures.

4.  All system pipework shall be designed for

an internal pressure of 175 psia.  Hot leg pipework shall be designed to

operate at a maximum temperature of  1100  F.   Cold leg pipework shall

be designed to operate at a maximum temperature of 900 F.                             :

5. Piping stress will be taken by the piping

configuration rather than packed slip joints, bellows, or other devices

which may be less reliable.

6.  The intermediate blanket gas subsystem

shall receive gaseous argon from a liquified argon source at a pressure

not to exceed 150 psig. Purity requirements as analyzed for commer-

cial grade argon are satisfactory:5

Impurity Maximum conc, ppm Dew point, F

02               5

N2                                20                       -76
Other                                5

7. Sodium shall be the lubricant for the lower

bearing in the intermediate coolant pump.

8.  The storage vessel for nonradioactive so-

dium shall be designed to withstand th& maximum pressure that can be

imposed on the intermediate system.
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9. Temperature gradients in the intermediate
coolant system pipework shall not be severe enough to cause a thermal
stress failure.

10. Commercial grade sodium with a reduced
calcium content shall be sufficiently pure for bulk delivery to the plant
site.

11.  An operating cold trap shall be provided in
each loop of the intermediate system for operation with a plugging tem-
perature of 300 F or less. The tentative operating specifications es-
tablished for the intermediate sodium are as follows:6

Normal Chemistry Control

Element 22rn

Boron           10
Carbon (total) 40
Cyanide             --
Cobalt              10
Chrornium                25
Copper              5
Iron 40
Hydrogen                5
Nitrogen 20

Oxygen          10

Prohibited Additions (Except as Residuals)

Aluminum Mercury
Antimony Potassiurn
B ar ium Silicon (allowable to 0.75%
C adm ium in metals and alloys)
Calcium Silver
G old Sulfur
Halogens Tin
Lead Zinc
Magnesium

12.  To ensure quality control and comply with
license stipulations, all components of the intermediate coolant system
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shall be designed in accordance with the applicable codes given in Vol-

ume 1, section 2 of this report.

9.1.3.8.  Interface

1.  The intermediate pump motors shall be

air cooled.

2. Heat released in the intermediate coolant

pump's eddy current couplings shall be transferred outside the steam

generator building by the cooling oil to an oil-to-water heat exchanger.

See Table 9-1, Pump Speed Control.

3. Fresh argon shall be supplied to the inter-

mediate blanket gas subsystem from the plant manifold.

4. Vital components, such as the pumps, in

the inte rmediate loops shall be protected from damage by freezing  so-
dium with current supplied from the guaranteed interruptible (diesel ,„.

backed) power supply.

5. Pump supports shall transmit pipework
thrusts and moments to the steam generator building.

6.  The intermediate coolant system shall be                
compatible with the reactor coolant system and the steam generation

--

system.
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9.2. Detailed System Description

9.2.1.    Components

9.2.1.1. Intermediate Pumps

The pumping duty of the intermediate coolant
system is divided evenly among three free-surface, vertical, single-
suction centrifugal machines.   Each pump turning at 825 rpm will develop
a 206 foot head of 700 F sodium while delivering a rated capacity of
71,000 gpm. A sketch of the pump and driver assembly is shown in draw-
ing A31113E.

Sodium enters the pump via a 36-inch-OD, 3/8-
inch-wall Croloy pipe rising vertically from the lower levels of the build-

ing housing the steam-raising equipment. The discharge flow is handled

by a similar pipe located in a horizontal plane.
The basic load (pipework reaction and physical

weight) carrying members of the pump are the outer barrel and the dif-

fuser casing. This assembly is bolted to a suspension structure which
is grounded to the building floor at the 71-foot elevation.

To facilitate maintenance, pump internals are

mounted on an internal barrel which can be removed. The lower pump
shaft is aligned in the radial direction by a hydrostatic sodium bearing
which is near the 41-inch-diameter impellor. Sodium for this bearing
is  obtained  from  the high pressure  side  of the impellor.     The  uppe r

seals are oil-lubricated and can be replaced without removing the pump
driver.

The intermediate pump is manifolded to the

blanket gas on the sodium side of the steam generator and reheater (see
section 9.2.2.1). An argon injection port and an isolation valve to re-

move the pump from the common manifold are provided to permit purg-

ing  o f  the  pump.

-----

./

B&W drawing A31113E is placed at the end of this section.
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9.2.1.2.   Intermediate Pump Drives

The intermediate pumps are driven by 3-phase,
60-cycle, 900-rpm, vertical induction motors rated at 3800 brake horse-

power. The speed of the pumps is controlled by variations in the field

excitation of an eddy current coupling7 between the output shaft of the con-

stant-speed motor and the pump shaft.

Physically, an intermediate pump motor and

coupling can be enclosed in an envelope 12 feet in diameter and 19 feet high.

The motors are cooled by circulating building air through the windings.

Bearing lubricants are cooled by a forced-convection, oil-to-air heat ex-

changer which is mounted as an appendage.
The Kingsbury-type thrust bearings used in the

motor require an oil film between the rubbing surfaces during startup
and shutdown to reduce friction.  The oil film is provided by a mecha-
nism known as the lift system, which is also an appendage of the motor.

' The major components in the lift system are two servomotor-driven

pumps, one ac and one dc; each unit is capable of slightly more than full

pumping power, and each is equipped with pressure switches, a pres-

sure gage, a relief valve, and an oil-metering manifold assembly.  A
zero-leakage check valve is positioned at each thrust bearing shoe to -

prevent reverse flow and loss of the hydrodynamic oil film during nor-
mal bearing operation when the lift system is not in operation.

Mounted on the top of the main pump drives are
5-hp pony motors which are energized to maintain some loop circulation
if a power failure occurs.   Each pony motor is connected to the main

motor shaft through a set of speed-reducing gears and overriding ball
clutch. These motors are connected to the guaranteed (diesel backed)

interruptible power.
The eddy current coupling is connected to the

pump motor through an electrically insulated rigid coupling and is sepa-
rated from the pump to provide access to the argon atmosphere seals of
the pump without removing the driver assembly. The 900-rpm couplings
can transmit 24,000 pounds-feet of torque at 3% slip. The normal oper-

ating speed ranges from about 231 rpm up to a maximum of 873 rpm

available at 3% slip, but the maximum is not needed at the rated pump

speed.
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The coupling has three major components:   the

rotor, the rotor drum, and the housing. The rotor drum is mounted on
the input shaft (motor side), and the rotor operating inside the rotor
drum is connected to the output (pump side) shaft. The field coils and en-

circling magnets are part of the coupling's housing. The excitation coils
are stationary surrounding the rotor-drum and therefore are not sub-

jected to the centrifugal stresses of rotation. There is no need for
brushes, slip rings, or commutators. The input shaft supporting the
rotor drum is free to rotate concentrically within the field magnets and

is separated from them by the parasitic air gap.

During operation the input assembly turns at the

speed of the prime mover, although the output assembly will not turn un-
til current flows in the field coils. Magnetic lines of force then flow.

through the field body, rotor, and drum and are interrupted by the rela-
tive differential in speed between the drum and the rotor.  As a result,
eddy currents are developed in the inner surface of the drum opposite
the rotor poles. A second magnetic field is developed by the flow of
eddy currents in the drum. The resultant interaction between the two
magnetic fields provides torque-transmitting ability between the drum
and the rotor. Varying the excitation current in the field coil produces
a corresponding change in torque or speed at the load.

The field coils are cooled by the circulation of

a high-grade, low-viscosity turbine oil to the heat exchangers which are

supplied with water from the service system. Bearing lubrication is

supplied through separate pumps, coolers, and strainers from a reser-

voir common to both the cooling and the lubrication systems.   Both the

cooling and the lubricating oil supply systems have two motor-driven

pumps in parallel circuits:  an a-c pump for normal operation and a d-c

pump for emergency operation.
A torsional shear section in the input shaft is

designed to twist off at 250% of rated torque. A solid-state controller

unit supplies d-c excitation current to the field of the eddy current

coupling.

9.2.1.3. Intermediate Pipework and Valves

The number of intermediate loops and their

configuration were selected as a result of trade-off studies on the primary
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and intermediate heat transport loops (see Volume 4, section 3). These

results indicated a preference for a three-loop intermediate system
having three steam generators, three reheaters, three intermediate

pumps,  and six intermediate heat exchangers. An isometric drawing of

the east loop of the pipework system designed by Sargent & Lundy Engi-

neers is shown in drawing A31114E. Since the west loop is a mirror

image of the east loop and the center loop is virtually the same, they

are omitted from the drawing.

Twenty-six-inch (OD) lines from each of the

six intermediate heat exchangers transport the hot sodium (1000 F)

through the reactor building's wall to the steam generator bay. Isola-

tion valves are placed on the outside of the building's penetrations.  Two

of the 26-inch-OD pipes are combined into one 36-inch line which feeds

the two 28-inch leads on the steam generator and the two 18-inch leads

on the reheaters.  The cold sodium leaving the steam generator and the

reheater are combined in a special mixing section before entering the

36-inch-OD suction line of the intermediate pump. The intermediate

pump discharges the sodium to a 36-inch-OD header which splits into

two 22-inch-OD lines before entering the reactor building.  Each 22-

inch line then feeds one intermediate heat exchanger.
The intermediate piping inside the reactor

building is encased in a mild steel pipe to prevent the possibility of fire

from small leaks. The annulus between the piping is filled with argon

and contains leak-detecting instrumentation.

Data used in determining the piping sizes are

as follows:

Hot sodium temperature, F 1000

Steam generator discharge temperature, F 652

Reheater discharge temperature, F 825
Intermediate pump discharge temperature, F 700

Steam generator flow, lb/hr 22.20 X 106
Reheater flow, lb/hr 8.50 X 106

Intermediate pump flow, lb/hr 30.70 X 106
Intermediate heat exchanger flow, lb/hr 15.35 X 106
Maximum sodium velocity, ft/sec 25

The sodium piping is routed in the steam gen-

erator bay with ample long-radius elbows to adjust for the thermal
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expansion due to the temperatures involved. Calculations have been
made, and it has been determined that the thrusts and moments of the

equipment are about 12,000 1b and 52,000 lb-in., respectively. These
values are compatible with the design philosophy. However, additional
investigation is needed to consider the design problems associated with
the mixing of the steam generator and the reheater discharges.

All intermediate pipework and valves are cov-
ered with 4 inches of commercially available, medium-temperature
block insulation. Heat losses from the piping are estimated to be 150
Btu/hr -ftz with an outside insulation temperature of 140 F and an am-
bient temperature of 80 F. The order of magnitude of the heat losses
for the entire intermediate coolant system is shown in Table 9-2.

Table 9-2. Intermediate Coolant Piping Data

Pipe ID, in.                 14     18     20      22      26     28      32     36
Insulation OD, in. 22   26   28    30    34    36 40 44

Surface area per ft,
ft 2/ ft (accounting for
the 4 inches of in-
sulation) 5.76 6.80 7.33 7.85 8.90 9.42 9.95 11.52

Pipe length, hot leg,
ft                      30    108  75 340 180 480

Pipe length, cold leg,
ft 45 480 275 125 540

Total pipe length, ft     75 108 75 480 615 108 125 1020

Pipe surface area,
including insulation,
ft2 432 735 550 3768 5474 1017 1244 11750

Number of 90-deg
long-radius bends       6     12   3     9     9     12    6    60

Surface area per 90-
deg long-radius bend,
including insulation,
ft2                         15.8  24 28.8 33.9 45.4 51.8 58.5 81.4

90-deg long-radius
bend surface area, ftz 142 288 86 305 409 622 351 4884

(Total surface area in straight pipe and long-radius bends = 31,034 ft2.)

The surface area in the straight piping and the
long-radius bends totals 31,034 ftz. After adding a conservative estimate
for the surface area in the valves, tees, reducers, and other components
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in the system, the total surface area approaches 34,000 ft: Under nor-

mal plant operating conditions, approximately 5.1 x 106 Btu/hr would be
dumped into the pipework gallery from this source.

A combination of induction and resistance heat-

ing will be used to preheat the intermediate system before the coolant is

charged and to hold the system at a prescribed temperature during loop

inactivity.

9.2.2. Intermediate Coolant System Auxiliaries

9.2.2.1. Intermediate Blanket Gas Subsystem

The intermediate blanket subsystem has four

basic components: the vent network, the argon makeup unit, the argon

exhaust port, and the safety stack.  The vent network is a system of

heated pipes connecting the gas voids in the steam generator, reheater,

intermediate pump, and nonradioactive sodium storage vessel. Motor-

operated blocking valves between each space permit equipment isola-

tion for maintenance or other reasons. Vent pipework will be arranged
so that any condensation of sodium vapor will drain from the lines.

The argon makeup unit is near the top of the

steam generator and is plumbed into the main plant's argon supply.  A

pressure-regulating valve automatically admits fresh argon into the com-

mon blanket gas system via the steam generator space when the pressure

drops below 10 psig. A bypass valve is included for purging and higher

blanket gas ·pressures when desired.

The argon exhaust port consists of a blocking
valve upstream of an adjustable pressure-regulating valve in a tube

penetrating the steam generator head.
Both the steam generator and the reheater are

equipped with rupture disks and safety stacks so that gases liberated in

a large sodium-water accident can be safely discharged to the atmosphere.

A flapper valve must be installed at the stack outlet so that the stack can

be filled with inert gas. This arrangement will prevent an explosive re-

action between the liberated hydrogen and the atmospheric oxygen within

the steam generator building. A safety stack inerting arrangement con-

sisting of a pressure-regulating valve and a blocking valve is installed

on each stack and draws argon directly from the main plant manifold.
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An evacuation nipple and a bypass line around the pressure-regulating
valve are also provided in each stack for purging and leak testing.

9.2.2.2. Intermediate Sodium Purification Subsystem

The intermediate-loop sodium will be purified
by an air-cooled cold trap similar to the Hallam design8 (see drawing
A40507D*). Oxide-laden sodium at 1000 F is extracted from the hot leg
of the intermediate system and is circulated by an electromagnetic pump
to a cold trap at the top of the steam generator via a 2-inch Croloy pipe.
The piping is arranged to allow inlet sodium to the cold trap to originate
in the cold leg when the intermediate coolant loop is  shut down.   The
cooling process begins as the impure sodium flows through the regen-
erative heat exchanger section before being pumped back into the hot leg
of the intermediate system. On leaving the economizer, the oxide-laden
sodium flows toward the bottom collection chamber through an annular

passageway containing stainless steel packing.  Heat from the sodium is

extracted by an external air stream passing over axially oriented fins.
When the sodium reaches the lower collection chamber the temperature

is approaching 300 F and has lost most ofthe precipitable impurities in
the stainless steel packing. Clean sodium then flows upward in an an-
nular passageway toward the economizer·coil. Heat received from the
impure sodium in the inner annular passageway and the economizer coils
raises the temperature of the clean sodium to within approximately 50 F
of its initial temperature.

An axial-flow fan powered by a constant speed,
20 hp, a-c motor forces a stream of cool air over the finned cold trap.
The temperature of the trap is controlled by a damper positioned below
the fan's motor. Temperature signals from several thermocouples im-
bedded in the trap are used to automatically adjust the cooling capacity
to maintain maximum trap performance.

Most of the hardware for the cold trap is per-
manently installed.  When a trap becomes ineffective, the inlet and exit
sodium lines are cut, and the trap cannister is removed by the overhead
crane and transported to the maintenance area.

-----

*
B&W drawing A40507D is placed at tlie end of this section.
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9.2.2.3. Sodium Unloading Subsystem

The sodium unloading subsystem is on the west

side of the plant complex near the nonradioactive sodium storage vessel

and the railroad siding. New supplies of sodium will be delivered in

special railroad tank cars equipped with an oil circulation system for

thawing frozen sodium.
A propane-fired oil heater, a 500-gallon oil

storage tank, an oil circulating pump, a 4-inch electrically heated trans-

fer pipe, and an argon gas supply form the major components of the so-

dium unloading subsystem.  The oil heater will be chosen from co.mmer-

cially available units  and will have a minimum thermal duty  of  1.2  X  106

Btu/hr. Flexible hoses will supply oil to the tank car. Gaseous argon
1 will be supplied from the main plant manifold at a regulated pressure of

15 psig. Gas supply lines near the tank car will have heaters and vapor

traps to prevent line blockage by freezing sodium.  The end of the sodium

transfer pipe that bolts to the tank car will be cantilevered for a distance

great enough to permit vertical and horizontal motion, so that adjustment

for minor deviations in the position of the tank car' s hatch can be made

without bellows or other flexible conduits. The transfer pipe discharges

directly into the nonradioactive sodium storage vessel. Blocking valves

are placed at each end of the pipe so that the contents of the pipe can be

purged.

9.2.2.4. Nonradioactive Sodium Storage
Subsystems

Two 50,000-gallon carbon steel tanks will be

installed on the west side of the power plant complex to receive and store

nonradioactive sodium from the intermediate heat transport loops or

from the sodium unloading subsystem. Both tanks will be installed in

the horizontal position and at a grade level that permits gravity drainage

of any one of the intermediate sodium loops. The tanks will be electri-

cally heated and designed for continuous duty at 600 F with intermittent

periods of operation up to 1000 F. The design pressure at 1000 F will be

50 psig. Approximately 4 inches of removable insulation will be applied

to the outside of the tank to reduce heat losses. Tank penetrations will

be limited to a 4-inch sodium transfer pipe, an argon pressurization
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and/or vent line, and an inlet and exit line for the nonradioactive sodium
purification subsystem.

9.2.2.5. Nonradioactive Sodium Purification

Subsystern

This subsystem contains an air-cooled cold

trap identical in design to those in each of the intermediate sodium loops
(see section 9.2.2.2) and a filtration unit to remove foreign matter

transferred from the rail cars into the nonradioactive sodium storage
vessel. The filtration unit is placed just upstream of the cold trap to

prevent premature flow blockage  of the  trap by particulates.

9.3.  Principles of Operation

The intermediate coolant system provides the thermal communica-
tion required between the reactor coolant system and the steam genera-

tion system. It transmits the energy demands by the steam generation

system and therefore tends to decrease in temperature with an increase

in plant load and to increase in temperature with a decrease in load.  Its
ability to maintain the programmed power output of the plant is controlled

by variable-speed intermediate pumps and sodium bypass lines around
the steam generator and the reheater.

During the startup phase of the plant operation, the intermediate

system will be brought to temperature at a rate compatible with the sys-
tems that bound it. The intermediate pumps, together. with electric
heaters and steam from the package boilers, will raise the temperature
of the system to a level equal to that of the reactor coolant system and
the steam generation system. The reactor will then be started to pro-
vide the heat (if required) to raise the entire plant, except for the steam-

raising equipment, to an isothermal condition of 800 F.
As the steam-raising equipment is placed on line, the cold leg tem-

perature will drop and the hot leg temperature will rise simultaneousl•,)
with an increase in the intermediate pump speed and a decrease in the

steam generator bypass flow. The process will continue until the plant
reaches 100% power, at which time the intermediate pumps will be oper-

ating at 100% of rated speed, the hot leg temperature will rise to 1000 F,
and the mixed mean temperature of the cold leg will have dropped to
700 F.

\
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During normal operation the intermediate system will share the

entire plant load equally among the loops that are in operation.  See

section 8 for the control scheme that will integrate the intermediate sys-

tem with the entire plant.

Of primary concern in the operation of the intermediate system is

the effect of thermal transients not only on the intermediate system, but

on the reactor coolant and steam generation system. Further investiga-

tion will be required to determine the effects of transients initiated by

the steam generation system on the intermediate piping and the interme-

diate heat exchangers during a turbine trip not initiated by the reactor

system and a reactor scram not initiated by the turbine plant.

9.3.1.   Components

9.3.1.1.      Intermediate   Pump s

The three sodium pumps in the intermediate

system are independent of each other and have no common flow paths.
..

At full speed they .operate under a constant available NPSH of approxi-

mately 70 feet. The level in the pump is maintained by an overflow line

connected to the pump suction.  At low loads, such as when the pony

motor is in operation, the level is established by the loop inventory and

is at the same elevation as the level in the steam generator and the re-
„  Ad.

heater.

The hydrostatic sodium bearing is supplied with

sodium from the high pressure side of the impellor.  At low rpm the dis-

charge pressure of the sodium to the bearing will have decreased, but

will be sufficient because the radial load also will have decreased. Nor-

mal operation of the pump requires that the sodium be relatively free of

sodium oxide and other solid impurities to prevent blockage of the flow

channels leading to the bearing.

' 9.3.1.2. Intermediate Pump Drives

Since the basic principles of operation for

constant-speed induction motors are widely understood, they are not

discussed here. Eddy-current couplings, however, are not common in

large machines and are treated in section 9.2.1.2 of the intermediate sys-

tem design description.
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A control analysis indicates that the intermedi-
ate coolant flow rate will be 28% of the maximum flow rate when the plant
output drops to 20% of the rated capacity. The pump's speed for this
mode of operation will be approximately 231 rpm while the hydraulic

horsepower drops from 3180 to 70. The thrust bearing lift system will
not be needed in the usual operating range of the power plant (20 to 100% ),
but it will be activated whenever the motor is below about 200 rpm.

An advantage of a coupling over other speed-
control schemes is that the motor load can be reduced to zero for start-
ing, thereby greatly reducing peak currents.  With an eddy-current cou-

pling, motor load can be applied at any desired rate throughout the de-

signed speed range.

' 9.3.2. Intermediate Coolant System Auxiliaries

9.3.2.1. Intermediate Blanket Gas Subsystem

The intermediate blanket gas subsystem must
function under four conditions: coolant charging, normal plant operation,
coolant discharging, and the sodium-water accident. Figure 9-2, a sche-
matic drawing of an intermediate loop, shows how the inert blanket gas

supply is factored into the system.

Coolant Charging - Assuming that 100,000 gal-
Ions of purified sodium is available in the nonradioactive sodium storage
vessel, an intermediate loop will be charged as follows:

1.  The entire loop and both vent stacks are evacuated.

2. Fresh argon from the plant manifold is admitted to the
loop and stacks.

3.  The entire intermediate loop is preheated to a tempera-
ture of 400 F.

4. Pressurized nonradioactive sodium flows into the loop
from the storage vessel. Argon displaced by the incom-
ing sodium is vented to the atmosphere.

5.  Once the prescribed sodium level is reached in the
steam generator and the reheater, the pressure of the
nonradioactive sodium storage vessel is reduced to 10
psig by venting the excess argon to the atmosphere.

6. Under normal operation conditions there is no need to
vent blanket gas.  This fact will be shown subsequently.
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Figure 9-2. Intermediate Blanket Gas Subsystem
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Normal Plant Operation - The normal operat-
ing range for the 1000-MWe LMFBR Reference Plant is between 20 and
100% of the rated capacity.  At the maximum plant output the inlet so-
dium temperature to the steam generator is 1000 F.  When the plant out-
put drops to 20% the inlet sodium temperature falls to 960 F. Since the
blanket gas pressure is so low (25 psia), the change in pressure due to
the 40 F temperature drop amounts to only 0.75 psi.  It may therefore

be concluded that very few difficulties will be encountered in maintaining
a stable blanket gas pressure. The system would be self regulating if
zero leakage could be guaranteed for the intermediate pump shaft dy-
namic seals. Any leakage of argon through these seals would be auto-

matically made up from the plant manifold, which will be set to hold 10
psig in the gas space. Equalization of the blanket gas pressures in the
steam generator, reheater, and intermediate pump by a vent network
eliminates the need for separate supply systems.

Coolant Discharging - During the lifetime of                ·
the plant, occasions will arise that require the complete drainage of an
intermediate loop. For safety, the storage vessel has been placed below
the level of any component in the intermediate sodium system so that
sodium can be transferred by gravity alone. Since this feature is al-
ready built into the system, it will be the usual means of sodium trans-

fer. As ·sodium flows into the storage vessel, displaced argon gas flows
into the intermediate loop through the vent network.

Sodium-Water Reaction Accident - Sodium and
sodium-water reaction products  will be drained  from  the inte rmediate

system by the same procedures used for a routine coolant discharge.
However, during the accident, large volumes of hydrogen gas will be
generated and must be safety vented to the atmosphere.  If the shell side
pressure in the steam generator or the reheater exceeds 200 psig, then
the  rupture disk in the top 'of the affected piece of equipment will fail and
admit hydrogen to the safety stack, which is filled with argon at 10 psig.
As the pressure rises, a flapper valve in the stack exit opens and dis-
charges the hydrogen-argon mixture to the atmosphere.  When the stack

pressure drops below a predetermined limit, remotely operated argon
inlet valves will be opened to purge the remaining hydrogen gas from the
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stack. Subsequently, the pressure regulating valves will hold a blanket

gas pressure of 10 psig until the loop can be drained.

9.3.2.2. Intermediate Sodium Purification
Subsystenn

The intermediate purification cold trap will be

operated during plant operation at all loads as required. In-line instru-

mentation and sample analysis will determine the operating conditions

as well as the period of operation for the trap.

9.3.2.3. Sodium Unloading Subsystem

Railroad tank cars of new sodium are pushed

into the unloading bay on the west side of the power plant complex.  The

sodium will be transferred from the tank cars as follows:

1.  The cantilevered transfer pipe is bolted to the discharge
hatch of the tank car.

2.  The transfer pipe is purged to remove all gases that are
reactive with sodium and any water vapor that might
have been admitted during the coupling operation.

3.  Oil heater and pressurizing gas connections are made
with the tank car.

4.  Thawing of the sodium is begun.

5.  Before the actual transfer of the tank's contents, the
transfer pipe is brought up to approximately the same
temperature as the sodium being handled, and the non-
radioactive sodium storage vessels are evacuated to
28 inches of mercury.

6.  The blocking valve in the transfer pipe near the nonra-
dioactive storage vessel is opened.

7.  Argon gas pressure (15 psia) is applied to the tank car
to effect the sodium transfer.

After the entire contents of the tank car have

been emptied, the empty car is disconnected as follows:

1.  The blocking valve in the transfer pipe near the tank
car is closed.

2.  An argon purge is used to force the residual quantities
of sodium into the tank car or into the nDnradioactive
storage tank.

3.  The blocking valve near the nonradioactive storage tank
and the rail car valve is closed.
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4. Heater power is removed from the transfer pipe, the
tank car is pressurized to 5 psig, and the propane fur-
nace is shut down.

5. After cooling, all connections are removed and a new
rail car is brought up for unloading.

9.3.2.4. Nonradioactive Sodium Storage
Subsystem

Sodium can be added or removed from the non-
radioactive sodium storage subsystern in two ways: by differential cover
gas pressure, or by gravity-induced differential pressure, depending
upon the particular operational function. New sodium arriving by rail-
road tank car will be transferred to the nonradioactive storage tanks by
pressurizing the molten sodium in the delivery vehicle and evacuating
the inert gas in the storage tanks to obtain the necessary driving head.
Sodium from the nonradioactive sodium storage subsystem will be trans-
ferred to the reactor vessel via the temporarily installed transfer pipe-
work by pressurizing the storage vessel and venting the gas from the re-
actor vessel.

Sodium can be transferred from the intermedi-
ate heat transport loops to the storage vessel by either of the methods
mentioned above. During a loss of electric power, a loop can be drained
to the nonradioactive storage subsystem by gravity. Blanket gas spaces
in both the storage tanks and the intermediate coolant loop being emptied
must be kept at an equal pressure.  To do this, a vent line common to
all spacers is installed in the system.

Sodium can be forced from the storage tanks
back into the heat transport loops only by differential cover gas pressure,
since the tanks are below the level of the intermediate sodium loops.
The inert gas in the heat transport loop is vented to the atmosphere as
it is displaced by the entering sodiunn.

9.3.2.5. Nonradioactive Sodium Purification
Subsystem

Because the nonradioactive sodium purification         c
subsystem is almost identical to the intermediate sodium purification
subsystem, the principles of operation are essentially the same and are
described in section 9.3.2.2 of this report.   The only operational
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difference lies in the fact that a filtration unit has been added to the by-

pass flow circuit.  This unit mechanically removes particulates by di-
recting the flow of sodium through layers of stainless steel screen whose
mesh gets progressively smaller as the fluid approaches the exit.
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9.4. Safety Precautions

9.4.1. Components

9.4.1.1. Intermediate Pumps

The location of the sodium pump in the 1000

MWe LMFBR reference plant absolutely prevents a gravity-induced loss
of sodium through the gas seals.   A vent line connecting the gas voids
in the steam generator, reheater, and pump in common relieves the

possibility of leakage due to pressure differentials.

9.4.1.2.  Intermediate Pump Drives

The pump's speed must be accurately controlled

during startup, shutdown, and power maneuvers to prevent radical ther-

mal transients from causing critical thermal stresses in certain heat

transport components. A computerized automatic control system will
direct normal operations so that the likelihood of extreme conditions is

remote. However, during a loss of power, motor inertia will play a

significant role in causing a gradual letdown of intermediate coolant

flow. The combined motor, pump, and coupling inertia will adequately
prolong the coastdown period following a power failure. To preclude
the loss of the motor component of the total inertia, the coupling excita-

tion current will be supplied from the guaranteed noninterruptible bus.

Pony motors connected to the guaranteed interruptible bus will take over

the pump driving duties as required.

9.4.1.3. Intermediate Pipework and Valves

Sodium fires of any origin in the reactor build-

ing could have serious consequences. Therefore, all intermediate pipe-
work carrying sodium into or out of the reactor building is enclosed in a

secondary steel jacket.9 These protective jackets are welded into the

steel reactor building liner and into the steel cap covering the interme-

diate heat exchangers.
Under accident conditions, it is theoretically

possible for the intermediate loop's flow conduits to become escape
avenues for dangerous quantities of radioactive materials. Isolation

valves on each intermediate loop pipe penetrating the reactor building
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give plant personnel the option of positively controlling this factor af-

fecting safety. Furthermore, manual valve operation is provided as a

backup to the remotely controlled motor-driven operation.

9.4.2. Intermediate Coolant System Auxiliaries

9.4.2.1. Intermediate Blanket Gas Subsystem

Failures in the intermediate blanket gas sub-

system fall into three categories:  loss of argon pressure, argon over-

pressure, and the presence of a hazardous safety stack atmosphere.

Normally, a pressure regulating valve main-

tains a 10 psig argon blanket gas pressure over the free surfaces in an

intermediate loop. Failure of this valve to make up leakage from the

system would result in a gradual drop to atmospheric pressure.  In the

absence of a pressure differential across the pump's dynamic seals,

any contamination of the blanket gas would be limited to that caused by
diffusion. Pressure transducers in the blanket space would indicate the

malfunction in the control room, so that timely corrective action could
be taken. A malfunction of this nature does not constitute a potential

safety hazard from a sodium-air reaction.

If a failure in the argon makeup controller

caused over-pressurization of the blanket gas space, it would be relieved

by a safety valve. Pressure transducers in the blanket gas space would
indicate the malfunction in the control room so that corrective action

could be taken.

The presence of air in the safety stack would

definitely pose a threat to plant safety. At ambient temperature the

concentration of air in an air-argon-hydrogen mixture must be kept below

20% to preclude the possibility of an explosion. This limit is considerably10

reduced as the temperature of the mixture rises. To guarantee the safe

expulsion of the hydrogen produced in a sodium-water reaction, the air

concentration will be kept below 5%. Although the operating procedure

calls for evacuation of the safety stack followed by argon pressurization

to 10 psig, samples will be withdrawn and analyzed periodically as an
additional safety precaution.
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9.4.2.2. Intermediate Sodium Purification Subsystem

The design of the intermediate cold trap was

heavily influenced by considerations of the safety in the handling of highly
reactive sodium metal. Specific features contributing to plant safety
a r e a s follows:

1.  The secondary cold trap is positioned near the top of the

steam generator to eliminate the possibility of losing loop sodium in the

event that a cold trap tank or a valve fails.
2.  The electromagnetic circulation pump is placed low in

the intermediate system in order to boost the pressure of the secondary
cold trap's sodium supply, to ensure pump priming at all liquid levels
in the steam generator, and to preclude pipe.failures from overheating.

9.4.2.3. Sodium Unloading Subsystem

Water vapor-sodium reactions and sodium fires

will be prevented by maintaining a dry argon blanket over all free.sodium.

surfaces. Generous purging of the trans fer pipework will remove any
residual sodium before a depleted tank car is disconnected.  The use of

a cantilevered transfer pipe eliminates the need for failure-prone bellows
or other types of flexible conduits.

9.4.2.4. Nonradioactive Sodium Storage Subsystem

Safety measures for the nonradioactive sodium

storage subsystem will follow the guidelines that are generally accepted
for handling liquid sodium. Vessels and pipework will be built to high
standards to preclude the exposure of sodium to water, water vapor, or

atmospheric oxygen. Certain passive measures, however, will be taken

to limit the consequences of an accident involving the rupture of any part
of this subsystem.   Some of these passive measures are as follows:

1.  There is no entrance way or penetration into the storage
vault below the liquid level corresponding to a complete dump of the en-
tire intermediate sodium inventory. This design will confine any fires

to the vault area.
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2.  All storage tank penetrations are in the top of the vessel

to eliminate the possibility of drainage due to pipework failures or pro-
cedural errors in repair or maintenance activities.

3.  Although the storage vault housing the nonradioactive

storage tanks will not have an inert atmosphere, the consequences of a
sodium fire will be limited by minimizing the atmospheric oxygen avail-

able for a reaction with sodium.  To do this, provisions will be made to

isolate the storage vault from the plant air-conditioning system under
accident conditions.   Also, the vault's volume will be the minimum al-

lowed for access by maintenance and inspection personnel.

9.4.2.5. Nonradioactive Sodium Purification Subsystem

The intermediate sodium purification units are

placed at the top of the steam generator to eliminate the possibility of

draining the loop's contents inadvertently while replacing the cold trap

cartridge.  The same general philosophy is applied to the nonradioactive

sodium purification subsystem to prevent the loss of sodium from the 4.  ·  : h

nonradioactive sodium storage vessel in the event that a failure occurs

anywhere in the filter or the cold trap device.  Both the filter and the              '

cold trap will be mounted above the maximum level of sodium expected 7.      '..

in the tank.

9.5. Maintenance

9.5.1. Components
9.5.1.1. Intermediate Pumps

Maintenance of the intermediate sodium pumps

will not be especially difficult because of the following design features:

1.  A manway permits access to the upper bear-
ings and seals of the pump shaft without re-
moving the drive assembly.

2. Pump internals can be removed without sever-
ing the inlet and the discharge pipework.

3.  At the option of the purchasing utility, a spe-
cial canister can be built to permit withdrawal
of the pump internals without draining the in-
termediate sodium.

9.5.1.2.  Intermediate Pump Drives

Large motors have reached a high degree of

development in that maintenance is low and reliability is high.  This is
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especially true of brush-free motors. The prescribed maintenance for

a typical large induction motor manufactured by a reputable firm involves
the inspection of one pad in each thrust bearing and an oil change every

2 years, and the replacement of all seals in the lift system every 10 years.
Since no large, vertical eddy-current couplings

have been built to date, representative maintenance data are not available.

However, since this type of coupling is a relatively simple device whose

problems are similar to those of large motors, it could probably be main-
tained as easily as a large motor could.

9.5.1.3. Intermediate Pipework and Valves

Pipework heaters and large sodium valves will

probably account for most of the flow-conduit maintenance. Conservative

design, coupled with features for easy repair, will be used to minimize

problems in this area.

9.5.2. Intermediate Coolant System Auxiliaries

9.5.2.1. Intermediate Blanket Gas Subsystems

Although very little maintenance is anticipated
for this subsystem, periodic inspections and performance tests will

probably be specified in the plant operational procedure . Appropriate
features permitting these activities will be incorporated into the design.

9.5.2.2. Intermediate Sodium Purification Subsystem

Maintenance is considerably influenced by the

design of the intermediate sodium purification subsystem. Specific fea-
tures that alleviate  some of the handling problems are as follows:

1.  Spent cold traps will be removed by cutting the inlet and

exit sodium lines and lifting the cold trap out of the sheet metal shroud
with the overhead crane installed to handle the steam generator and re-
heater bundles.

2.  The cold trap cartridge may be scrapped or cleaned, de-
pending on which is the more economical approach. The cartridge inter-
nals are designed to be withdrawn from the outer shell when the top bulk-
head is separated from the shell.

3.  All electrical components are permanently installed.
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9.5.2.3. Sodium Unloading Subsystem

The as-purchased sodium is expected to have

a relatively high concentration of plug-forming impurities.   If a filtra-

tion system were installed in the transfer pipe of the sodium unloading

subsystem, then frequent plugging would probably occur; this would re-

sult in unacceptable time delays for filter maintenance and would increase
the hazards.  The two storage vessels will hold approximately one in-

termediate loop volume. However, during commissioning only one tank

(50,000 gal. ) will be filled and then processed to the other tank before

being introduced into either the reactor coolant or the intermediate sys-
tems.   Plans  are to unload enough sodium at one  time  to fill the storage

vessels and then batch-filter and purify it with the nonradioactive sodium

purification subsystem before injection into the heat transport loops.

9.5.2.4. Nonradioactive Sodium Storage Subsystem

Very little maintenance is anticipated for this

subsystem, but periodic inspections will probably be called for in the

plant operational procedure. Appropriate features, such as easy re-

moval of insulation, will be incorporated into the design to expedite

these activities.

Since the nonradioactive sodium storage sub-

system will be kept at a temperature high enough to permit emergency

dumping of an intermediate heat transport loop, heating elements are

likely to fail occasionally. Provisions will be made for easy replace-

ment of these devices.

9.5.2.5. Nonradioactive Sodium Purification Subsystem

Since this subsystem is almost identical to the

intermediate sodium purification subsystem, reference should be made

to section 9.5.2.2 of this report.  The only difference in the two sub-

systems is the addition of a filtration unit to prevent premature blockage

of the cold trap flow by particulates received in the as-purchased sodium.

During plant commissioning, this subsystem will purify all of the sodium

that will be used in all systems of the plant. Therefore, a tabulation of

the entire plant inventory is given:
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Reactor coolant system, 1b 2.85 X 106

Internnediate systenn, 1b 0.68 x 106

Steam generation system, 1b 1.64

Total Na inventory of entire plant 5.17 X 106

Sodium will be introduced into the reactor cool-

ant system through temporary piping. Approximately 60 railroad tank
car loads of new so'dium will be received, so that frequent replacement
of the filter material will be necessary. Easy regeneration of these

filters will be essential to the expeditious preparation of as-purchased
sodium before its transfer to the heat transport loops; therefore, re-
generation will be given special attention in the design.
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10. STEAM GENERATING SYSTEM

10.1. Introduction

10.1.1. System Function

The main function of the steam generating system is to
produce superheated steam at constant temperature and pressure over

the operating power range of the plant. The steam that drives the tur-

bine in the energy conversion system is produced from heat generated
in the reactor core and transferred by the intermediate coolant system

to the steam generators. To fulfill this function, the system must oper-

ate safely and reliably and must produce steam at the lowest total power
cost within the restraints imposed by technical limits and overall plant
control requirements. The system will generate steam at a predeter-
mined rate in response to load demands while on line over the service

life of the plant.

10.1.2. Summary Description of System

The steam generating system consists of three steam

generators, three sodium reheaters, and the asscciated auxiliary sys-
tems and components (see Figure 10-1). It includes the feedwater and

steam piping in the steam generator building and the steam piping as
well  as the associated valves,   up  to and including the turbine stop valve.
The relationships between the steam generating system components, the

heat source, the heat transport loops, knd the energy conversion system
*

of the plant are shown in the overall schematic diagram, A2051 OF. 1-4

The physical layout of the steam generator building is shown in the over-

all plant system description in Volume 1. The steam generator and

-----

*
B&W drawing A20510F is placed at the back of Volume 1.
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reheater, which are the principal components of the system, are shown
in drawings A25586F* and A25587 F.-

One steam generator and one reheater are located in
each of the three intermediate sodium loops.    Each loop circulates

30.70 X 106 lb/hr of sodium at 100% load, with 22.20 X 106 lb/hr going
to the steam generator and 8.50 x 106 lb/hr going to the reheater.  The
sodium enters the steam generator and the reheater at 1000 F and

leaves the units at 652 and 825 F, respectively.  The exit streams are

mixed and enter the IHX at 700 F. Table  10- 1 summarizes pertinent

design and performance data for the reactor coolant, intermediate cool-

ant, steam generating, and energy conversion systems.
Three pipes carrying feedwater at 484 F enter the steam

generator building from the turbine building.  Each line is connected to

a single steam generator only.  In the steam generator the feedwater

passes through the boiling and superheating sections in a single pass at
a rate of 2.45 X 106 lb/hr. The steam lines leaving the steam genera-
tor are connected individually to the turbine stop valves of the high-
pressure turbine. Steam is delivered at 2400 psig and 950 F.

Steam exhausted from the last stage of the high-pressure
turbine at 585 psig and 610 F is recirculated by individual steam lines
back into the steam generator building and is passed through the three
sodium reheaters. After the steam is reheated to 950 F it is piped back,
at 535 psig, into the turbine house at the rate of 2.28 X 106 lb/hr at 100%
load. Here connections are made to the turbine stop valves of the inter-

mediate-pressure turbine.

The steam generator is a once-through design on both
sodium and water sides and features single-tube-wall construction.  It
is vertically mounted and bottom-supported. The.steam generator has
hemispherical heads and an internal shell liner.  The heat transfer sur-

face is a helical-coil, single-bundle design with counterflow of water

and sodium. The upper head is flanged to permit the removal of inter-

nal parts for maintenance and repair.

..

B&W drawings A25586F and A25587F are placed at the back of
Appe ndix   1 0-A.
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Figure  10- 1. Steam Generating System
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Intermediate sodium enters the steam generator through
two sodium inlet nozzles in the upper head, flows through a distributor

system,  and is discharged evenly over the upper row of tubes of the

superheater and boiler tubes. The sodium leaves through the sodium

outlet nozzle in the lower head.
Feedwater enters through the feedwater inlet tubesheet at

the top and flows down past the outside of the boiler coils in annular rows
of downcomers; then it turns and flows upward through the tubes of the

boiler and superheater. Superheated steam passe s upward through  the

superheater riser tubes and leaves through the superheater outlet  tube -

sheet at the top of the steam generator.

The sodium reheater is similar in design to the steam

generator. The primary differences between the units are their dimen-

sions.

: Instrumentation, controls, and relief and auxiliary sys-
tems are provided for safe, reliable operation of the system.

Table  10- 1. Summary of Data for the Overall Plant
and for the Steam Generating System
at  Full- Load Conditions

Overall Plant

Net generator output, MWe 1008
Turbine-tandem-compound, 6-flow output, MWe 1051
Steam cycle, psig IFIF 2400/950/950
C ore   powe r, MWt 2448
Total core flow, lb/hr x 106 92.4
Core inlet temp, F 800
Core temp.rise, F 300
No.   of inte rmediate loops                                                                                                       3
Total intermediate coolant flow, lb/hr X 106 92.4
N o.    of  IHX s                                                                                                                                                                                        6
Intermediate coolant temp to IHX, F                        '             700
Intermediate coolant-IHX temp rise, F 300
Power transferred across each IHX, MWt 409
No. of intermediate pumps                                                    3
No. of SG/loop                                                                      1
No.  of RH/loop                                                                         1

10-4
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Table 10-1. (Cont'd)

Steam Generating System

Steam generator

N o.    o f  unit s                                                                                                                                                                                3

Heat load, MWt/unit 688

De sign  life,   yr 30

Sodiurn side operating conditions

Sodium flow per unit, lb/hr X 106 22.20
Sodium inlet temp, F 1000

Sodium outlet temp, F                       -                       652

Avg sodium pressure, psig 40

Shell-side operating conditions

Design temp, F 1100

Design pressure, psig 200

Water-stearn-side operating conditions

Steam flow per unit, lb/hr X 106 2.45
Steam outlet ternp, F 958
Feedwater inlet temp, F 484
Outlet steam pressure, psig 2544

Pressure drop, psi 500

Reheaters

N o.    o f  unit s                                                                                                                                                                     3
Heat load, MWe/unit 130

Design life, yr 30
Sodium-side operating conditions

Sodium flow per unit, lb/hr X 106 8.50

Sodium inlet temp, F 1000

Sodium outlet temp, F 825

Avg sodium pressure, psig 40

Reheater shell design conditions

Temp, F 1100

Pressure, psig 200

Steam-side operating conditions

Steam flow/unit, lb/hr X 106 2.28
Steam outlet temp, F 950
Steam inlet temp, F 610

Steam outlet pressure/pressure drop, psig/psi 535/40

10-5



Table 10-2. Instrumentation Data

Variable Fluid Function Location

Flow Feedwater Control SG inlet
Sodium Performance SG inlet
Sodiurn Performance SG outlet
Sodium Performance IHX inlet

Temperature Sodium Control SG inlet
Sodium Control SG outlet
Sodium Control RH inlet
Sodium · Control RH outlet
Sodium Performance and protection IHX inlet
Sodium Performance and protection IHX outlet

- Feedwater Performance and protection SG inlet
9 Steam Performance and protection SG outlet
3 Steam Performance and protection RH inlet

Steam Performance and protection RH outlet
Differential pressure Feedwater Control Across feedwater

control valve
Pressure Feedwater Control SG inlet

Steam Control SG outlet
Argon Protection In SG
Argon Protection In RH

Level Sodium Performance and protection In SG
Sodium Performance and protection In RH

Hydrogen concentration Argon + H2 Protection                      SG & RH
Relief valve position Argon, Na vapor, H2 Protection SG & RH
Rupture disc integrity Argon, Na vapor, H2 Protection SG & RH



10.1.3. System Design Requirements

10.1. 3.1. Performance

The steam generating system will be designed
to deliver 7.35 X 106 lb/hr of steam to the high-pressure turbine throt-

tle at 2400 psig and 950 F, in accordance with the steam cycle selected
in the trade-off study.5 Reheat steam will be delivered to the interme-

diate-pressure turbine at 535 psig and 950 F. The system will be cal>-
able of operating down to 20% load and be capable of power maneuvers
up to 2% per minute. Step changes in power demand of 5% per minute
will also be accommodated. The system will also be required to oper-
ate from a cold startup to a cold shutdown and be capable of a hot re-
start after a turbine trip. Table 10-2 lists the instrumentation provided
to monitor the protection, control, and performance functions of the
steam generating system and its components. An excess heat transfer
area of approximately 15% will be provided to allow for tube plugging

and  fouling.

10.1.3.2. Environment

The steam generators and reheaters will be
located in individual areas separated by fire-resistant walls and above

steel drip pans.  All free sodium surfaces will be exposed to an atmo-

sphere of commercial-grade argon.

10.1.3. 3. Lifetime and Availability

The allowable membrane stresses for mate-
rial operating in the creep range will reflect the operating environment
and a 30-year lifetime.

10.1.3.4. Maintenance

Headers and tubesheets will be designed to

provide access to all tube ends for leak detection and tube plugging with-
out entry to the sodium side. The system will drain, by gravity, all

sodium (as required) for active or preventive maintenance. Provisions

will be made to purge all water from the tube side. A nitrogen pressur-

izing system will be provided to prevent leakage of sodium into a steam

generator or reheater tube after a failure and an internal pressure

10-7



Table  10- 3. Safety Relief Valves

Total
Number - size, Setpoint, relieving capacity,

Component Fluid Type in. psig lb/hr

Stearn generator Steam Spring-loaded 2 - 2.5 2790 252,000

Steam generator Steam Electrically operated 2 - 2.5 2700 568,300
- Stearn generator Argon, H2 ' Rupture diaphragm 1  - 30 1250
' Na  vapo r00

Stearn generator Argon, H2 Spring-loaded 1-4 75

Na  vapo r
Reheater Steam Spring-loaded 3 - 3                 --

Reheater Argo.n, H2 Rupture diaphragm 1  - 20 120

Na vapor
Reheater Argon, H2 Spring-loaded 1-4 75

Na   vap o r



reduction. The steam generators and reheaters will be designed so
that the entire tube bundles can be removed for maintenance or replace-
ment.

The design of the support structures will con-

sider access for insulation and instrument maintenance, as well as shell

inspection. The design will include isolation valves to adequately isolate

the steam generators and reheaters for maintenance.

10.1. 3. 5. Operation

The system will be designed to operate on one,

two, or three intermediate loops. The system will be capable of plac-
ing an intermediate loop into operation or taking a loop off line without

shutting down the plant.  In any case, all steam generators and all re-
heaters that are in service are to be operated at the same power level.

The design will preclude the occurrence of deleterious instabilities dur-

ing normal, startup, or shutdown operations.

10.1.3.6. Safety

Because of the nature of the sodium heat trans-

fer fluid and its inherent reactivity with water, the sodium-water bound-

ary is considered a critical area that requires special attention.  To this

end, the components of the system that contain sodium will have special
instrumentation and relief devices to detect, relieve, and isolate any
sodium-water reaction.  The back flow of air into the component during
its relieving function will be prevenied. A rupture disc will eliminate

the hydrogen pressure buildup caused by a large sodium-water reaction,
and a srnaller relief valve will be provided for smaller leaks.   The sys-
tem will incorporate a means to isolate and dump the steam side of both

the steam generators and reheaters to the waste blowndown tanks in order
to stop a detected steam water reaction.

Spring-loaded and electrically operated relief

valves on the steam side of the steam generators will prevent overpres-

surization of the components and piping (see Table 10-3).

10.1.3.7. Design

The shell and steam sides of both the steam

generator and the reheater will be designed in accordance with the latest

10-9



Table 10-4. Design and Operating Temperatures for
Croloy 2- 1/4 Components

Operating Design Operating Design Allowable
pressure, pressure, temp, temp, stress,

Section psig psig           F           F        psi'(a)

Steam Generator

Shell 50 200 1000 1100 3,000
Inlet tubesheet 2950 3250 484 550 15,000
Downcomer 2950 3250 484 550 15,000
Economizer and boiler 2925 3225 875 950 7,600
Primary superheat 2900 3200 925 1050 4,000
Secondary superheat 2900 3150 960 1100 3,000
Risers 2450 2750 958 1100 3,000
Outlet tubesheet 2450 2700 958 1000 5,500
Piping to HP turbine 2450 2700 950 1000 5,500

Reheater

Shell 50 200 1000 1100 3,000
Inlet tubesheet 575 650 610 675 15,000
Downcomer 535 610 610 675 15,000
Reheater 535 610 900 1000 5,500
Outlet leg 535 610 950 1050 4,000
Outlet tubesheet 535 610 950 1050 4,000
Piping to turbin6 535 610 950 1050 4,000

(a).approximately 70% of 1962 ASME Boiler and Pressure Vessel Code,
Section VIII, Stresses.

Table 10-5. Moments and Thrusts for Sodium Piping

Moments, lb-in. Thrust, lb

To steam generator 52,000 12,100

From steam generator 27,000 2,600

To reheater 26,900 5,500

From reheater 30,500 2,300

(a)These results are based on a sodium velocity of 20 fps
and a hot leg operating temperature of 1025 F.  Re-
ducing the temperature to 1000 F and increasing the
velocity to 25 fps will further reduce the values
shown above.
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edition of the ASME Pressure Vessel Code, Section III for Class C ves-

sels (see Table 10-4 and Figure 10-2). External steam piping is de-

signed in accordance with the ASA B 31.1 Pressure Piping Code, 1955

edition, with latest addenda and USAS B 31.1.0 Power Piping Code,

1967. Pressure relief valves on the steam-raising compone.nts will be

designed according to Section I and the latest addenda of the ASME Code.

The sodium nozzles on the steam generator and reheater will be de-

signed to withstand the maximum piping thrusts and moments generated

at the nozzle collection manifolds (Table 10-5). All nozzles will have
prepared weld ends of the same material as the connecting pipe in order

to avoid any field welds of dissimilar metals.

The basic design guide for seismic analysis

is the AEC publication TID-7024, "Nuclear Reactors and Earthquakes. "

The design earthquake conditions are those defined in Volume I, section

1.  Inaddition to normal loads, the tube supports, tube bundle supports,

and the like will be capable of sustained loads caused by handling and

shipping.

The feedwater and steam headers of both the

steam generator and the reheater will be designed to ensure satisfactory

flow distribution to each tube.  The tube lengths for all parallel paths

will be such that the pressure drop is approximately equal in each path.

The support structure will be capable of sup-

porting dead-weight loads of 1,320,000 pounds for the steam generator

and 594,000 pounds for the reheater. Lateral restraints will be de-

signed to resist the seismic loadings mentioned above and any net pip-

ing reactions.

10.1.3.8. Interfaces

The steam generating system must be corn-

patible with the intermediate cooling system and the energy conversion

and feedwater systems.
The system control requirements will be cog-

nizant of the characteristics of the feedwater regulation valves, the

feedwater temperature limitations, the intermediate sodium tempera-

ture, and the steam temperature and pressure requirements of the tur-

bines. The system will accept sodium from the storage facility using

10-11



Figure 10-2. Steam Generator Design and Operating Pressures
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differential cover gas pressure and will be capable of gravity drainage
to the sodium storage tanks.

10.2. Detailed Description of the System

10.2.1.  General

The steam generating system comprises three steam

generators, three sodium reheaters, and their auxiliary systems and
components. It includes the feedwater and steam piping in the steam

generator building and the associated valving, including the turbine stop
valves. The system is primarily located in the steam generator build-
ing; the equipment arrangement is shown in Figures 4, 5, 7, and 9 in
Volume 1 of this report. Some facets of the steam, turbine generator,
and feedwater systems are described in the description of the energy
conversion system. Section 12, Instrumentation and Control System,
includes a detailed description of the overall plant instrumentation and
control.

10.2.2. Steam Generator

One of the three identical steam generators is located·in

each intermediate loop (see A25586F). Each steam generator is of the

once-through design on both the sodium and water sides, with single-
tube-wall construction. The steam generators have been sized to meet
the functional requirements of the heat generating and energy conversion
systems using cost trends developed under a separate contract.6,7

The steam generator consists of two sections-the lower
shell and liner, and the upper head and tube bundle. Each section will
be fabricated separately and assembled before shipment. A flanged con-
nection joins the two sections so that the tube bundle can be removed for
repair or replacement. A welded seal membrane provides a leak-proof
seal at the flanges.

The lower section consists of the shell flange, straight
shell section, lower hemispherical head, sodium outlet nozzle, support
skirt, and shell liner. This section is bolted to foundation steel. It  i s
made of Croloy 2- 1/4, which was selected to be compatible with the de-
sign pressure and temperature in the sodium environment.
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Figure 10-3. Steam Generator Temperature
Enthalpy Diagram

T = 1000 F T = 958 F
P = 2544 psig
h = 1427.8 Btu/lb

SH # 2

T = 795 F
940 F P = 2978 psig

h = 1264 Btu/lb

Intermediate
Sodium SH #1 Feedwater

T = 696 F
850 F

h = 1016 Btu/lb

FB

T = 696 F
820 F h - 933 Btu/lb

NB

774 F T = 697 F
h , 809 Btu/lb

Capacity, Btu/hr X 108 23.48

Steam Flow, lb/hr x 106 2.45

Sodium Flow, lb/hr x 106 22 20

Economizer

652 F                     ,T = 484 F
h = 469 Btu/lb
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The upper section consists of the head flange, upper hemi-

spherical head, sodium inlet nozzles, feedwater inlet nozzles, super-

heater outlet nozzles; sodium distributor system, tubesheets, steam

generator tube bundle (with its risers and downcomers), and nozzles for
the sodium relief devices.  The tube bundle and shrouds are supported

from the upper head. The upper section is also of Croloy 2-1/4.

10.2.2.1. Functional Description (Figure 10-3)

Sodium Flow Path (100% Load) - Incoming

sodium (at 1000 F) enters through two sodium inlet nozzles near the top

of the vessel, flows downward through the sodium distributor system

and is uniformly distributed over the top of the tube bundle with no by-

passing. (The sodium distributors provide uniform distribution with as

little turbulence and gas entrainment as possible. ) The: sodium then

flows downward in cross-flow over the helical-coil tube bundle and

leaves the steam generator through a single outlet nozzle at 652 F.

Steam and Water Flow Path (100% Load) -

Feedwater enters the steam generator at 484 F through four inlet noz-

zles in the top head and flows downward in downcomer tubes arranged
in the annular space between the outer shroud and the shell liner.  The

feedwater flows  to the bottom  of  the tube bundle in these tubes  and,   afte r

turning, flows upward in the helical-coil tube bundle, where it is

changed to steam and superheated to 958 F. The steam leaves the tube

bundle via the riser tubes to the superheater outlet headers.  Each tube

is a continuous flow path from the inlet header to the outlet header.

The water/steam side is essentially crevice-
free. The sodium side has crevices in areas where no welding can be

performed, e.g., between tube-to-tube supports, and where parts are

rnechanically assembled.

Argon Gas Blanket - The downcomer tubes

are enclosed to maintain a virtually stagnant pool of sodium bounded on

the outside by a liner and on the inside by a shroud. The liner is sepa-
rated from the shell by an annular space filled with argon.  The gas vol-

ume in the annulus and above the sodium level operates at a pressure

of about 10 psig. The argon gas provides an inert atmosphere in ccn-

tact with the sodium and serves to dampen pressure excursions that inay
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result from a sodium-water reaction. Since the tubesheets, vessel
flanges, and support skirt-to-shell attachment are sensitive to rapid
temperature changes, these parts are arranged so that they contact ar-
gon gas rather than sodium; thus they are protected from the rapid tem-
perature changes that are typical of a sodium-heated steam generator.

10.2.2.2. Design Description

Outer Pressure Shell - The pressure shell
is  approximately 156 inches  in  ID and  70  feet long, including  the  uppe r
and lower hemispherical heads and the support skirt. Two 28-inch-
diameter sodium inlet nozzles are located in the upper head, and one
32-inch-diameter sodium outlet nozzle is located in the lower head.
Four 6.5-inch-diameter feedwater inlet nozzles and four 6.5-inch-diam-
eter superheater outlet nozzles are arranged alternately in the top head.

The shell and the lower hemispherical head
are 1.5 inch thick; a 2.75-inch annular argon space separates the two.
Horizontal support plates position the liner, which protects the pressure
shell from rapid thermal transients. The liner also acts as a barrier
to protect the shpll from the corrosion that results from a sodium/water
reaction. The upper hemispherical head is approximately 3.75 inches
thick. The shell has a seismic brace in the same horizontal plane as
the vessel center of gravity; it is attached to a fixed reference point.

Tube Bundle - The coiled-tube arrangement
has a very compact heat transfer surface, and the steam generator is
as compact as possible within the limits of other design criteria.  The
material for all tubes is Croloy 2- 1/4. The downcomer tubes have an
0.88-inch OD and a wall thickness of at least 0.097 inch; each feedwater
tubesheet contains 85 tubes.    The tube bundle  is  made  up of 340 helical-
coiltubes, each 1.5 inch in OD, which form a circular bundle around a
28.25-inch-diameter center shroud. The tubes are stepped in three seg-
ments with minimum wall thicknesses of 0.170, 0.248, and 0.335 inch
for the economizer and boiler, primary superheat, and secondary super-
heat sections, respectively. Thicknesses are determined by the pres-
sures and temperatures in each section. The developed length of each
tube in the bundle is approximately 410 feet. Riser tubes having a 0.302-
inch minimum wall thickness connect the bundle to the four outlet tube-
sheets.
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In the helical-coil design the risers and

downcomers have enough flexibility to take care of movement between

the coiled bundle and the shell.  Each coil of tubes is pinned at the top
and free to expand at the bottom. Except at the tube supports, the tubes

are unrestrained, but each tube is clamped securely in its tube support
to prevent vibration. The tubesheets are not immersed in sodium and
see only water/steam transients; no rapid sodium transients are imposed
on these parts. The vessel head and shell in the vicinity of the inlet and
outlet sodium nozzles are protected by thermal sleeves. Table 10-6 and
drawing A25586F provide additional data and heat transfer results.

10.2.2.3. Relief Systems

Sodium Side - The steam generator is de-
signed to withstand the initial effects of a large sodium-water reaction ill

(which includes a credible number of tubes failing simultaneously) with- f.:

out becoming a hazard to nearby personnel and equipment. Although the
unit described here has not been quantitatively analyzed, the results of                  .

previous analyses on a similar sodium-heated steam generator indicated
that 25 tubes could fail simultaneously without endangering plant safety.8
After the initial excursion, the products of the large sodium-water reac- 5'

tion must be relieved, since a feasible design to contain the reaction                 „·

would be unattainable.

A 30-inch rupture diaphragm is installed to

relieve large reactions safely; it is set for 125 psi, which is 75 psi be-

low the vessel design pressure of 200 psi. In addition, a 4-inch safety

valve  (set at  75 psi) is installed in the upper head. The safety valve,

set at a lower pressure than the large rupture discs, will relieve minor

pressure surges  due to smaller sodium-water reactions  or to malfunc -
tion of the cover gas pressure control system. After it has relieved the

pressure, the safety valve will reseat, whereas the rupture disc must

be replaced.
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Table 10-6. 1000-MWe LMFBR Steam Generator Heat
Transfer and Pressure Drop Results at
Full- Load Conditions

Operating Conditions

Heat load per SG, Btu/hr X 108 23.48
Sodium flow per SG, lb/hr x 106 22.20
Sodium inlet temp, F 1000
Sodium outlet temp, F 652
Steam flow per SG, lb/hr x 106 2.45
Feedwater temp, F 484
Outlet steam temp, F 958
Outlet steam pressure, psig 2544

Materials

Tubes Croloy 2-1/4
Shells, head Croloy 2-1/4
Tubesheets, nozzles Croloy 2-1/4

Heat Transfer Results

Minimum Effective
OD, wall, le ng th,

Tube section Nurnbe r in. in.           ft

Economizer 340 1.5 0.170 107

Nucleate & film boiling 340 1.5 0.170                    71

Primary superheat 340 1.5 0.248         81

Secondary superheat 340 1.5 0.335 150

Boiler inlet tubes

Size-OD/min wall, in. 0.875/0.097
Length, ft 55

Boiler outlet legs
Size-OD/min wall, in. 1.5/0.302
Le ng th,     ft                                                                                                                                                                                                                                              13

Fouling factor, Btu/hr-ftz- °F 10,000
Corrosion allowance, in. 0.010
Minimum  wall  tole ranc e,   90                                                                                                                      10
Transverse tube spacing, in.                                          2
Parallel tube spacing, in.                                               2
Overall heat transfer coefficient, Btu/hr-ftz- °F

Economizer section 536
Nucleate boiling section 634
Film boiling section 495
Primary superheat section 385
Secondary superheat section 266
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Table 10-6. (Cont'd)

Heat transfer surface, fti
Economizer section 14,100
Nucleate boiling section 5,810
Film boiling section 3,510
Primary superheat section 10,700
Secondary superheat section 19,700

Total heat transfer surface 53,820

Pressure Drop

Steam side, psi
Downcomer tubes 10.0
Economizer section 4.8
Nucleate boiling section 5.4
Film boiling section 6.8

Primary superheat section 39.4
Secondary superheat section 397.0
Riser tubes 36.6

Total 500.0

Sodium side, psi 17.7

Nozzles

Number and diam per SG, No. /in.
Sodiurninlet 2/28.0
Sodiurn outlet 1/32.0

Rupture disc 1/30.0
Feedwater inlet 4/6.5
Steam outlet 4/6.25

Steam Side - Relief devices for the steam

side of the steam generator are sized according to requirements of Sec-
tion 1 and the latest addenda of the ASME Code. The spring-loaded

safety valves are Maxiflow 171OD or the equivalent.  The two 2.5-inch

valves are to be set at 2790 psig with an orifice size of 0.994 inch.  The
total capacity is 252,000 lb/hr at design temperature and pressure con-
ditions.

To afford greater reliability to the spring-

loaded safety valves, a power relief valve system is also installed.  Two

2.5-inch, electrically operated relief valves, having a total capacity of
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Figure 10-4. Reheater Temperature Enthalpy Diagram
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568,300 lb/hr at design conditions, are used. The valves are set at

2700 psig. The additional valves prevent the spring-loaded safety valves
from lifting under normal conditions and thus substantially reduce safety

valve maintenance. The valves required are Consolidated Type 1538-VX

or the equivalent.

1 0.2.3.     Reheate r

Three identical reheaters are used in this system; each
is of single-tube-wall construction (see drawing A25587F). The reheater

has been designed to be compatible with and to meet the functional re-

quirements of the intermediate-pressure turbine and the intermediate

coolant system.  It is similar in design to the steam generator, except

that it does not incorporate the stepped tube bundle used in the steam

generator design.  Like the steam generator, the reheater consists of

two sections: the lower shell and liner, and the upper head and tube

bundle.  A full flanged connection joins the two sections so that the tube

bundle can be removed for repair or replacement.  The two sections con-

sist of the same material and parts as those described for the steam

generator in section 10.2.2.

10.2.3.1. Functional Description (Figure 10-4)

Sodium Flow Path - Sodium from the IHX

(flowing in parallel with the steam generator) enters at 1000 F through

two sodium inlet nozzles near the top of the reheater. Inside the re-

heater the sodium flows downward to the distribution system and over

the tube bundle. The distribution system provides uniformity of flow

with minimal turbulence and gas entrainment. Sodium flows downward

over the helical-coil tube bundle in cross-flow and leaves the reheater

at  8 2 5   F.

Steam Flow Path - Steam enters the reheater

at 610 F through four inlet nozzles in the top head and flows downward

in downcomer tubes between the outer shroud and the shell liner.  It

flows  to the bottom of the tube bundle in these downcomer tubes,  then
turns and flows upward in'the helical-coil tube bundle, where it gains

enthalpy and is superheated to 950 F. The steam leaves the tube bundle
via the riser tubes to the four steam outlet nozzles.
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Table 10-7. 1000-MWe LMFBR Reheater Heat Transfer and
Pressure Drop Results  at  Full- Load Conditions

Operating Conditions)
Heat load per RH, Btu/hr X 108 4.45
Sodium flow per RH, lb/hr X 106 8.50
Sodium inlet temp, F 1000
Sodium outlet temp, F 825
Steam flow per RH, lb/hr X 106 2.28
Inlet steam temp, F 610
Outlet steam temp, F 950
Outlet steam pressure, psig 535
Inlet steam pressure, psig 575

Material

Tubes Croloy 2-1/4
Shells, heads Croloy 2- 1/4
Tubesheets, nozzles Croloy 2-1/4

Heat Transfer Results

Number of tubes 292
Tube size - OD/min wall, in. 2.0/0.111
Tube effective length, ft 114
Transverse tube spacing, in. 2.5
Parallel tube spacing, in. 2.5
Overall heat transfer coefficient, Btu/hr-ftz- °F 249
Fouling factor, Btu/hr-ftz- °F 10,000
Corrosion allowance, in. 0.010
Min wall tolerance, %                                                  10
Total heat transfer surface, ft2 17,400
Inlet tubes

Size - OD/min wall, in. 2.0/0.111
Length, ft 22

Outlet tubes

Size - OD/min wall, in. 2.0/0.111
Length, ft 12

Pressure Drop

Steam side, psi
Inlet leg 5.6
Reheater 28.0
Outlet leg 6.4

Total 40.0

Sodium side, psi 9.2

Nozzles

Number/diam per RH, No. /in.
Sodiurninlet 2/18.0
Sodium outlet 1/26.0
Rupture disc 1/20.0
Steam inlet 4/14.0
Steam outlet 4/16.0
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Argon Gas Blanket - The argon gas blanket
serves the same purpose for the reheaters as it does for the steam gen-

erators described previously.

10.2.3.2. Design Description

Outer Pressure Shell - The pressure shell

is approximately 146 inches in ID and 53 feet long, including the upper
and lower hemispherical heads and the support skirt. Two 18-inch-
diameter sodium inlet nozzles are placed in the upper head, and the
lower head has one 26-inch-diameter sodium outlet nozzle. Four 14-

inch-diameter steam inlet nozzles and four 16-inch-diameter steam

outlet nozzles are arranged alternately in the top head.

The shell and the lower hemispherical head
are   1.5 inches thick;  a 2.75-inch annular argon space separates  the  two.

Horizontal support plates are provided to position the liner, which pro-

tects the pressure shell from rapid thermal transients. The upper hemi-
spherical head is about 4.25 inches thick. The shell has a seismic brace

located in the same horizontal plane as the vessel's center of gravity; it

is attached to a fixed reference point.

Tube Bundle - The coiled-tube arrangement

is one of the most compact heat transfer surface arrangernents possible.
The reheater is made as compact as possible within the limits of other

design criteria. The material for all tubes is Croloy 2- 1/4.   The down-

comer tubes have a 2-inch OD and an 0.111-inch minimum wall thickness.

Each steam inlet tubesheet contains 73 tubes. The tube bundle is made

up of 292 helical-coil tubes, which form a circular bundle around a 31.25-

inch-diarneter center shroud.

The tubes have a constant minimum wall thick-

ness which is determined by the pressures and temperatures in the bun-

dle. The developed length of each tube in the bundle is approximately

114 feet. Riser tubes having a minimum wall thickness of 0.111 inch

connect the bundle to the four outlet tubesheets.

The problem of thermal expansion in the tubes

and shell, support of the tubes, and thermal transients are similar to

those of the steam generator and are handled as described for that com-

ponent. Table 10-7 and drawing A25587F provide additional data and

heat transfer results.
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10.2.3.3. Relief Systems

Sodium Side - The reheater is designed to
withstand the initial effects of a large sodium-water reaction (which in-
cludes a credible number of tubes failing simultaneously) without becom-

ing a hazard to nearby personnel and equipment. The relief system for
the reheater is common with the steam generator, since the probability
of having a sodium-water reaction in both units at the same time is

s mall.

A 20-inch rupture diaphragm is installed to

relieve large reactions safely; it is set for 125 psi, which is 75 psi be-

low the vessel design pressure of 200 psi. In addition, a 4-inch safety

valve (set at a lower pressure than the large rupture disc) will relieve

minor pressure surges due to smaller sodium/steam reactions or to

malfunction of the cover gas pressure control system. After it has re-

lieved the pressure, the safety valve will reseat. Section 10.2.2 in-

cludes a description of the vent system.

Steam Side - Relief devices for the steam

side of the reheater are sized according to the requirements of Section 1

and the latest addenda of the ASME Code. The spring-loaded safety

valves are Maxiflow 1755D or the equivalent. The three 3-inch valves

are to be set at 580 psig with an orifice size of 3.341 inches. The total

capacity is 249,270 lb/hr at design temperature and pressure conditions.

10.2.4. Piping

10.2.4.1.    Main Feed and High Pressure Steam

The feedwater piping to each steam generator

consists of a 14-inch-ID X 2.10-inch-thick carbon steel pipe which

branches into two 9-inch-ID x 1.35-inch-thick pipes. These are attached

to a feedwater inlet ring which encircles the steam generator. Attach-

ments for the four 6.5-inch feedwater nozzles are connected to the ring.
The steam outlet piping has a similar layout.

Four 6.5-inch outlet nozzles are attached to an outlet header which en-

circles the steam generator.  From this ring, two 8.75-inch-ID X 1.5-

inch-thick pipes lead to a single 12.25-inch X 2.0-inch-thick pipe.

10- 24



r

10.2.4.2. Reheat Piping

Piping in the immediate vicinity of the reheater

includes one 24-inch schedule 40 pipe from the high-pressure turbine

which branches into two 18-inch schedule 40 pipes terminating in a ring
encircling the reheater.  From the ring, four pipes exit, connecting to

the four 14-inch steam inlet nozzles. The four 16-inch steam outlet noz-

zles also connect to a ring encircling the reheater. Two 22-inch sched-

ule 60 pipes exit from the ring and continue to the intermediate-pressure

turbine.

10.2.5.  Instrumentation

10.2.5.1. Sodium Level Indication

The sodium level indicator will be a double-

coil, eddy-current instrument that depends on liquid sodium as a coupling           ·4
medium.  The coil is completely enclosed in a stainless-steel tube.  As

sodium surrounds the tube, there is a coupling between the two coils
through the sodium; this coupling is read out on instruments that indicate

sodium level. Two level indicators are used in each steam generator
and each reheater.

As a backup for the primary level indicators,

the re will be an externally mounted, float-type level indicator of stain-

less-steel construction. Connection to the gas space will be through the

upper hemispherical head. The sodium connection to the instrument

will be in the sodium pipe leaving the bottom of the steam generator.

10.2.5.2. Sodium-Water Reaction Detection

Two types of sodium-water reaction are of

concern in a steam generator or reheater.  One is a large reaction re-

sulting from the failure of the maximum credible number of tubes.   The

other type of reaction that may be encountered is a small reaction re-

sulting from a pin-hole tube leak. The instrumentation needed to detect

a large reaction is available and is listed here for the proposed steam

generator and reheater:

1.  Gas chromatograph for detecting hydrogen in the cover
gas.
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2. Pressure sensors for detecting rapid increases in cover
gas pressure.

3.  Devices to detect rupture disc failure or relief valve
lifting.

The products of a small reaction are highly
corrosive and must be detected rapidly before the leak increases signifi-
cantly. There is also some question as to whether the products of the
reaction will remain in the sodium or be forced into the water/steam
side by the pressures of local reactions. Additional work is required
to determine the distribution of the products of a small reaction.

Instrumentation to detect the presence of so-
diurn in steam rapidly is available, but present methods of detecting
reaction products on the sodium side are inadequate for small leaks.
These methods include those installed for detecting large reactions plus

.

constant sampling of the sodium for its sodium hydroxide content.
In addition to the development of the instru-

ments required for small leak detection, more effort must be expended
in determining where such instruments should be placed within the unit
for maximum effectiveness.

10.3. Principles of Operation

10.3.1. Cold Startup
C

This kind ofstartup assumes the following:
1.  The reactor coolant system is filled and is circulating

at approximately 800 F.

2.  Decay heat is being removed by the decay heat removal
system as required.

3.  The intermediate system is clean, dry, and inerted.
4.  Feedwater at 300 F is circulating via the startup pump

through one steam generator, by-passing the turbines
and the main condensers, and through the six feed-
water heaters.

Sodium will be added to the intermediate system at ap-
proximately 300 F until the entire system is filled. Since the shell side

of the IHX is at 800 F, and the tube-side sodium was introduced at 300
F, heat will be transferred to the intermediate system. Operation of
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the intermediate pumps at approximately 2% of full rpm will provide
adequate distribution of temperatures during heatup.

To prevent heat from being transferred from the steam

generator to the circulating boiler feedwater during heatup of the inter-

mediate system, the steam generator will be isolated from the interrne-

diate system. Proper feed and bleed of hot sodium to the steam genera-
tor will maintain its sodium temperature between 350 and 400 F.

Meanwhile, the sodium in the intermediate piping and re-
heater of the intermediate loop will be brought up to the temperature of

the circulating reactor coolant, i. e. , about 800 F.

Before it produces steam, the feedwater system will be
realigned to include the condenser hot wells and condensate pumps.

The actual production of steam will require the addition

of enough heat to increase the temperature level of the sodium in the

steam generator as well as supplying the heat that is being extracted

from the steam generator by the feedwater.  This will be accomplished

by throttling the sodium flow to the reheater and simultaneously feeding

and bleeding hot sodium to and from the steam generator. Steam pro-

duced by the steam generator will by-pass around the turbines until the

proper temperature and pressure are achieved.

10. 3.1.1. Summary of Cold Startup Requirements

1. Twenty percent flow is required to pre-
vent steam flow reversals (instability) in the steam generators.

2. Power levels greater than 2% of the full
thermal power output of the core at less than operating temperatures

are undesirable.

3.  The increase or decrease of average sys-
tem temperatures shall not exceed 100 °F per hour.

4.  The IHXs, reheaters, and steam genera-

tors are not to be slugged with sodium-this would cause stressing due

to large temperature differences.

10.3.1.2. Approach

1.  Circulation of feedwater at 20% satisfies

item 1 above.
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2.  Isolation of the steam generator prevents
the transfer of large blocks of power (item 2 above) while the interme-
diate system is coming up to temperature in accordance with item 3.

3.  Introducing the sodium slowly at 300 F
will prevent slugging the IHXs (as in item 4). The steam generator and
reheaters will not be affected by the low-temperature sodium.

4.  Operation of the intermediate pumps at a
very low circulation rate should not be harmful to the  IHXs.

5. Feeding high-temperature sodium to the

steam generator to maintain or raise its temperature is acceptable,
since incoming sodium first strikes a pool of sodium before impinging
on  the  tube s.

After the first steam generator is producing
steam for the high-pressure turbine, exhaust from its stage will be in-
troduced to the reheater. Sodium flow will be adjusted to yield the
proper steam reheat temperatures. The remaining steam generators

will be brought on line, one at a time, following these same general pro-
cedures.

1 0.3.2.     Hot Re s t a r t  Afte r  a  Sc ram

Here our concern is to place the plant in a standby condi-

tion pending the decision to restart. The standby condition will be inde-
pendent of the number of loops that were in operation at the time of shut-
down.  It will be assumed that all three loops had been operating at full
power before the reactor scram.

Reviewing the plant conditions immediately after a scram,
we  should find the following to be true:

1.  Approximately 20% of the entire reactor coolant sys-
tem inventory (5 X  105 lb) will be at 1100 F, making the average temper-

ature 860 F.

2.  Assuming that the turbine trips simultaneously with

rod insertion, the intermediate system would be thermally isolated at

an average temperature of 845 F.
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3.  All feed pumps will be secured to prevent (1) drag-
ging the steam generator and reheater sodium temperatures down at an

unpermissible rate, and (2) the possibility of liquid water hitting the
superheater steam outlet tubesheets.

4.  The emergency decay heat cooling system would come
on line to remove the decay heat and the sensible heat in the reactor

coolant and intermediate coolant system.

5.  The reactor coolant and intermediate coolant system
flow will be reduced to produce an isothermal condition.

6.  Power for all plant operations, except the emergency
power supply systems, will be supplied from the utility grid network.

Once it has been decided that the plant can come back on
line, the following general procedure will be initiated.

1.  The steam generator sodium side will be isolated.

2.  The intermediate system circulation will be main-
tained.

3.  All three steam generators will be gravity-drained.

4.  The steam generators will then be cooled down at ap-
proximately 100

' F per hour until they reach 300 F.

5.  The sodium in the storage tanks will be cooled to
300 F.

6.  At this point, feedwater can be introduced into the
steam generators with the startup pump. The feedwater will then be
circulated by passing the condensers.

7.  The slow addition of hot sodium will heat the steam
generator; the heat for this purpose will come from the reactor core

decay heat.

8.  When the temperature of the water leaving the steam

generator is high enough to start steaming, the condensers will be cut
into the feedwater circuit.
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10.3.2.1. Summary of Hot Startup Requirements

In addition to the requirements stated in the
cold startup summary, these factors are required:

1.  Once the feedwater flow has been shut
off from the steam generators, flow cannot be re-established if a dif-
ference of more than 100 F exists between the inlet tubesheet and the
feedwater temperatures.

2.  Both the reactor coolant and intermediate

system should be operated as close to 800 F as possible in order to pre-
vent deleterious temperature differences.

10.3.2.2. Approach

1.  The startup pump, which can supply 20%
flow, prevents boiler instabilities.

2.  Securing the feedwater pumps prevents
both the reactor coolant system and the intermediate system from drop-
ping in temperature at a prohibitive rate.

3. Isolation sodium drainage and cooldown
of the steam generators is necessary to minimize the temperature dif-
ference between the inlet tubesheet and the feedwater when feedwater
flow is re-established.

10.3.3. Normal Operation

10. 3.3.1. Feedwater Chemistry

The recommended limits on feedwater chem-
istry requirements are listed in Appendix 10-A. These limits are es-
tablished by the requirements of all of the equipment in the steam cycle,
including the turbine, rather than by the steam generators alone.  The
limits stated are common in modern power plant practice.

10.3.3.2. Level Variation

The normal sodium level in the steam genera-
tor and the reheater is 4 feet 9 inches above the tube bundles at full load.
In both components the level may increase by about 12 inches or decrease
by about 30 inches without impairing the performance of the units.
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The argon cover gas pressure will change

slightly with sodium level variation. Although detailed analyses have
not been made, it appears from previous experience that sodium levels
and gas pressure can be established at 20% load and will change only

slightly at greater power levels.  This will minimize the need for feed-

ing and bleeding the cover gas to maintain proper levels.

10.3.3.3. Load Control

The output of the steam generating system is

controlled  by the master control system described in section  8.      Thi s

system will determine steam demand and will provide output for the con-

trol of feedwater and sodium to the steam generating system.

10.3.4. Emergency Operation

In any sodium-heated steam-raising equipment it is pos-

sible that a leak, with a resulting sodium-water reaction, will occur.

To bring the reaction under control, either the sodium or the water must

be dumped from the steam generator; faster results can be obtained by

dumping the water. In addition, the dumping of sodium presents the

possibility of carrying the reaction into the sodium dump tank.

To speed the dumping of the water, hydraulically operated,

quick-acting isolation valves are used in the steam line and feedwater

line to each steam generator. Positioned between the feed isolation valve
and the steam generator is a dump line with a hydraulically operated,

quick-acting valve. During normal operation the two isolation valves

are open and the dump valve is closed. To prevent initiation of the dump

system during normal operation, both isolation valves and the dump valve

fail in the  "as -is " position.    The dump system can be initiated manually

if the automatic controls should fail.

When a sodium-water reaction is detected by the monitor-

ing instruments described insection 11.2.5.2, the steam generator is

automatically isolated and the water side is dumped.  The isolation valves

on the steam outlet and feedwater inlet close to isolate the leaking steam

generator from external sources of pressure, and the dump valve opens

to provide a flow path for the water, which is forced out by steam pres-

sure. These three valves are interlocked to ensure that the dump line

flow path is available before the steam generator is isolated.
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Figure 10-5. Dump System for One Steam Generator
System, Schematic Diagram
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When the water is gone, the steam pressure will decrease

rapidly, and the sodium-water reaction will cease. To impede the flow
of sodium into the water side, a nitrogen purge system will automatically
come into service when the steam pressure is reduced to about 200 psi.

The dump line valve will close shortly after the purge is started to keep
the water side at a higher pressure than the sodium side.

An isolation and dump system is also provided for each
reheater. The configuration and principles of operation of the system
are similar to those of the steam generator system. A schematic dia-

gram of the dump system for one steam generator or reheater is shown

in Figure 10-5.

10.4. Safety Precautions

10.4.1. Hazards

It is considered credible that at some time during the 30-
.

year life of the steam generator, some type of leak will develop in which
water will react with sodium. This condition has been considered in

designing the sodium-heated steam generator. The design of the steam

generator is such that the shell is protected by a liner separated from
the shell by an inert gas annulus.  A gas cushion is provided over the
sodium in each steam generator, and relief valves and rupture discs

are provided for the safe relief of the products of a sodium-water re-
action.  The two areas of greatest concern in providing for the safe

handling of a sodium-water reaction in a steam generator are

1. Small leaks - It is important to detect small leaks as

early as possible and to take corrective action before corrosion (result-

ing from the sodium-water reaction) has damaged the steam generator
and before the small leak has had a chance to become a large leak. Rapid
and reliable detection techniques are extremely important.  This is an
area where additional investigation is required.

2. Large leaks-Inthe case of large leaks, itis important
to isolate the steam generator from the feedwater and the steam headers

and to vent the water to the dump system.  The more water that is re-
moved through an isolation and dump system, the less water will be
available to react with the sodium. Relief devices must be provided to
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vent the products of the sodium-water reaction safely without allowing
the pressure in the steam generator to build up higher than it can safely
withstand. The steam generator shell must be capable of withstanding
the maximum pressure peaks that may occur at any time during the re-
action.  This is imperative for the safety of personnel and equipment
and is a prime design objective.

B&W has analyzed the strength of steam generators to
determine the extent of damage due to the pressures and temperatures

predicted in a cooperative effort by APDA and B&W. The analysis for
a similar full-sized steam generator is described in the preliminary
design report Full-Size Steam Generator Sodium-Water Reaction (BW
67-2).  As a result of this study, it was concluded that the subject steam

generator will withstand the simultaneous failure of a credible number

of tubes without becoming a hazard to nearby personnel and equipment.

Very conservative assumptions were used throughout, from the predic-
tion of pressures and temperatures by APDA to the dynamic analyses
of the steam generator shell and internal parts.

The basic design features of the steam generator pre-
sented in this report (section 10.2.2) are similar to those of the unit
analyzed for sodium-water reaction. However, both the shell and tube

designs have been simplified; this should improve the performance of
the unit under conditions of a sodium-water reaction accident.

10.5. Maintenance

10.5.1. Steam Generator and Reheater

The sodium sides of both the steam generator and reheater
can be completely drained. This permits bundle removal from the shell

for inspection or repair by opening the flanged head. The necessary
handling equipment and maintenance facilities, described in section 7,

are provided.

The water/steam side of the units is not drainable, but
most of the water can be removed as discussed in section 10.3.4. The

desirability of a drainable water/steam side was traded off in this con-

cept against the advantages of having the tubesheets out of sodium for
protection against thermal transients, and having  the tube bundle  re-
movable from the shell for major inspection, maintenance and repair.
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Normal preventive or (minor) corrective maintenance

can be accomplished without removing the tube bundle from the shell.

Solids are cleaned from the water/steam side of the tubes in the once-

through steam generator without removing the tube bundle from the shell.
Acid cleaning and subsequent flushing with demineralized water cleans

the solids from the water/steam side of the tubes in the once-through
steam generator. Inspection and maintenance of the tubesheet areas,

including plugging of individual tubes, are performed using handholes

in each inlet and outlet header. If additional access is required, the

piping can be cut.

10.5.2. Support Systems

The remaining components and piping in the steam gen-

erating system do not require unusual maintenance. Preventive mainte-

nance for these systems involves normal steam plant items, such as
safety valve setpoint checks and valve actuating mechanism checks.  No

special provisions are required for corrective maintenance.
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APPENDIX 10-A

Recommended Feedwater Chemistry Requirements
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The pH value should be adjusted to obtain a maximum  of  0.01  ppm
iron, which will normally require a pH between 8.5 and-9.2 at 77 F.

Item Limit, ppm

Madmum total dissolved solids 0.05

Suspended solids Minimum - preferably zero
Hardness 0.0

Organic 0.0

'        Free caustic 0.0

Maximum dissolved oxygen 0.007 - preferably zero
Carbon dioxide Minimum - preferably zero

Maximum total silica (as SiO2) 0.02

Maximum total iron (as Fe) 0.01

Maximum total copper (as Cu) 0.002

j                In modern central stations this feedwater purity is maintained by elimi-

nating condenser leakage, demineralizing makeup water, careful control

of the condensate system chemistry, and full-flow condensate polishing
demineralizers.
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11. ENERGY CONVERSION SYSTEM

11.1. 'Introduction

1 1.1.1.     Sys tem Function

The primary function of the energy conversion system
is to convert thermal energy that is supplied as steam into electrical

energy economically and efficiently.    To do this, heat generated in the
primary system is transferred via the primary and intermediate coolant
system to the steam generating system to produce the steam that drives
the turbine-generator unit. To fulfill the prime function, the system

must generate electricity to meet the demand of a utility company's

load-following system.
The closed condensate and feedwater subsystem provides

the means for condensing, transporting, deaerating, heating, polishing,
and pressurizing the condensate water for admission into the steam gen-
erator.

11.1.2. .System Summary Description

The energy conversion system comprises the turbine

generator unit, condensate and feedwater equipment, and the associated

auxiliary systems. The gross electrical output is 1033.9 MWe; based on

the estimated auxiliary power requirements of 25 MWe, the net output

is 1008.9 MWe and the overall net plant efficiency is 41.2% .  The heat
balance diagram is shown on Figure  11- 1, the steam condensate and

feedwater piping diagram is shown on Figure 11-2, and the principle

system parameters are summarized in Table  11- 1. The turbine plant

arrangement is shown in Figures 5 through 11, Volume 1, section 2.

The turbine unit is a single-shaft, multi-cylinder,
tandem-compound, six-flow reheat machine whose last stage is a 30-
inch-diameter bucket arrangement.  The unit consists of a single-flow,
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high pressure turbine operating from 2400 psig to 600 psia, a double-
flow intermediate reheat turbine operating from 540 to 149 psia, and   '
three identical double-flow low-pressure turbines operating from 142

psia to 1.5 inch Hg absolute.

The generator unit is a 3600 rpm machine, and the ro-
tating rectifier exiter is a totally enclosed self-ventilated assembly 10-
cated on the generator shaft. Power is generated at approximately
25,000 volts, 3 phase, 60 cycles.

The turbine generator set is arranged longitudinally in
the turbine hall and is carried on a separate reinforced concrete founda-
tion block. The condenser is mounted longitudinally under the low-

pressure turbine, and the feed pump, heaters and chemical plants are
located at various levels below the turbine.

Steam at 2400 psig and 950 F flows from the three steam

generators and through four control valves into the single-flow high-
pressure turbine at the rate of 7.35 X 106 lb/hr. Extraction steam is

taken from the high-pressure turbine at the rate of 0.46 X 106 lb/hr for
operation of the final stage of the high-pressure feedwater heaters.   The

remaining steam, including losses, is taken at the rate of 6.84 X 106 lb/
hr from the last stage of the high-pressure turbine at 600 psia and 610
F and is directed to the three sodium reheaters where it is reheated to

950 F. The steam is then directed back to the double-flow intermediate

pressure turbine (IPT) which operates from 540 to 149 psia. Extraction

steam is taken from the IPT at a rate of 0.28 X 106 lb/hr for operation

of the boiler feed pump turbine drive, and 0.36 x 106 lb/hr for operation

of the deaerating heater. In addition, 0.48 X 106 lb/hr of steam at a

pressure of 379 psia is bled from the IPT for operation of the initial

stage of the high-pressure feedwater heaters. The remainder of the
steam from the IPT, including losses, is taken at the rate of 5.71 X 106
lb/hr from the last stage of the IPT and is directed to the three identi-

cal double-flow low-pressure turbines which operate at 142 psia to 1.5
inch Hg absolute. Extract steam from the LPT passes into the three

identical two-pass condensers which operate in parallel with a total heat

duty of 4.79 X 109 Btu/hr.
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Table 11-1. Principal Parameters of the Energy
Conversion System

Steann Cycle Rankine, reheat, six-
stage regenerative

Power

Reactor plant output, MWt 2450

Gross electric power generation, MWe 1034

Turbine-Generator

Designation TC6F-30 reheat

Number of casings                                                            5

Speed, rpm 3600

Turbine rating, Hg absolute          0                                                                   1.5
Turbine makeup, %                                                    0

Number of heater stages 6 extraction

Steam conditions at turbine throttle, psig/F 2400/950

Steam flow at turbine throttle, lb/hr 7,350,000

Steam conditions at reheat turbine, psia/F 540/950

Steam flow at reheat turbine, lb/hr 6,837,000

Condensers

Number of units                                                                     3

Total heat rejected, Btu/hr 4.790 X 109

Surface area (each), ft2 172,788

Number of tubes (each) 16,500

Cooling water supplied (each), gpm 120,000

Tube dimensions

OD,   in.                                                                                                                                                         1
Thickness, BWG                                  18
Length, ft 40

Cooling water temperature (avg min/avg max), F 40-75

Condensate Pumps

Number of units 3 (1-standby)

Flow (each), gpm 5000

Inlet head, ft of H                                                               25
Discharge head, ft of H2O 560

Driver, hp (Electric motor)
Low-pressure drain pumps                                              3
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Table 11-1. (Cont'd)

Low-Pressure Heaters

Total number                                                                              ·            7

Number of stages                                  ·                     3
Number per stage 3 stage A

2 stages B&C

Type Closed shell  and  tube,

horizontal, stage A
vertical, stages B&C

Terminal temperature, F 289

Deaerating Heater
0

Total number                                                                                          1
Type Direct contact, horizontal

Storage tank capacity, gal 75,000

Elevation head, ft above BFP suction 155

Terminal temperature, F 354

Boiler Feed Pumps

Numbe r of units                                                                                                                             2

Flow (each), gpm 8300

Inlet head, ft of H2O 150

Discharge head, ft of HZO 8150

Driver type Condensing, 17,100 hp,
extraction, steam-turbine drive

Emergency pump (20% rating - electric drive)                           1
High-Pressure Heaters                                                              

Total number                                                              4
Number of stages                                                        2
Number per stage                                                       2

Type Closed shell and  tube,
vertical

Terminal temperature, F 484

The condensate is transferred at 92 F by three half-size
condensate pumps and is directed through the steam jet air ejector and
steam packing exhauster to the full-flow demineralizer system.  The
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condensate is heated in three stages of feedwater heating before entering
the direct-contact deaerating heater. The turbine-driven boiler feed
pumps take suction from the deaerating heater storage tank and pres-
surize the water to a head of 7450 feet. The feedwater is heated to its

final temperature of 484 F by pashing through two stages of high-pres-
sure heaters. High-pressure piping transports the feedwater to the

three stearn generators.

The main condensers are cooled by river water enter-

ing at 57 F and flowing at a rate of 120,000 gal/min to each condenser.

Before reaching the condenser, the river water is subjected to coarse

and fine screening, chlorination, and ice melting if required.

11.1.3. System Design Requirement

11.1. 3.1. Ge ne ral

The design requirements are identical to

those stated in Volume 1, section 2.1.4,  with the following additions.

11.1.3.2. Performance Requirements

The following requirements established dur-
ing the steam cycle selection trade-off study (Vol 4) will hold for this

systern:

Main steam pressure at turbine throttle, psig 2400
Main steam temperature, F 950
Main steam flow at 100% load, lb/hr 7,350,000
Reheat turbine, reheat temperature, F 950
Final feedwater temperature, F 484

11.1. 3. 3. Environment Requirements

All of the components will be designed for
the seismological conditions as stated in Volume 1, section 2.1.4.

The feedwater, steam and condensate sys-
tem will operate in an environment established by the feedwater chemis-

try requirements as stated in Volume 3, section 10, Appendix A. Under

normal operating conditions, there will be no radioactive contaminants

in the steam and power conversion system. This system could become
contaminated only through a combined IHX and steam generator tube leak
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in conjunction with a low-pressure feedwater system.  In the event of

IHX leakage, monitoring of the steam generator's shell side sample

points will detect any contamination. Therefore, no radiation shielding
will be required for the components of this system.

11.1.3.4. Reliability/Availability Requirements

All of the components will be designed for
the 30-year lifetime of the plant. The reliability and availability of the

system will be high, equaling that established for similar conventional

plants.

11.1.3.5. Maintenance Requirements

Standard preventive maintenance will be

scheduled for all items consistent with that normally scheduled for such

plants. Frequent functional operational checks will be made on vital

valves, control systems, and protective equipment since such checks

are essential to the successful operation of modern power stations.

11.1. 3. 6. Operating Requirements                                         u

The turbine will be safe for continuous opera-

tion at 105% of rated pressure with the control valves in the wide-open

position and all extractions in full operation. The generator will be cap-
able of withstanding, without damage, a 10-second, 3-phase short cir-

cuit.at the terminals when operating at the rated kVA and rated power

factor, and at a 5% overvoltage with fixed excitation.  It will also be cap-

able of withstanding, without damage, any other short circuit at its ter-

minals lasting for 10 seconds or less, provided that the machine phase

currents under fault conditions are such that the negative phase sequence

current (I2), expressed in terms of the unit stator current at rated kVA

and the duration of the fault in seconds (T), is limited to values giving

an integrated product (I  T) equal to,  or less than,  ten.
The maximum phase current will be limited

by suitable reactance or resistance to a value that does not exceed the

maximum phase current obtained from the 3-phase fault. The generator

will operate successfully at rated kVA, frequency, power factor, and

gas pressure at any voltage not more than 5% above or below the rated
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voltage, but not necessarily in accordance with the standards of perfor-

mance established for operation at rated voltage.
For a loss of full load, all of the energy

existent or produced in the reactor coolant system will be dissipated
through steam relief valves to the condenser and the atmosphere.  The

unit will be designed to maintain the station auxiliary load without a re-

actor trip when a loss of full load occurs. The steam bypass to the con-
denser and the atmospheric relief valves will be used as necessary to

achieve such a load reduction.

Following a turbine trip, the protection sys -

tem will rapidly reduce the reactor power output to 20% load. The safety

valves will relieve excess steam until the output is low enough for the

steam bypass to the condenser to handle all of the steam generated.
If a single feedwater pump fails, there will

be an automatic setback of the power demand. The one feedwater pump

remaining in service will carry approximately 60% of the full-load feed-

water flow.  If both feedwater pumps fail, the turbine will be tripped,

and the emergency feedwater pump will be started.  If the conditions of

the reactor coolant system reach trip limits, the reactor will trip.

If a condensate pump fails, the spare con-

densate pump will be automatically started.

Hydrazine will be added to the feedwater for

oxygen control, and ammonia will be used to maintain the pH at the opti-

mum value for the system's materials of construction.

11.1.3.7. Safety Requirements

If there is a sudden loss of load and a-c aux-
iliary power, the necessary sections of the system will remain in opera-

tion to enable the safe rundown of the turbine.

Trips, automatic control actions, and alarms

will be initiated by deviations of system variables within the steam and

power conversion system. When automatic corrective action in the

steam and power conversion system occurs, appropriate corrective ac-

tion will be taken to protect the reactor coolant system.
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11.1.3.8. Design Requirements

The following parameters will be used in
the design of this systenn:

Average river water temperature, F                       57
Turbine exhaust pressure, in. Hg abs 1.5

Condenser tube velocity, fps 7.0

Condensate hot well temperature, F 91.7

Low-pressure heater tube velocity, fps 5.5

High-pressure heater tube velocity, fps 8.0

Heater tube design pressure,
% above pump shutoff head                                      5
Heater shell design pressure,
% above normal operating pressure 20

Deaerator storage tank
,

Capacity, gal 75,000
Emergency supply, minutes 4.5 at 100% flow

Condensate piping velocity, fps                              10
Feedwater piping velocity, fps 20

The turbine-generator equipment will con-
form to applicable USAS, ASME, and IEEE standards. The design, ma-
terials, and details of construction of the feedwater heaters will be in
accordance with the ASME Code, Section VIII, Unfired Pressure Vessels,
and the Standards of Feedwater Heater Manufacturers Association,  Inc.

The system will be capable of accepting a 5%

step change and a 2% per minute ramp/change in power over the oper-
ating range of 20 to 100% of rated power.

Impurities in the steam and power conver-

sion system will be controlled to maintain the specified water purity for
the steam generator. The condensate will be treated by a separate full-
flow demineralizer.

11.1.3.9. Inte r fac e Requirements

This system is in direct contact with the steam

generating system, the land, structures, andconventional systems and with
the electrical grid of the utility; it is also indirectly coupled to the reactor system.
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The system must operate economically and must meet the requirements
ofthe utility grid within the generating capability of the reactor primary
and intermediate coolant system, ensuring satisfactory, safe operation
of the plant.

Pressure relief is required at the system

design pressure, and the first safety valve bank in the steam generating
system will be set to relieve at this pressure. Additional safety valve
banks in the steam generating system will be set at pressures as allowed

by the ASME Code. The pressure relief capacity will be set so that the

energy generated at the reactor high-power level trip setting can be dis-

sipated through this system.

11.2. Detailed System Description
11.2.1. General

This system description is subdivided into three parts:
the turbine-generator unit, condensate and feedwater, and heat rejec-

tion system. However, because of the conventional nature of the energy
conversion system and the reduced emphasis on this system in B&W's
contractural work scope, major attention was not devoted to this part
of the plant.

All of the components in the energy conversion system
are present state-of-the-art equipment, and their performance is based
on manufacturer's data and operating experience at existing steam gen-
eration facilities. The components in the system are summarized in

Table   1 1-1.

Although the need for chlorinating the circulating water

to maintain cleanliness of the condenser is subject to a specific analy-
sis of the site conditions, liquid-type chlorinators for intermittent chlo-

rine feed have been installed in the crib house.

11.2.2. Turbine Generator.Unit

The turbine is a multicylinder, tandem, compound six-
flow machine employing reheat (for selection evaluation, see Appendix

11-A). It consists of a single-flow, high-pressure turbine operating at
pressures from 2400 psig to 600 psia, double-flow intermediate reheat

turbine operating at pressures from 540 to 149 psia, and three identical

double-flow, low-pressure turbines operating at pressures from 142

psia to 1.5 in. Hg absolute.

11-11

1



The five turbines, the generator,  and the exciter oper-

ate on a single shaft at a speed of 3600 rpm. Automatic extraction

steam is provided at pressures of 600.1,  379.4,  149.3,  64.4,  21.9, and
5.37 psia to heat the feedwater and operate the boiler feed pump turbine.

The turbine has an electrohydraulic control system, complete oil pump-

ing system, a gland-sealing system, a motor-operated turning gear,
and various protective devices, gauges, and instruments.

The turbine is provided with a 25% flow steam bypass
system from the turbine inlet valves to the main condensers.  This by-

pass contains pressure-reducing valves to reduce the steam pressure

entering the condenser to 250 psia and desuperheaters to reduce the tem-

perature of the steam to 400 F. The discharge of the boiler feed pumps

provides cooling water for the desuperheaters. The bypass valves are

set to bypass steam at pressures above 105% of full power flow. These

set points are 2520 psig for the main steam and 565 psig for the hot re-
heat steam.

The turbine is started, loaded, and operated from the

central control room; records are made on the data logging equipment

in the control room, and alarms warn of abnormal conditions.   In addi-

tion, indicators are mounted on instrument panels near the machine.

Significant malfunctions or faults causing trips,  auto-

matic actions, or alarms in the steam and power conversion system are

as follows:

Turbine Trips

1. Generator/electrical faults.

2.  Loss of condenser vacuum.

3. Thrust bearing wear.
4.  Loss of generator coolant capability.
5.    Loss  of both feedwater pumps.
6.  Turbine overspeed.

7.  Reactor trip.
8.  Loss of lubrication capacity.

Principal Alarms

1.  Low pressure at feedwater pump suction.

2.  Low vacuum in condenser.
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3.  Low water level in condenser hotwell.
4. High water level in condenser hotwell.

5. High pressure to turbine throttle valves.

6.  Low pressure to turbine throttle valves.
7.  Low feedwater temperature.
8. Feedwater conductively (or resistively).
9.  Feedwater 02 content.

10. Low level in deaerator tank (diminished
safety margin for cooling).

The generator is a totally enclosed, self-ventilated,
non-salient pole-type, alternating current unit with a conventional shaft-

driven, direct-current exciter.  It is a 3600 rpm machine rated at

1,150,000 kVA at a 0.9 power factor. Power is generated at approxi-

mately 25,000 volts, 3 phase, 60 cycles, and the short circuit ratio will

be not less than 0.58 at the rated kVA. The rotor winding is cooled by

hydrogen, and the stator winding is cooled by water. The generator
losses are 16,864 kW.

The rotating rectifier exciter, which is totally enclosed
and self-ventilated, is located on the generator shaft. This exciter elimi-

nates the generator field breaker, exciter field rheostat, and main lead
bus wiring between the exciter and the a-c generator. No instruments

are required for indicating or recording the field temperature, voltage,

and current of the a-c generator.
The rotating rectifier exciter includes the following shaft

mounted components:

1. Permanent-magnet pilot exciter - This high-fre-

quency permanent-magnet generator provides power to the voltage regu-

lator which controls the stationary field of the a-c exciter.

2.  a-c exciter - The output from the rotating armature

of the a-c exciter is fed along the shaft to silicon diodes mounted in a

wheel on the shaft. The exciter's enclosure is pressurized to prevent

oil vapor leakage from the bearings.

3. Diode wheel - The output of the a-c exciter is recti-

fied by silicon diodes mounted on the shaft, and the resultant direct cur-

rent is carried along the shaft to the rotating field of the a-c generator.
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There are nocommutators, brushes,·orcollector rings. Continuous
operation of this system is possible with 20% of the diodes per phase out

of service.

4.  Fuses - The fuses that protect the system against
diode failure are located on the fuse wheel.

11.2.3.  Condensate and Feedwater System

11.2.3.1. General

The condensate and feedwater system pro-
vides the means for condensing, transporting, deaerating, heating, pol-

ishing, and pressurizing the condensate water for admission into the

steam generator system.  The flow diagram showing the interconnecting

pipe sizes and schedule for plant operation between 20- 100% is shown on

Figure 11-2.
The condenser hot wells discharge 92 F con-

densate to three half-size condensate pumps rated at 5000 gpm each,  with

a dischargehead of 560 feet. Each condensate pumpis drivenbyan 800 hp
electric motor drive. Condensate flows through the steam jet air ejectors

and the gland steam condenser to the full-flow demineralizer system.

The condensate polishing demineralizer sys-

tem comprises six 2000 gpm regenerative demineralizers. Additional

capacity is provided to ensure continuous operation while any one demin-
eralizer vessel or demineralizer auxiliary is being serviced. The resins

from each condensate demineralizer are automatically transferred to

the resin regeneration tanks when required.
After passing through the demineralizer sys-

tem, the condensate flows to the initial condensate heater in the neck of

each condenser. This stage of condensate heating consists of three one-

third capacity, horizontal, extraction steam-condensate heat exchangers

operating at a pressure of 5.1 psia. The terminal temperature of this

heating stage is 158 F. The remaining two stages of condensate heating

each consist of two 50% capacity, vertical, extraction steam-condensate

heat exchangers.  They are operated at 20.8 and 61.2 psia, respectively.

The condensate temperature after the third stage of condensate heating

is 289 F. The heater drains from each heater are cascaded to the first

heating stage and combined  with the condensate  flow.
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Following the third stage of condensate heat-

ing, the condensate is routed to a single full-capacity, horizontal, direct

contact, deaerating heat exchanger with a 75,000 gallon storage tank.

This deaerating heater is operated at a pressure of 141.8 psia and a final

temperature of 354 F.
The deaerating heater storage tank provides

the net suction head required by the two 50% capacity boiler feed pumps.

These pumps are rated at 8300 gpm with a discharge head of 7450 feet.

They are driven by 17,100 hp turbine drives using 141.8 psia extraction

steam which is condensed at 2.0 inches of Hg in auxiliary condensers.

The high-pressure feedwater is discharged through two stages of feed-

water heating, each consisting of two 50% capacity, vertical, extraction

steam-feedwater heat exchangers. These high-pressure feedwater heaters

operate at 360.4 and 571.5 psia, respectively. The final feedwater, at a

temperature of 484 F, is routed to the three steam generators to com-

plete the cycle. The following sections give additional details on the in-

dividual components in the system.

11.2.3.2. Condensers

There are three identical condensers, one

for each low-pressure turbine. Each condenser is a double-pass, split

water box with 16,500 Admiralty metal tubes having a surface area of

172,788 ft2; these 18-BWG tubes are 40 feet long and 1 inch OD.  A 76-

inch pipe supplies 120,000 gal/min of circulating water to each unit.  The

condensers have expansion joints and are capable of reversing the direc-

tion of the circulating water flow to maintain the cleanliness of the tubes.

The condensers are designed to receive 25% of rated flow bypass damp

steam from the main steam generators for a limited duration.

11.2.3.3. Condensate Pumps

Each of the three identical condensate pumps

can deliver one half of the condensate flow.  Each pump is a vertical

"canned" pit unit with a rate of 5000 gal/min and a discharge head of 560

feet. These pumps are driven by vertical, 800-hp electric motor drives.
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11.2.3.4. Air Ejectors

Each of the three identical steam-jet air
ejectors is capable of removing the noncondensable gases from one con-
denser.  With the cooling water at 57 F and the air ejectors in operation,

a pressure of 1.5% Hg absolute is maintained in the condensers.  Each

air ejector is a two-stage steam-jet-air unit with a combined inter and

aftercooler of the surface type. A total of 330 lb/hr of main steam is

condensed by 3350 gal/min of condensate in each air ejector after cool-

ing of the condensate.

11.2.3.5. Gland Steann Condenser

A single surface-type gland steam condenser

condenses the turbine gland seal steam. This condenser is designed for
a pressure of 400 psig and is cooled by the full flow of condensate water.

The tubes in this condenser are 90-10 copper-nickel.

11.2.3.6. Water Treatment

The water-treatment equipment includes
chemical additive storage and mixing tanks, chemical injection pumps,

makeup water supply storage, makeup water deionization equipment,

and condensate polishing demineralizers. The condensate polishing de-

mineralizer system contains six 2000 gal/min regenerative demineral-

izers.  Five of these demineralizers polish 100% flow of condensate.

The sixth unit ensures continuous operation while any one demineralizer

vessel or demineralizer auxiliary is being serviced. The resins from

each condensate demineralizer are automatically transferred to the resin
regenerant tank when required.

11.2.3.7. Low-Pressure Heaters

Seven low-pressure heaters are arranged in

three stages: stage A (three heaters), stage B (two heaters), and stage

C (two heaters). Heater stage A consists of three horizontal shell-tube

heat exchangers located in the condenser neck. These identical units

operate in parallel, each heating 3500 gal/min of condensate.   They

operate at 5.10 psia with 5 .37-psia saturated extraction steam having an

average enthalpy of 1090 Btu/lb. The shell's design pressure is 50 psia,
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and the tube's design pressure is 400 psia. The heater's terminal

water temperature is 158.1 F.
These heaters collect the cascading heater

drainage from heater stages B and C and discharge their contents to the

suction of the heater drain pumps, which inject the heater drains for-

ward into the condensate flow.  Each of these two-pass heaters contains

560 U-tubes (18 BWG) with an effective straight length of 86 feet and an

ODof 3/4 inch. The surface area of each heater is 9400 ftz.
Heater stage B comprises two vertical shell-

tube heat exchangers operating in parallel; each identical unit heats 6000

gal/min of condensate. They operate at 20.78 psia with extraction steam

of 21.90 psia and 275 F, having anaverage enthalpy 6f 1177 Btu/lb.  The

shell' s designpressure is 50 psia, and the tube's designpressure is 400

psia. The heater's terminal water temperature is 224 F. These heat-

ers collect drainage from heater stage C and discharge the contents to

heater stage A.  Each of these two-pass heaters contains 1050 U-tubes

(18 BWG) with an effective straight length of 84 feet and an OD of 3/4

inch. The surface area of each heater is 17,200 ftz.
Heater stage C consists of two vertical shell-

tube heat exchangers operating in parallel; each identical unit heats 6000

gal/min of condensate. They operate at 61.2 psia with extraction steam

at 64.4 psia and 465 F, having an average enthalpy of 1265.5 Btu/lb.

The shell's design pressure is 100 psia, and the tube's design pressure

is 400 psia. The heater's terminal water temperature is 289 F. These

heaters discharge their drainage to heater stage B through an integral

drain cooler.  Each of these two-pass heaters contains 1050 U-tubes

(18 BWG) with an effective straight length of 78 feet and an OD of 3/4

inch. The surface area of each heater is 16,100 ft2.

11.2.3.8. Deaerating Heater

The full-capacity, horizontal, direct-contact

deaerating heater and storage tank collects the condensate, the high-

pressure heater drains, and extraction steam. It operates at 141.8 psia

with 149.3 psia and 645 F extraction steam, having an average enthalpy

of 1345 Btu/lb. The heater's design pressure is 200 psia, and the dis-

charge temperature is 345 F. The horizontal storage tank has a 75,000

gallon capacity.
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11.2.3.9. Boiler Feed Pump

Each of the two identical boiler feed pumps

can deliver one-half of the feedwater flow.  Each pump is a horizontal

multistage, turbine-driven unit rated at 8300 gal/min; each has a net

developed head of 8000 feet and a discharge head of 8150 feet.  They are

driven by direct-coupled turbine drives developing 17,100 hp and are

operated on extraction steam at 141.8 psia and 645 F. Each turbine-

drive exhaust is condensed in its own auxiliary condenser, which rejects

134,500,000 Btu/hr. These single-pass condensers operate at 2.0 inches

of Hg absolute and contain 2220 straight tubes (18 BWG) which are 3/4

inch ODand 15 feet long. The surface area of each condenser is 7000 ftz,

and 16,250 gal/min of circulating water is supplied to each condenser

from the circulating water system.
One electric motor-driven boiler feed pump

is provided for shutdown, low load, and startup operations.  This pump

is sized for 20% feedwater flow and is rated at 3300 gal/min at a dis-

charge head of 7000 feet.

11.2.3.10. High-Pressure Heater

The four high-pressure heaters are arranged

intwo stages: stage E(two heaters), and stage F(two heaters).  Heat

stage E consists of two vertical shell-tube heat exchangers operating in

parallel, each heating 8300 gal/min of feedwater. These identical units

operate at 360.4 psia with extraction steam at 379.4 psia and 865 F hav-

ing an average enthalpy of 1448 Btu/lb. The design pressure of the shell

is 475 psia, and the design pressure of the tube is 4000 psia.  The heat-

ers have a desuperheating section, a condensing section, and an integral

subcooling section. The heaters' terminal water temperature is 434.4

F, and their drainage is discharged to the deaerator at a subcooled tem-

perature of 371 F.  Each of these two-pass heaters has 1350 U-tubes

(10 BWG) with an effective straight length of 86 feet and an OD of 3/4

inch. The surface area of each heater is 22,700 ftz.
Heater stage F comprises two vertical shell-

tube heat exchangers operating in parallel; each identical unit heats 8300

gal/min of feedwater. They operate at 571.5 psia with extraction steam

at 600.1 psia and 610 F, having an average enthalpy of 1298.1 Btu/lb.
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The shell's designpressure is 725 psia, and the tube's designpressure

is 4000 psia.  The heaters have a desuperheating section, a condensing

section, and an integral subcooling section. The feedwater is heated to

its final temperature of 484 F, and the drainage is discharged to heater

stage E at a subcooled temperature of 444.4 F.  Each of these two-pass

heaters has 1350 U-tubes (10 BWG) with an effective straight length of 61

feet and an OD of 3/4 inch. The surface area of each heater is 16,000 ftz.

11.2.4. Heat Rejection

The heat rejection system contains pumps, piping, valves,

and the like which supply the cooling circulating water to the main turbine

condensers to remove the heat of condensation of the power cycle.

TID-7025, AEC Guide to Nuclear Power Plant Evaluation,

Section 110, specifies that the river water must vary from an average

maximum temperature of 75 F to an average minimum of 40 F, and that

the condenser must be designed for a circulating water temperature of

57 F. The resultant arithmetic average is undoubtedly not the mean tem-

perature; thus the temperature of 57 F and the backpressure of 1- 1/2

inches  of Hg absolute may not be optimum values. However, since the

information available for the site is limited and a detailed optimization

of the condenser is not within the scope of this report, the design tem-

perature specified by TID-7025 was used in designing the condenser and

the circulating water system.

Three one-third-size circulating water pumps, five trav-

eling screens with basket widths of 10 feet each, and equipment for trash

removal, chlorination and ice melting are contained in the crib house.

Each of the three one-third-size vertical multistage circulating water

pumps delivers 120,000 gpm at a 50 foot discharge head. These pumps

are driven by 1750. hp induction motor drives. They discharge into a 10-

foot-diameter underground circulating water pipe. The discharge of the

circulating water from the condenser is collected in a 10-foot-diameter

discharge  pipe and returned  to the river  in  an open flume.
«
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11.3.   Principles of Operation

11.3.1. Normal Operation

The turbine-generator normally operates to produce
1,033,926 kWe at 100% throttle flow. Four control valves admit 7,350,000

lb/hr of 2400 psig-950 F superheated steam to the single-flow high-pres-
sure turbine. After being reheated from 610 to 950 F, 6,837,000 lb/hr
of the high-pressure turbine's exhaust is admitted to the two-flow inter-

mediate turbine. Also, 5,717,041 lb/hr of the intermediate turbine's ex-

haust is admitted to three identical two-flow low-pressure turbines.

Each of the six last stages of the low-pressure turbines exhaust 780,944

lb/hr of steam at 7-1/2% moisture and 1.5 inches of Hg absolute.  The

overallnet plant efficiency is 41.2% with a heat rate of 8096.6 Btu/kWh

based on the generator's gross output. Extraction steam for operating

the feedwater heaters and the boiler feed pump's turbine drive is ex-
tracted from the high-pressure turbine's exhaust, the intermediate-

pressure turbine's 379.4-psia stage and exhaust; and the low-pressure

turbine's 64.4-psia, 21.9-psia, and 5.37-psia stages.

Steam from the final stage of the low-pressure turbine

is discharged to the three-shell, two-pass condenser at 1.5 inches of Hg.
This condenser has three separate shells with a total heat duty of

4,790,000,000 Btu/hr. A total of 120,000 gal/min of circulating water

at 57 F is supplied to each section. The condenser hot wells discharge
92 F condensate to the condensate pumps. The condensate is used to

cool the steam-jet-air ejectors and the gland steam condenser.  It is de-

mineralized in the water treating system and heated to a final feedwater

temperature of 484 F in the six heating stages.
When steam is available to the turbine, the turbine start-

up section of the startup program is initiated. This program is very
similar to sequence monitoring, but many of the functions are done auto-

matically. The program checks to determine whether the various drain
0

valves are open and will automatically open thern if they are closed.
The program also checks the status of the turbine interlocks and, if they

are incorrectly set, will either reset them to the correct startup posi-

tion or inform the operator to do so. The computer will then operate in
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conjunction with the electrohydraulic control system to start the tur-

bine.

The computer will calculate the acceleration rate and

heat soak periods based on the steam temperature available to the tur-

bine and the metal temperature of the turbines. The computer will then

initiate outputs to the electrohydraulic control to automatically acceler-
ate the turbine to 3600 rpm. The computer will instruct the operator

to  synchronize  the  unit  and afte rward will perform the initial loading,
hold the turbine load until the initial load heat soak is completed, and

then load the turbine.

11.3.2.   Infrequent Ope ration

The turbine output is based on a 100% flow of 7,350,000
lb/hr.  However, to provide for manufacturing tolerances and variation

in flow coefficients, the turbine will be designed with a margin 5% above

the flow required to meet the guaranteed output. The turbine will be

safe for continuing operations at 105% of rated pressure with the control

valves in the wide-open position and all extraction in full operation.  The

turbine may operate at a flow less than the rated flow. However, the

manufacturer does not recommend operation at a flow less than that re-

quired to produce the plant auxiliary power of 25,000 kWe.
The pressure at the turbine main steam valves will be

controlled so that it does not exceed 105% of rated pressure. During ab-

normal conditions, the pressure may briefly exceed rated pressure by

as much as 30%, but the aggregate duration of such brief swings beyond

105% of rated pressure should not exceed 12 hours per 12-month operat-

ing period. The pressure at the high-pressure turbine exhaust will not

be greater than 25% above the exhaust pressure that exists when the

high-pressure turbine is passing design flow with rated steam and oper-

ating conditions. Relief valves will be provided to meet these criteria.

The turbine is automatically tripped as the superheated steam pressure

drops to a value corresponding to the low initial pressure setting of the

turbine, which is approximately 2000 psia.

The steam temperature at each steam lead to the tur-

bine's main steam valves should not average more than rated tempera-

ture over any 12 month operating period.  If this 12-month average is
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maintained, then the temperature should not exceed rated temperature

by more than 15 F except during abnormal conditions resulting in tem-
peratures that are not in excess of rated temperature by more than 25 F
for operating periods of not more than 400 hours per year, nor in ex-
cess of 50 F above rated temperatures for swings of 15-minute duration,
or less, aggregating not more than 80 hours per year. The variation

of temperature between the three steam leads should not exceed 20 F.
It is acceptable to operate with temperature differences not in excess

of 75 F for periods aggregating not more than 400 hours per year.  The

average main steam temperature should not be less than 50 F of the

average reheat steam temperature, nor 75 F greater than the average

reheat temperature at loads of 50% or higher. The maximum difference
between the main steam temperature and the reheat temperature should
not exceed 300 F at zero load. The turbine has a low main steam tem-

perature trip, which will function when the main steam temperature

drops to 800 F.

11.3.3.  Low Load Operation

One electric motor-driven boiler feed pump capable of
supplying 20% of the feedwater flow is supplied for operation at low load.

A drain pump for heater E is also supplied to boost the high-pressure

drains to the deaerator when the operating pressure of heater E is in-

sufficient to overcome the static head.  This pump is rated at 450 gal/
min with a discharge head of 275 feet and operates at loads of less than

60% of rated output.

11.4. Safety Precautions

No special safety precautions are envisioned for this system;

normal precautions for conventional electric generating utilities will be

observed.

11.5. Mainte nanc e

Major equipment is served by the turbine room crane, which is

'»          described in Volume 2, section 1.2.4. Thiscrane has amain hook ca-i
pacity of 200 tons  and an auxiliary capacity of 25 tons.

The manufacturer suggests that a warranty inspection of the en-

tire turbine-generator be made after 1 year of operation.  It is estimated
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that such an inspection would require eight men and a total of 1300 man

hours. At 4-year intervals thereafter the turbine-generator should be

given a 100% inspection, which would require approximately eight men

and-2000 man hours. However, 100% inspection could be performed

on a yearly basis by inspecting one-fourth of the turbine-generator com-

ponents per year.  It is estimated that this would require eight men and

approximately 900 man hours each year. The anticipated forced outage

of this unit is 1% of the operating time per year.
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Four turbine-generator units were evaluated to compare cost
f a c t o r s:

1.  A tandem-compound six-flow machine with
30-inch last-stage buckets using a six-heater
feedwater cycle.

2.    A tandem-compound six-flow machine  with
30-inch last-stage buckets using a seven-
heater feedwater cycle.

3.  A tandem-compound six-flow machine with
33-1/2-inch last-stage buckets using a seven-
heater feedwater cycle.

4.  A cross-compound four-flow machine with
43-inch last-stage buckets using a six-heater
feedwater cycle.

Gross outputs were established for these four units as follows:

Unit Output, kWe

1              1,033,926
2        1,037,186
3       1,045,883
4       1,054,002

These units were analyzed to compare the value of the additional
installed capacity, the fuel savings for a lower heat rate, and the dif-
ference in the installed capital cost for the various units.   In this evalua-

tion, the ground rules  were as follows:

1.  Fixed charge rate, %                               12

2.  Fuel cost, mils/kWh 0.9

3. Plant operating factor, %                            80
4.  Value of installed capacity over 1,000,000 kW,

$/kW 80

5.  Lifetime of plant, yr                                       30

A breakdown of the economic analysis is tabulated on the following
page. The tabulation clearly indicates that a tandem-compound six-flow
machine with 30-inch last-stage buckets utilizing a six-heater feedwater
cycle is more economical than the other units evaluated.
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TC6F-30 in. TC6F-30 in.
Turbine unit 6-htr 7-htr

Gross output, kWe 1,033,926 1,037,186

Gain in output, kWe Base 3,260

Value of addition, $ 261,000

Net heat rate, Btu/kWh 8096 8071

Gain in heat rate, Btu/kWh Base 25

Fuel savings, $ 182,000

Total cost savings, $ 443,000

Capital cost difference, $ Base 500,000

Net loss, $ 57,000

TC6F-33.5 in. CC4F-43 in.
Turbine unit 7-htr 6 htr

Gross output, kWe 1,045,883 1,054,002

Gain in output, kWe 11,957 20,076

Value of addition, $ 956,000 1,601,000

Net heat rate, Btu/kWh 8020 7954

Gain in heat rate, Btu/kWh     76               142

Fuel savings, $ 555,000 1,040,000

Total cost savings, $ 1,511,000 2,641,000

Capital cost difference, $ 1,812,000 4,587,000

Net loss, $ 301,000 1,946,000
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12. INSTRUMENTATION AND CONTROL SYSTEM

12.1. Introduction

12.1.1. System Functions

The following three primary functions of the instru-
mentation and control system are performed continuously under normal
and abnormal operating conditions:

1.  The system determines the plant condition by mon-
itoring selected variables.  The core, heat removal systems, steam-

electric plant, engineered safety features, buildings, discharge paths,
and environs are monitored so that the operation and the safety of the

plant are determined at all times.

2.  The system provides for maintaining selected vari-
ables within prescribed limits in two ways: First, current values of sig-
nificant parameters are displayed to the operator for his guidance; sec-
ond, an automatic control system normally maintains the plant in the de-
sired operating state above 20% power.

3.  The system ensures automatic prevention or sup-
pression of conditions that could result in exceeding acceptable  fuel dam -
age limits or in a public safety incident.  If the values of certain desig-
nated variables exceed the safe limits, control rods are inserted and

engineered safety features are actuated automatically as necessary.

12.1. 2. Summary Description

The instrumentation and control system rnainly com-
prises two broad logical systems: the control system (described in
section 12.2) and the protection system (described in section 12.3).
These systems are served by a central digital computer system (sec-

tion 12.4) and by many specialized instruments, (section 12.5).   The
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Figure  12- 1. Instrumentation and Control System
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computer and some of the instruments also perforrn routine plant mon-

itoring  and data logging beyond the protection and control needs.

Figure  12- 1 shows the organization of the instrumenta-

tion and control system. Instruments measure all the plant parameters

needed for control, protection,  and data logging, and transmit electrical

outputs to the computer system. The computer performs cornputations,

automatically actuates control and protection devices (such as control

rods and valves), and displays and records data. The operator(s) can

supplement automatic control or protection and can override automatic

control (but not protection). The control instruments and the computer

also display to the operator(s) the data necessary for manual operations,

such as plant startup, since automatic control is lirnited to normal ma-

neuvering above 20% power.
Insofar as the computer and instruments serve the con-

trol and protection systems, they become parts of those systems.  For

example, the protection functions in the cornputer and all instruments

that perform measurernents for the protection system are subject to the

rigid design requirernents of the protection system specified in section

12.3.1.3.  For the sake of clarity and consistency, however, the com-

puter and the instruments are covered in separate system descriptions.

12.1.2.1. Control System

The plant control system automatically

causes the reactor plant to follow the turbine generator, which responds
to the rnegawatt dem and of the utility grid system.  The core power and
coolant flow rates are controlled so that the heat transfe rred to the steam

plant from the intermediate loops matches the steam demand of the tur-

bine generator, and important variables are held at selected values as a

function of plant load. The basic control method is known as the "plant

following the turbine mode" and is typical of modern fossil-fired and nu-

clear central-station plants.

Core power and flows are varied to main-

tain constant steam pressure and temperature  to the high-pressure  tur -

bine, constant steam temperature to the intermediate-pressure turbine,

constant reactor inlet temperature,  and a variable reactor outlet tem-

perature. Temperatures and temperature differentials are minimized
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in the remainder of the plant, including the core. Control is effected by
coordinated feedforward and feedback loops which receive information
from several instruments and which adjust the following: turbine throt-

tle valves, reheater-steam temperature control valves, feedwater con-

trol valves, feedwater pump turbine throttle valves, feedwater pumps,
control rods, reactor coolant pumps, intermediate coolant pumps,  and
internnediate bypass control valves.

12.1.2. 2. Protection System

The protection system automatically acts
to maintain core integrity and to preserve public safety whenever nec-

essary. Plant parameters indicative   of a direct or indirect threat  of  fue 1

damage or of a nuclear incident are continuously monitored and evaluated.
Instruments and actuation commands are separate from those used for

control. Although protection and control share the same computer sys-
tenn , separate input/output interfaces and a rigid internal priority struc-

ture preserve the required separation of these functions. Coincidence

and redundancy technique s minimize the possibility of failing to act when

necessary, while reducing the possibility of spurious protective action.

Although protection system components receive power from non-inter-

ruptible vital buses,  loss of power in general will result in protective
action.

Protective actions consist of core power
reduction by control rod insertion and/or the actuation of engineered

safety features, as required. Three types of power reduction are pro-
vided: scrams (maximurn-capability insertion of all control rods), fast
setbacks (rapid power reduction by controlled insertion of 18 shim/regu-

lating rods), and rundowns (2%/minute power reduction by controlled in-

sertion of three regulating rods).

1 2.1.2.3.        C o m pute r   Sy stem

Although predominantly analog equipment
would be satisfactory, it is expected that plant control and protection
will be accomplished by a digital computer system supplemented by the
rninimum amount 6f analog circuits necessary to condition detector out-

puts for acceptance by the computer. This choice is made primarily
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because digital equipment can handle the large quantity of data (espe-
cially from the fuel assembly 6utlet thermocouples) with greater effi-

ciency and reliability, and because it is believed that by 1980, digital
control and possibly digital protection will generally predorninate in
central- station plants.

The digital computer system has two main

frames which share control and routine data logging functions and which

are operated in parallel to provide the redundancy necessary for pro-
tection. Each rnain frame has input and output devices, memory, and

a central processor. The basic operating mode is that of multi-pro-

gramming, which permits the high-speed capabilities of the digital com-
puter to be used with the. relatively simple program structure necessary

for on-line use. Any operation in either main frame will be interrupted

upon demand for the perforrnance of a higher-priority function and will

later be resurned at the point of interruption.
The computer system also tests itself and

the other protection and control system components automatically.  The

capability of frequent automatic testing adds significantly to reliability.

12.1.2.4. Instruments

Although there are approxirnately 100 dif-

ferent kinds of instruments in the LMFBR plant, Figure  12- 1 shows that

they all share the cornrn on function of measuring the value  of a particular

plant parameter.  It is convenient to describe the instruments in terms

of measurement types, rather than in the control-rnonitoring-protection

categories shown in the figure. Accordingly, the instrument system

descriptions are divided into three sections: nuclear, core, and process

and radiation-monitoring instrumentation.  Each of these three sections

may include control, monitoring, and/or protection instruments.

The nuclear instruments measure core

leakage neutron flux from natural source level to 150% power; they are

periodically calibrated against heat balance measurements to serve as

a rneasure of instantaneous core power level for both control and pro-

tection.  The high power scram from the nuclear instruments is the only

protective function that does not pass through the digital computer.
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The core instrumentation includes those

instruments whose detectors are located in or across the reactor core.

Neutron flux, temperature,  and flow distributions are monitored for

protection and performance analysis.

The process and radiation monitoring in-
strurnentation includes all the other instruments in the plant. Included

are the traditional categories of primary plant, intermediate plant,
steam plant, failed fuel, and radiation monitoring instruments.  Out-

puts are used for control, monitoring, and protection.

12.1. 2. 5. Operating Control Stations

Control stations, actuators, and indicators

necessary to start up, operate, and shut down the plant are located in

the control roorn. Control functions necessary to maintain safe condi-
tions after an accident are initiated from the control room. Controls

for some auxiliary functions may be located at remote stations, which

are placed under the direction of the chief operator by the intercommun-

ications systern.
The computer system and instrument cu-

bicles are located in the computer room directly beneath the control

roorn. However, the operator input/output interfaces  are  in the control

room. In addition to the information normally displayed in the control

room, these interfaces permit the operator to request the display of any
other variable in the cornputer. Nearly all equipment maintenance is

performed in the computer room.
The control and computer rooms are shield-

ed against the design basis accident (DBA) and other conditions (such as

a sodium-water reaction in a steam generator, or adverse weather) to

preserve operator safety and equipment operability.     The  use  of  flam -
mable rnaterial will be restricted to charts, records, manuals, and

some of the electronics, so thata fire resulting inthe loss of redundant

protection channels is not considered possible.

12. 1.3. Design Requirements

12.1.3.1. General Requirements

The design will be in accordance with the

standards of the National Electrical Manufacturers Association, the
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National Fire Protection Association publication, the Instrument So-
ciety of America, the International Electrotechnical Commission, the
United States of America Standards Institute, the Institute of Electrical
and Electronic Engineers, the American Society for Testing Materials,
the U. S. Atomic Energy Commission's Code of Federal Regulations -
Title 10, and the "General Design Criteria, Liquid Metal Cooled Fast
Breeder Reactor using 1980 Technology" (see Appendix 14-A with sec-
tion 14, Safety System Description), all of the issues in effect on the
date of invitation for bids. In addition, specifications developed under
the LMFBR Program Plan will be utilized as much as is practical.

12. 1. 3. 2. Interface Requirements

In general, the instrumentation and control

system interface requirements consist of detector access to sensed vari-
ables and control and protection system access to actuating devices.
These requirements are obvious from inspection of the inputs and outputs
in the individual system descriptions to follow, and they involve virtually
every system in the plant.  It is necessary that the land, structures, and
conventional systems must provide housing as needed to satisfy the gen-
eral design criteria. Intimately close interfaces exist with the reactivity
control and safety systems. The following interface requirements are
less obvious:

1.  The installation of the nuclear instrument system detec-

tors requires interfaces with the reactor vessel, reactor shielding, and

possibly the reactor support systems.

2.  The installation of the in-core neutron detectors requires
interfaces with the design of the fuel assembly in the core system and
with the reactor vessel, reactor auxiliaries, and possibly the reactor

support systems.

3.  The installation of several primary sodium detectors
employing remote transducers involves non-obvious interfaces with the

reactor vessel, reactor auxiliaries, and possibly the reactor support

systems.
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12.1. 3.3. Detailed Requirernents

Detailed requirements for the instrument-
ation and control system are covered in the introductory section of each

individual system description to follow.

12.2. Plant Control System

12. 2. 1. Introduction

12.2.1.1. System Function

The plant control system provides the nec-

essary instrumentation and control equipment for the safe and reliable

operation (both manual and automatic) of the nuclear steam supply  sys-
tern or plant. Numerous plant variables are monitored for operational
status information and cbntrol purposes.

The controlled variables are maintained

constant or on variable programmed functions, depending on the partic-

ular parameter. These control actions are performed during certain

phases of plant operation from startup to shutdown. The variable moni-

tors are in operation during all plant operations.

12. 2.1. 2. Summary Description

The nuclear power generation plant is de-

signed to be incorporated into an electrical utility's grid system.  The

plant must be able to follow the megawatt demand of the electrical grid

system. The nuclear steam plant consists of three basic systems in the
heat transport train from the nuclear core to the turbine generator.
These are the reactor coolant system, intermediate coolant system,

and the feedwater/steam systems; they are shown schematically on

Figure 12-2a. The turbine generator rnegawatt dernand power level

must be balanced through this entire thermal train in each of these sys-

terns; it must be transported to the turbine generator, through the steam

generators-reheaters, through the IHXs, and removed from the nuclear

core. At steady-state power levels, these heat rates are equivalent ex-

cept for the net heat losses.

The mode of control is the plant (reactor)

following the turbine generator megawatt demand. This control concept
is based on the modern fossil-fired and nuclear utility plants. The plant
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systems and components follow the demands of the turbine generator.
The turbine generator responds to the demands of the utility grid, op-
erating in the turbine-following mode of control. This arrangement

combines features of both the "plant following the turbine generator"
mode  and the "turbine generator following the utility grid" rnode.    The

system is an integrated control arrangement.

Basically, these control systems must
maintain constant steam pressure and temperature to the high-pressure
turbine and constant reheat steam temperature to the intermediate-pres-
sure turbine. The integrated control system provides the coordinated

feedforward and feedback control loops to enable the plant to follow the

turbine generator megawatt dernands. The overall control schematic

is shown in Figure 12-2b. This integrated system controls the follow-

ing major dependent variables: reactor power level, turbine throttle

pressure, steam generator superheater outlet steam temperature, re-
heater steam temperature, feedwater flow, steam generator intermedi-

ate outlet temperature, reactor coolant inlet temperature, and reactor

outlet temperature. These variables are regulated by adjusting the tur-
bine throttle valve positions, reheater steam temperature control valve

positions, feedwater control valve positions, feedwater pump speeds,
control rod positions, reactor coolant pump speeds, intermediate cool-

ant pump speeds,  and the intermediate bypass control valve positions.
The normal power rnanuevering range for

the plant is between 20 and 100% of the turbine generator load.  In this
power range the plant is capable of both manual and automatic control

and responds to the megawatt demands of an automatic dispatch system.

The plant is limited to 2%/minute load change and 5% step changes be-

tween 20 and 100% load.
The main control room(s) is the center of

plant operations. The normal mode of operation is automatic control,

and both manual and automatic operations may be directed from the rnain

control center.  The main control console and auxiliary panels contain

indicators, recorders, annunciators, a data logging printer, and selector

stations. A digital computer is included for data processing, data dis-

play, plant control, and plant protection.
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Figure 12-2a. LMFBR Schematic Flow Diagram
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Figure 12-2b. Overall Plant Control Schematic
Diagram (A3111 OE)
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12. 2.1. 3. System Design Requirements

The plant control system shall be designed
in accordance with the general design requirements stated in 12.1.3.

Specific requirements for performance, operation, safety, and inter-
faces are listed below:

1. Performance Requirements - The nu-
clear steam system must respond to the operational requirements of the
electrical grid system.

2. Operation Requirements - The LMFBR

plant  must be capable of operating  in the plant (reactor) following  the  tur -
bine generator rnode of control. This overall plant control system  inte -
grates the various control system loops in the plant so that the total plant
can be automatically controlled as a unit from one main control center.

The plant operation rnust be consistent with utility requirements and
standard utility practices.

The control system is designed for

plant startup, normal steady-state plant manuevering (transient),  and
shutdown operations. In addition, these systems are arranged to main-
tain acceptable operating conditions for special, infrequent, and emer-
gency operations, including (but not limited to) heatup, cooldown,  loss
of system heat removal capability, and turbine generator trip.

The heat load during partial- and full-

load operations must be balanced between the parallel components and

loops in the major heat transport systems. In addition, the steam tem-

peratures from the three parallel steam generators and parallel reheat-

ers must be maintained relatively constant.

During and after load transients, cer-

tain system variables are regulated to protect the reactor core and the

other plant components. Basically, the system must maintain constant

steam pressure and temperature to the high-pressure turbine and con-

stant steam reheat temperature  to the intermediate-pressure turbine.

These steam conditions are 2400 psig/950 F/950 F. The following list
includes the basic control requirements:
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a. Balance 'reactor power level with the turbine
generator megawatt demand.

b. Maintain constant turbine throttle steam pres-
sure and temperature to the high-pressure
turbine at 2400 psig and 950 F.

c. Maintain constant reheat steam temperature
to the intermediate-pressure turbine at 950 F.

d. Maintain· reactor outlet temperature  on the
program (function of plant load).

e. Maintain constant reactor inlet temperature
at 800 F.

f.    Maintain· the IHX intermediate outlet temper-
ature  on the prograrn (function of plant  load).

g.  Maintain a constant difference between the
steam generator intermediate sodium outlet
temperature and the feedwater temperature.

These variables and other resulting

system temperatures and flows are given in section 12.2.3. Basically,

these operating conditions (programs) enable the nuclear plant to regu-

late the proper power level and thermal head for maintaining the proper

steam conditions to the turbines in the norrnal power manuevering range-

20 to 100% of full load. In addition, the variable flows and temperatures in

the reactor and interrnediate coolant systems minimize temperatures and

temperature differentials in the systern cornponents and the core.

The plant is limited to load changes of

2%/minute and to step changes of 5% between 20 and 100% of plant load.

3.  Safety and Interface Requirements -

By controlling plant variables on designated programs and setpoints,  the

control system tends tb avoid situations that require protective action.

The control system operation is compatible with the protection system.

12.2.2. Detailed Description of the System

12.2.2.1. Integrated Control System

The integrated control system consists of

numerous control loops which enable the plant to respond to the demands

of an electrical utility's grid system. The control system provides for

the safe and reliable operation of the plant in all operating conditions.

These operating conditions include startup, normal steady-state power,
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norrnal transient, shutdown, abnormal, special or infrequent, and emer-

gency plant operations.
The nuclear steam supply system consists

of the reactor and the three major heat transport systems (see Figure

12-2a). These components and systerns make up the heat transport

train from the reactor to the turbine generator; they must respond to

the demands of the turbine generator.  As the generator moves from
one power level to another, these plant systems follow and seek another

steady- state operating condition at the termination of the load transient.

The systems contain parallel components and loops,  and the overall con-

trols provide for balancing the heat load in each of the operating loops

during normal operations (see Figure 12-2b).
The feedwater-steam systems will operate

in a conventional arrangement. The controls provide constant steam

pressure to the high-pressure turbine and constant steam temperatures

to the high- and intermediate-pressure turbines. The steam conditions

are 2400 psig/950 F/950 F.
The intermediate coolant system operates

with some variable and some constant temperatures and variable flows

at the various plant loads. The controls regulate  the IHX outlet hot leg

tem·perature and the steam generator sodium outlet temperature on a

program (function of plant load) in the normal power range. The mixed

IHX inlet cold leg temperature is maintained constant as a result of the

controls mentioned above. These control loops produce a variable  in-

termediate total coolant flow as a function of plant load (see Figure

12-12).
The reactor control and the reactor inlet

temperature control regulate the reactor power level, maintain the re-

actor outlet temperature  on a program ( function of plant load),  and

maintain a constant reactor inlet temperature in the normal power

range. The temperature program maintains the proper thermal head

to maintain constant steam temperatures to the high- and intermediate -

pressure turbines. These controls result in a variable non-linear re-
actor coolant flow as a function of plant load (see Figure  12- 12).

The system temperatures and flow rates

for partial- and full-load, steady-state operation are regulated.  The
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control system loops work in parallel with combinations of feedforward

and feedback control loops to balance the thermal power of the reactor

core and the turbine generator steam demands. The system tempera-

tures and flow rates (functions of plant load) are shown on Figures  12- 11,

12-12,  and 12- 13 for normal full-power and partial-load steady-state

operations. Criteria for full- and partial-load operation are given in

section 12.2.3.

The load delivered to the turbine generator

is approximately equal to that transported through the systems and that

generated in the reactor core to maintain thermal equilibrium in the plant.

During load transients, each of these systems and the coupling heat ex-

changers move toward the new power level. The integrated control sys-

tem provides the means for accomplishing this and for maintaining the

balanced plant conditions mentioned above.

The control concept is the "plant (reactor)

following the turbine generator megawatt demand" mode. The nuclear

stearn supply components and systems and their auxiliary supporting

systems must be able to follow the demands of the turbine generator.

The turbine generator must respond to the demands of the utility grid;

the turbine operates in the turbine-following mode of control.   This con-

trol concept is based on modern fossil-fired utility plants and commer-

cial pressurized-water reactor (PWR) plants with once-through steam

generators. It combines the features of the turbine-following mode and

the old boiler-following mode of control. Turbine following provides
more stable pressure control, whereas the boiler-following mode has

the faster load-changing characteristic. The pressure error is supple-

mented by the turbine governor speed control. The turbine is operated

in the turbine-following mode with the pressure error signal and mega-
watt dernand signal fed to the turbine throttle valve controls.  A fre-

quency signal supplements this demand signal to correct for the grid

system frequency variations. The control arrangement has features of

both the plant following the turbine generator and the turbine generator

following the electrical grid. (The latter is an inherent requirement of

any electrical power generating station. )  Thus the system is an inte-

grated control arrangement.
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Figure 12-3. Reactor Control, Flow Diagram
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The various plant control loops are de-
scribed in more detail in the following subsections. The instrument

measurements that feed into the control loop are described in sections

1 2.5.1   and   1 2.5.3.

12. 2. 2. 2. Control Loops

1. Reactor Control - The reactor control

system loop balances the reactor power level with the megawatt demand

and rnaintains the reactor outlet temperature  on the program.    The  heat

rate generated in the nuclear core is transferred in the heat transport
train frorn the core through the IHXs, through the steam generators and

reheaters, and on to the turbine generator, where the electric power is

generated.  The heat load will be shared equally in each of the respective
parallel components and loops in the reactor coolant, intermediate cool-

ant, and the feedwater/stearn systems. In addition to the necessity for

balancing the nuclear core and the turbine generator heat loads, the re-

actor outlet temperature must be maintained at an absolute value high
enough to provide the proper thermal driving head to maintain the pro-

per steam temperatures to the high- and intermediate-pressure turbines.

These steam temperatures are maintained constant over the norrnal
power maneuvering range of 20 to 100% of plant load.

The three selected regulating control

rod positions are varied to provide the reactivity adjustment to control

the reactor. The reactivity is adjusted to balance the difference between

the actual neutron flux level and the reactor demand in accordance with

the deadband (see Figure 12-3). The reactor demand signal consists of

the combination of the rnegawatt demand and the two-mode controller

action (proportional plus reset actions) on the reactor outlet tempera-

ture error. The reactor demand is described from the relations below.

The temperature e.rror is

6Tl = Tl - Tlp (12-1)
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Figure 12-4. Reactor Inlet Temperature Control,
Flow Diagram
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The combined reactor dernand signal is

Nd = KlMWd
- Kz6Ti - 2--2  f 6Tldt (12-2)60 J

The symbols in the equations are defined in section 12.2.4 (see Figure

12-2a). The regulating control rods move into the core, decreasing re-

activity, when the temperature increases (when Tl is above the pro-

grarnmed value). Conversely, the rods move out 9f the core when the

megawatt demand increases. The reactor demand signal is compared

with the nuclear instrument flux measurement (calibrated with heat bal-

ance data) and the resulting difference is the error which acts through

the reactivity control systern. The error is given by

E c r   =  Ni  - Nd (12-3)

This error will operate through a deadband of :tl% power and actuate the

reactivity control system to position the regulating rods. The regulating

rods move further into the core, decreasing reactivity,  when the control

rod drive error increases (when Ni is greater than Nd), Conversely, the

regulating rods rnove further out of the core on a decreasing error.  The

regulating control rods are inserted or withdrawn from their position in

the core at a constant speed of 15 inches per minute.

2. Reactor Inlet Temperature Control-

The reactor coolant flow rate is regulated via pump speed regulation to

control the reactor inlet temperature  at a constant value. Since the  flow

is related directly with the speed of a centrifugal pump, the flow through

the pump is regulated by its speed. The reactor outlet temperature is

held on a programmed function, and the reactor power level is main-
tained by the reactor control loop. Consequently, the speeds of the re-

actor coolant pumps are varied to maintain a constant reactor inlet tem -

perature (see Figure 12-4). The error is the difference between the

measured reactor inlet temperature and a fixed setpoint.

* *
(12-4)Epw = T2 - T2Sp
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Figure 12-5. IHX Intermediate Outlet Temperature Control,
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The reactor coolant pump speeds are arranged to decrease when the
error signal increases (reactor inlet temperature is above setpoint).
The demanded change in pump speed signal is fed to each of the six
reactor coolant pump eddy-current couplings; all six pumps change
speed together. The speed of each pump should be maintained rela-
tively equal to that  of the others. The demanded change  in the  pump
speeds is given by the two-mode controller action on the error.

K3R3 r
aco =   -K3 E -- 1 E dt (12-5)pd pe 60 j

pco

The pump speeds change until the error signal is corrected.

3.  IHX Intermediate Outlet Temperature
Control - The speed of the intermediate coolant pump in each of the
three intermediate coolant loops is regulated to maintain the IHX inter-
mediate outlet temperature in the respective loop on the program.  The
IHX intermediate outlet temperature is programmed similarly and func -
tions with the reactor outlet temperature to maintain the proper absolute
temperature for providing constant steam temperatures to the turbines.
The intermediate hot leg temperature for each intermediate loop is con-
trolled by varying the total loop coolant flow by regulating the speed of
the  loop ' s coolant pump (see Figure  12-5). The error applied  to  a  typi -
cal intermediate coolant pump is the difference between the measured
hot leg temperature and the temperature program.  It is given by

E. =T-T (12-6)ie         3         3P

The intermediate coolant pump speed is arranged to increase when the
error signal increases (hot leg temperature is above the program).  The
heat transport loops in the intermediate coolant systefn are physically
independent from heat source to heat sink; the control loops also operate
independently. The demanded change in a typical intermediate coolant

pump speed is given by the two-mode controller action applied to the
error above (limiting action will prevent excessively fast or slow pump
speeds).
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Figure 12-6. Steam Generator Intermediate Outlet Tem-
perature Control
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K 4R4

awid  =  K 4Eiw + f E. dt (12-7)
60 J lcO

The pump speed changes until the error signal is corrected.

4. Steam Generator Intermediate Out-

let Temperature Control - The intermediate bypass valve  (vi) for  an

intermediate loop is positioned to maintain a constant temperature dif-

ference between the related steam generator intermediate outlet and the

feedwater inlet temperatures (see Figure 12-6).  Both of these temper-

atures are measured and compared.    In the normal maneuvering  powe r
range this temperature differential is conveniently maintained constant

in each loop consistent with the other flow and temperature programs in
the inte rmediate coolant systern. The feedwater temperature  in  this

operating range results from the conventional feedwater heating train

and  decreases  as load decreases.     The inte rrnediate bypass control

valve will be positioned to proportion the sodium coolant flows between

the steam generator and the bypass line for the loop (see item 5 for re-
heater sodium flow control). The error applied to the bypass valve is

the difference between the steam generator intermediate outlet ternper-

ature and the feedwater temperature and a fixed-difference setpoint given
below:

E =T-T-6 T (12-8)
Vl    7 9 7-9 Sp

The inte rmediate bypass valve position

is arranged to open further when the error signal increases (T7 is greater

than the difference setpoint from T ). The demanded change in the bypass

valve stroke position results frorn the two- m bde controller action sup-

plied to the error above. The demanded change in valve position is

asvid  = KsEv 1     3  J  Evidt (12-9)

The valve position in each loop continues to change until its error signal

has been corrected.

12-23



Figure 12-7. Reheater Steam Temperature Control
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5. Reheater Steam Outlet Temperature
Control - The reheater steam temperature control valve in each of the

intermediate loops regulates the intermediate sodium flow through the

loop reheater to maintain its reheat steam at a constant temperature.
This control regulates the heat transferred for reheating the steam

frorn the high-pressure turbine before it enters the intermediate-pres-

sure turbine (see Figure 12-7). The error applied to the reheater steam

temperature control valve (v2) is the difference between the reheat steam

temperature from the associated reheater and a fixed setpoint. The error

is

E  =T -T (12-10)
V2             13              13 S p

Like other control loops in the inter-

mediate coolant system, this control will work in each loop independent-
ly. The reheat steam temperature control valve is arranged to close
more when the error increases (T13 is above its setpoint). The demand-
ed change in valve stroke position is given by the two-mode controller

action upon the error. The demanded change in the position is

K6R6
as = -K E   - -f E dt (12-11)v2d 6 v 2 60 J V2

The valve continues to move until the error is corrected.

6.  Feedwater Flow Control - The feed-

water flow to the once-through steam generator is controlled in a simi-

lar manner to the feedwater flow control in modern fossil-fired utility

boilers and the commercial PWR once-through steam generators-by
varying the feedwater regulating control valve  (v 3) position and regu-

lating the speed of the feedwater pumps. These twocontrols are cas-

caded together to balance the feedwater flow and the steam flow and to

regulate a constant steam pressure to the main steam throttle valves.
Each of the variable-speed feedwater

pumps is driven by a steam turbine,  and the speed of a pump is changed

by varying the stearn flow to its turbine driver. The driving steam flows
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are taken from one of the intermediate-pressure turbine exhausts and

passed to the feedwater purnp turbines through the feedwater pump steam

throttle valves (vs ). Therefore, each pump speed is regulated by vary-

ing the position of its throttle valve.
The feedwater flow control is regulated

by these two cascaded controls shown in Figure 12-8. The initiating sig-

nal for a feedwater flow change is applied directly to the feedwater regu-

lating control valve. This signal (the feedwater flow dernand) is  corn -

pared with the actual feedwater flow. The feedwater flow demand con-

sists of the megawatt demand (see equation 12- 17) and the steam pres-

sure error. The steam pressure is maintained constant at all loads in

automatic control. The difference between the feedwater flow and the

feedwater flow demand is the error applied to the feedwater regulating

control valve. These signals and the error are given by

Wgd = MWd - aPB (12-12)

Ev  = W9 - W9d (12-13)

The pressure error is also applied to the main steam throttle valve con-
trols. The control is arranged so that the feedwater valve position will

close more when the error increases (feedwater flow is greater than

feedwater flow demand). The demanded change in the feedwater valve

position results from the two-mode controller action applied to the error

given above. This demanded change  in the valve stroke position is given

by equation  12- 14.

K7R7 r
AS = - K7E -- i Edt (12-14)

V3d 3/3 60 J V3

The feedwater pump speeds are varied

to maintain a constant pressure drop across the feedwater control valves.

The pump speeds are directly affected by the steam flow, which is regu-
lated  to the turbines  by the feedwater  pump thr ottle valves.     The  pres-

sure drop across the feedwater control valves is rneasured and the lowest
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of three (auctioneered) is compared with a setpoint. The error for each
valve is

E =AP - 6P (12-15)v5 V3 V3 SP

The control is arranged so that the
throttle valve positions close more on an increasing error signal (pres-
sure drop is greater than the setpoint). The demanded change in the
steam throttle valve stroke position is given by the two-mode controller
action applied to the error.

K8R8
asvs  =  - KBEvs  - -  J  E dt (12-16)60              vs

The once-through steam generator has
aload variation of the mass of water-steam inthe secondary side.  The
mass of water-steam varies directly with the plant load and, subsequently,
with the steam generator load. During a load transient, the controls
must be able to change the water-steam mass in the steam generator and
maintain a constant steam pressure to the throttle valve; these controls
are arranged to accomplish this requirement.  As the steam generator

load decreases, the mass of water-steam mixture also decreases.  The
lower mass results in a more sensitive pressure characteristic for the
steam generator.  It has been shown that this sensitivity can be lessened,

to a degree,  by a variable gain on the pressure error signal.   This gain,
Kg (see below), would be a direct function of the plant load or stearn  flow

decreasing as the plant load is decreased.

Another arrangement for better pres-
sure  control is the use of derivative action for faster response.    The
action would act on the rate of change of the throttle valve position.  This
control feature gives an anticipatory action to the feedwater control.

These two alternate control features
could both be incorporated into the feedwater demand. This alternate

approach would alter the equation for the feedwater demand (12- 12) as
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wgd -- MWd - KgaPB + Kio   SV4 (12-12a)

This equation would simply replace equation  12- 12 with all other con-
trols unchanged.

7. Turbine Generator Megawatt Demand
and Main Steam Throttle ·Valve Control - In the plant following the tur-
bine generator mode of control, the load dispatch system or a manual
demand initiates a turbine-generator load change through its control

circuit to the main steam throttle valves. Generally, the demanded
megawatt power level is input to this system by the load dispatch sys-
tem, where this demand is compared with the actual megawatt genera-
tion rate and the difference is fed to the main steam throttle valve (v4).
See Figure 12-9.

The demand signal will normally come
from the load dispatch system through a hand/iutomatic station demand-

ing a change in the plant output. The turbine generator frequency error

is summed with this demand, forming the megawatt demand.

MW = MW + Kil(f  -f ) (12-17)d 2ds(m) g   SP

The combined signal passes through lirnits of high plant load, low plant

load, and high load rate of change and is compared with the actual mega-
watt level from the turbine generator. This error is given by

E'    = MWe -MW (12-18)
v4        g       d

This difference is fed into the circuit

combined with the steam pressure setpoint as a sliding steam pressure

setpoint. This altered steam pressure setpoint is cornpared with the
steam pressure.· The error is given by

E   = E'  - K 128PB (12-19)v4 V4
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Figure 12-9. Turbine Generator MW-Demand and Main
Steam Throttle Valve Control
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The error above is combined with the

turbine generator governor speed control to position the main steam

throttle valves via a hydraulic control system supplied with the turbine

generator  and main throttle valves. The demanded change  in the main
steam throttle valves is a function of the error E

V4

8.  Steam Dump Valve Control (v6) - The
steam dump system bypasses steam around the turbines in the event of

a sudden loss in plant load (see Figure 12-10).  The dump valve will serve

to relieve pressure from the steam generator in the event of a decrease
in the plant load.  The dump valves provide for the sudden loss in load
of something in excess of the dump valve capacity without opening the
main steam safety valves.   The dump valve will open to full capacity
when the steam generator steam pressure reaches a prescribed setpoint.

12. 2. 2. 3. Main Control Center

Following proven central-station steam

power plant philosophy, all central-station switches and indicators nec-

essary for startup, operation, and shutdown of the plant are located in

one rnain control center. The arrangement of the control room is based

on the fact that certain systems norrnally require rnore attention from

the operators than others; such controls are centrally located on an op-

erator's console and are readily accessible to the operator. Automa-

tion is ernployed in the design to reduce to a minimum the number of
operating personnel in the control room. The normal mode is the auto-

matic control mode. Autornatic and manual control will be directed

from the main control center. Control selector stations generally will
feature various combinations of "manual," "computer, "and "automatic, "

as well as manual "start/stop" and "increase/decrease" pushbuttons.
Color coordination and proper arrangernent of selector stations,  indi-

cators, annunciators, lights, and pushbuttons help to avoid confusion

during all plant dperating conditions.

Data-logging typewriters are available to

provide appropriate records of all pertinent data in compact, easy-to-
read form. A dernand data logger is available to print out data at the

operator's request. This printer has several codes that enable the op-
erator to examine trends in certain systems and loops without receiving

12-3-1



Figure  12- 10. Steam Dump Valve Control,
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a cornplete log of all variables. An annunciator-logging printer will

print out annunciator actuations during plant operation. The operator
may select important variables for visual exarn ination  on a lirnited  num -

ber of cathode ray tube displays; all necessary indications are also pro-
vided by gages on the control panels. Strip chart recorders of pertinent
variables are located in the main control room.

12. 2. 3. Principles of Operations

12. 2. 3. 1. Plant Operations

1.  Partial Load Criteria - In the normal

maneuvering power range (20 to 100% of plant load) certain plant vari-

ables are regulated to ensure the proper operating conditions through-
out the plant. The criteria for partial load operating conditions are

given in reference 1. Basic to these operating conditions is the require-
ment to maintain constant steam pressure and temperature (2400 psig

and 950 F) to the high-pressure turbine and constant reheat steam tem-

perature (950 F) to the intermediate-pressure turbine in the normal
power range. Throughout the heat transport train, the proper thermal

head is maintained in the hot legs to hold the steam temperatures con-
stant. The reactor inlet temperature is controlled to a constant value;
likewise a resulting constant IHX intermediate mixed temperature is

programmed. The latter two temperature restrictions ensure that the

cold-end temperature differentials on the IHXs are maintained constant.

This arrangement employs variable flow in both the reactor coolant and

the intermediate coolant systems.

The integrated control system employed
for the plant ensures that the various plant variables are rnaintained on

their programmed values, as shown in Figures 12-11,  12-12, and 12-13.
The sensed and regulated variables are (1) high-pressure turbine throttle

pressure, (2) steam generator outlet steam ternperature, (3) reheater

outlet steam temperature, (4) feedwater flow, (5) neutron power level,

(6) IHX intermediate outlet temperature, (7) reactor inlet temperature,

and (8) reactor outlet temperature.  With the variables controlled as

listed above,  and with balanced heat loads across the system, the re-

maining variables inthe plant will operate as shown in Figures 12-11,

12-12, and 12-13.  Some of these variables are directlycontrolled,
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while others are the result of the controlled variables.  In the figures
the controlled variables are dashed lines,  and the resulting operating
conditions are solid curves.

Control is accomplished by adjusting
the main steam throttle valve, reheater steam temperature control

valves, feedwater control valves, feedwater pump speeds, control rods,

primary sodium pump speeds, intermediate sodium pump speeds, and
.

intermediate bypass control valves.

In the heat transport train, the heat

rate generated in the reactor core must be balanced (less the net heat

losses) to that required by the turbine generator.  The heat transferred

through the coupling heat exchangers rnust be equivalent; this heat rate
varies directly with the product of the flow and temperature differentials

on the hot and cold sides. The arrangement used is for both variable
flows and variable temperature differentials.

2. Normal Power Maneuvering Opera-
tions - In the normal power-maneuvering range, the plant will normally
operate in automatic control and will be capable of responding to the

megawatt demands of the load dispatch system or to a manual signal.

The plant is limited to 2%/minute load ramps and to 5% step changes
in loads between 20 and 100% of plant load.

A central control console and auxiliary

panel boards are located in a central control center, where both auto-

matic and manual operations of the plant are directed. The normal plant

operating mode is automatic control.

The overall plant has been simulated

analytically as reported in reference 1. The control system described

in this section has been simulated and connected to the plant r:nodel.
These studies have been done in an open loop fashion. Typical plant

response to the load changes of 2%/minute are illustrated in Figures
1 2-  1 4   and    1 2-  1 5.
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Figure 12-11. 1000-MWe LMFBR Reference Design
Temperature Vs Plant Load

1200

RC Reactor Coolant
IC Intermediate Coolant

1100 ...
Ti

Reactor Outlet 000.(RC)

---
1000 --f +-0.- -.I--I--+.0.0- I.-...* ........*-0- --Ill-- -r

T 3     -I H X J T8' T13  
Outlet (IC) Ste am

900 Tll
T2 Reheater Outlet

Reactor
Inlet                  (IC)

14
(RC) ---

6  800
A
0

T4
A

IHX  Inlet  (IC) 7
8                                                  \w      700

T7
Steam Generator

Outlet (IC) -3-// *.

600 <*M
Mt-

// T 12

Reheater Inlet/ Steam
500

T9
Feedwater

400

300                                60         80        1000         20        40

Plant Load, %

12-35



Figure 12-12. 1000-MWe LMFBR Reference Design Flows
Vs Plant Load (wl' w4, Wg, W 12)
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Figure 12-13. 1000-MWe LMFBR Reference Design Flows
Vs Plant Load (w4, w6, w 12)
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Figure  12- 14. Reactor-Primary System Response (85 to 25%
Load Ramp - 2%/Minute)
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Figure 12-15. Reactor-Primary System Response (25 to 85%
Load Ramp - 2%/Minute)
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12.2.4. Definition of Symbols

Symbol Description

E           error

Subscripts:   cr - control rod drive,  %
iw - intermediate pump speed, %

pw - primary pump speed, %
v 1  - intermediate bypass valve,  F
v2 - RH steam temperature control valve,  F
v3 - FW control valve,  %
v4 - rnain steam throttle valve,  %
v5  - FW pump steam throttle valve,  psi

K            proportional gain

Subscripts: 1 - gain on megawatt demand

-                    2  -  proportional gain on reactor outlet tem -
perature error, %/°F

3 - proportional gain on reactor inlet tem-
perature error, %/°F

4 - proportional gain on SG cold end delta
temperature error, %/°F

5 - proportional gain on IHX intermediate
outlet temperature error, %/°F

6 - proportional gain on RH steam tempera-
ture error, %/°F

7 - proportional gain on FW flow error

8 - proportional gain on feedpump steam
valve delta pressure error, %/°F

9 - variable gain on steam pressure error,
%/psi

10 - derivative gain on throttle valve position,
sec

11 - scaling factor, MW/Hz
12 - scaling factor, MW/psi

MW
'*

load dispatch system or manual demand, %fds(m)

MWd megawatt demand, %

MWe actual megawatt generation rate,  %g

n             neutron flux density, neut/cmz-sec
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Symbol Description

n             neutron flux density, neut/cmz-sec

N                                  re actor  dem and,   %d

Ni             neutron flux measurement, %

R reset action

Subscripts: 2 - reset action on reactor outlet temper-
ature error, repeats/min

3 - reset action on reactor inlet tempera-
ture error, repeats/min

4  - reset action on SG  cold end delta tem -
perature error, repeats/min

5 - reset action on IHX intermediate outlet
temperature error, repeats/min

6 - reset action on RH steam temperature
error, repeats/min

7 - reset action on FW flow error, repeats/
nnin

8 - reset action on feedpump steam valve
delta pressure error, repeats/min

S throttle valve stroke position, %
V4

T                   temperature,  F
Subscripts' : 1 - bulk reactor outlet

1p - bulk reactor outlet program
2 - reactor inlet

2sp - reactor inlet setpoint
3 - intermediate IHX outlet

3p - intermediate IHX outlet program
7 - intermediate SG outlet

9 - feedwater

13 - RH steam outlet

13sp - RH steam outlet setpoint

w                         flow,  %
I.

Subscripts: 9 - feedwater

9d   -   FW  dem and

-----

::<

See Figure 12-2a.
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Symbol Description

6Tl difference between bulk reactor outlet temperature and its
p r o g r a m,    F*

ap pressure drop across FW control valve, psiV3

6P pressure drop across FW control valve setpoint, psi
V3 Sp

6

APB steam pressure error (difference from setpoint), psi
./

AS demanded change in interrnediate bypas s control valve
vid

stroke, %

AS demanded change in RH steam temperature control valve
vzd

stroke, %

AS dem anded change  in  FW flow control valve stroke,   %v3 d

AS demanded change  in FW pump speed control valve stroke, %
VS

6T difference setpoint between SG intermediate outlet and FW
7- 9 SP

temperatures, F'

aco demanded change in intermediate pump speed, %id

ae demanded change in prinnary pump speed, %Pd

-----

3:<

See Figure 12-2a.
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12.3. Protection System

12. 3. 1. Introduction

12. 3.1.1. System Function

The protection system ensures automatic

prevention or suppression of conditions that could result in exceeding

the  acceptable fuel damage limits  or  in a nuclear incident.    This  func -

tion is accomplished by rnonitoring selected variables, continuously

comparing their values and certain of their relationships with accept-

able limits, and automatically initiating corrective action (usually in

the form of demanding control rod insertion) when these limits are

reached. The protection system is separate and distinct from manual

and automatic control actions and has priority over them at all times.

12. 3.1. 2. Summary Description

The protection system acts independently

of the control system to perforrn the most important safety functions.

The protection system extends from sensing instruments through final
actuating devices, such as scrann circuit breakers and motor contactors.

Various actions are initiated by the pro-

tection system.  In the event that a condition is detected indicating a

direct immediate threat of fuel damage or of a nuclear incident, the

protection system will initiate a scram (maximum -capability insertion

of all 25 control rods) or non-power-changing action, such as isolation

of the containment atmosphere. Less-immediate or less-severe con-

ditions will result in a fast setback (rapid reduction of power by con-

trolled insertion of 18 shim/regulating rods) or a normal speed rundown

(2%/minute power reduction by controlled insertion of three regulating

rods).

The designs of the protection and reactivity

control systerns are closely coordinated to ensure that higher-level pro-

tective actions receive permanent priority over lower-level and non-pro-

tective actions. For example, the scrarn command interrupts all power

tothe control rod primary drivemotors, thus overriding all other rod

motion commands (which are accomplished by switching the primary

motor power).

12-43



'
"-1

Figure  12- 16. Typical Protection Function

Power From
Vital Bus 1

Redundant r ..Digital Computer
Instrument Main Frame A
Channel A and Interfaces

Power From Redundant
Vital  Bus 1 2 of 2 Redundant

Coincidence Actuating
Relays Device

Programs,
Sensed Calculations,

Parameter Channel B Setpoints.
Coincidence.
Logic, etc.

Power From
ActivatingVital Bus 2 2 of 2

Relays                   2
Device

Channel C Main Frame B  -

Power From Power From
Vital Bus 3 Vital Bus 3

12-44



Scrams are positive, non-interruptible,
full shutdowns. In contrast, setbacks and rundowns usually reduce power
to a level commensurate with the detected operating impairrnent.  For

example,   if  one inte rmediate pump fails, at least  50% of rated power  can
be rernoved through the two remaining intermediate loops,  and a full shut-
down is not required. However, it is necessary to reduce power rapidly
to near 50% to avoid an eventual scram (such as high core outlet ternper-

ature). Accordingly, the loss of one interrnediate pump will initiate a

fast setback to 50% power. Setbacks and rundowns, like scrarns, are
positive and non-interruptible actions which go to completion, but in
some cases completion will be a designated reduced power level instead

of a full shutdown.

Figure  12- 16 shows the redundancy em-

ployed  in the protection system by illustrating a typical protection  func -

tion (high core outlet temperature scram). The sensed parameter is
rnonitored by three identical instruments (i. e., thermocouples).   The

output of each instrument is scanned by each main frame of the digital

computer.  Each main frame has stored in its memory pertinent data
and programs necessary to determine whether the instrument readings

require protective action (voltage-to-temperature calibration charts for

each instrument, an 1130 F scram setpoint, and the coincidence re-

quirement that the reactor must scram if the readings of two instru-

ments exceed the setpoint).   The main frames, through output buffers

and bistables, control redundant relays which in turn control redundant

final actuating devices (scram breakers interrupting power to the con-
trol rod primary drive motors). The redundant control relays are ar-

ranged  in  2  of 2 coincidence;  that  is, both rnain frames rnust  dem and

action before it will occur.

The indicated redundancy, together with

the safe-failure requirements of section 12.3. 1.3, assures that no single

cornponent failure will result in loss of protection or in spurious protec-
tive action. It further provides for at-power testing of any protection

component or interconnection from the detector cable through and in-

cluding the final actuating devices; only the detectors and their cables

cannot be fully tested.
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In addition to restricting core power level,
the protection systern also automatically initiates action of the engineered

safety features associated with emergency core cooling and the release

of radioactivity from the reactor plant.
The plant instrumentation also monitors

many variables not associated with automatic protective actions.  In

many cases, these variables indicate undesirable and potentially unsafe
conditions which can be corrected by operator action.  In such cases, an

alarm will be initiated automatically. These alarm functions are in-

cluded in the protection system; however, neither the instrumentation

nor the annunciation associated with the alarms is subject to the design

requirements of section 12.3. 1.3.  In all cases the alarms are backed

up by automatic protective actions that maintain plant safety.

12. 3.1. 3. Design Requirements

1.  The protection system will meet the

design requirements of the instrumentation and control system, section

12.1.3.

2.  The protection systern will meet the

requirements of the "IEEE Criteria for Nuclear Power Plant Protection

Systems, " except that, where a conflict exists with one of the following

specific design criteria, the specific criterion will govern.

3.  The protection system will ensure auto-

matic prevention or suppression of conditions that could result in exceed-

ing acceptable fuel damage limits or in a nuclear incident. The specific

conditions for which automatic action is required are listed in Table  12- 1

(note also that the plant control system will usually act automatically to

correct high core power and improper temperatures and flows, and that

a number of interlocks are provided to mechanically prevent unsafe op-

erations).

4.  The protection system will monitor the

containment atmosphere, the facility effluent discharge paths,  and the

facility environs for radioactivity that could be released from normal

operations, from anticipated transients,  and from accident conditions.
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5.  The protection system will be designed
for high functional reliability and in-service testability commensurate

with the safety functions to be performed.

6.  Redundancy and independence designed
into the protection system will be sufficient to assure that no single fail-
ure, or multiple failure resulting from a single event, or removal from

service of any component or channel will result in the loss of a protec-
tion function. The redundancy provided will include,  as a minimum,
two channels of protection for each protection function. Different prin-
ciples will be used where necessary to achieveltrue independence of re-
dundant cornponents.

7.  The protection system will be separated
from control instrumentation systems to the extent that the failure or re-

moval from service of any control instrumentation component or channel,
or of any single component or channel common to control and protection,
leaves intact a system that satisfies all protection requirements.

8.  The effects of adverse conditions to

which redundant channels or components might be exposed in common,
under either norrnal or accident conditions, will not result in loss of the

protection function.

9.  In the event that all normal power is
lost, sufficient alternate power sources will be provided to permit the

required functioning of the protection system.

10.  Means will be provided for testing the
protection system while the reactor is in operation to demonstrate that
no failure or loss of redundancy has occurred.

11. The protection system and its individual

channels will be designed to fail into a safe state or into a state established

as tolerable on a defined basis if such conditions as disconnection, loss

of energy, or adverse environrnents are experienced.

12.  Subservient to the fail-safe require-

ment above, the protection system will employ such techniques as co-
incidence and redundancy to reasonably minimize the occurrence of

spurious protective actions.
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13. The protection system will monitor

the  performance  of the reactor  and the engineered safety features  dur -

ing and after accidents.

14. The protection system will provide for
manual initiation,  by the operator,  of any type of action listed in Table

12- 1, but only scrams will automatically go to ,completion after manual

initiation.

Table  12- 1. Protection System Functions

Scrams

1. High neutron power.
2.  High rate of increase or decrease of neutron power (assembly voiding).
3. High neutron power/core flow ratio.
4.  High bulk temperature, core outlet plenum.
5.  High rate of temperature increase. two fuel assembly outlets (voiding).
6.  Complete loss of intermediate flow.
7.  Complete loss of feedwater flow or heat sink.
8. Sodium-water reaction.
9,  Earthquake.

10. High source range count rate (for rod testing, shutdown).

Fast Setbacks

1.  Loss of one primary purnp (reduce power by one half).
2.  Loss of one secondary pump (to 50% power, close IHX valve).
3.   Loss of one feedwater pump (to 50% power).
4. Turbine generator trip/loss of electrical load (to 20% power, dump steam).
5. High startup rate in intermediate range (until cleared).

Normal Speed Rundowns

1.  High core flux tilt (to 95% power).
2.  High rate of temperature increase. one fuel assembly outlet with medium

increase in one neighbor (full shutdown).
3.  Sodium in interspace between reactor vessel and radial neutron shield

(full shutdown).

Other Protective Actions

1.  Loss of power to any primary pump (start pony motor).
2.' High primary sodium temperature in pot (actuate emergency cooling

system).
3.  Low primary sodium temperature in pot (energize heater in NaK-air heat

exchanger).
4.  Very high cover gas pressure, implying DBA (isolate containment; do not

close ernergency cooling paths).
5. High stack activity (close stack discharge).
6. High radioactivity at containment atmosphere discharge (isolate contain-

ment; do not close emergency cooling paths).
7.  High NaK activity (close Na/NaK heat exchanger isolation valves).
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12. 3. 2. Detailed Description

The protection system must supplement the inherent

safety features of the reactor plant to provide virtually absolute assur-
ance that excessive  fuel  dam age  will not occur  and that excessive radio-
activity will not be released from the reactor  site. The system  is pas-
sive in the sense that it performs no actions under normal conditions
other than the display of monitored variables. However, under emer-

gency conditions, the protection system overrides all other means of

plant control.

The design philosophy of the protection system is to
monitor plant variables indicative of all credible accident conditions

and to automatically correct any condition defined as unacceptable.
The amount of corrective action taken is matched to the severity of the
condition.

The protection system employs the computer system
discussed in section 12.4 and a number of the instruments covered in

section 12.5.

12. 3. 2.1. Protective Actions

Table 12-2 lists all protection actions that

have been identified as necessary or desirable to satisfy the design cri-
teria; a formal analysis was not performed to define these actions.  Fur-

ther safety and operation analyses and further design work on the pro-
tection system would result in changes to the list, but any such changes
would probably be minor.  It is to be noted that all fast setbacks are

backed up by scrams; however, there is little penalty for including set-
backs among protective actions. Also shown in the table are various

characteristics of the protection actions, including coincidence logic
and the total delay time from the instant that the sensed variable ex-
ceeds its setpoint until control rod motion begins.

Most of the actions in Table 12-2 are self-

explanatory, and the following paragraphs will clarify those that are not.

The high neutron power scram is the only
automatic protective action not handled through the digital computer;
this is to avoid delaying the scram by a scanning interval at the computer

i np ut.
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Table 12-2. Protection System Actions

power reduc- Sensing ·Normal Tirne delay,

Condition tion limit Other action instrument(s) Coincidence limit Setpoint sec

Scrams

1.  High N Full shutdown               --             Power range 213 105% 107% 0.15

2.  High or low AN/at Full shutdown - Power range 2/3 ratios 2% /m in 1090/sec 0.25/0.35

3.  High N/F Full shutdown               --            Power range, 2/3                                  -- Program 0.35/0.45

core aP

4.  High T outlet Full shutdown                  -- Core outlet temp 2/3 1120 F 1130 F         5

5. High +AT/at, Full shutdown                 --              Fuel assy outlet 2/288 1°F/min 50°F/sec 0.3/1.3

2 assy
0.25

temp

6.· Complete loss of Full shutdown -- Intermediate pump 3/3 loops --       High or low

intermediate flow power pump power

7. Na-H:O reaction Full shutdown                 --              SG and RH gas Any SG or RH 20 psia 50 psia 0.25

pressure

8.  Complete loss of Full shutdown                 --              FW pump tachom- 3/3 (incl. aux. --, 70OF --, 750 F O.25, 5

i FW flow or heat eter, int. cold leg pump), any 1 loop

Ul sink ternp

0 9. Earthquake Full shutdown              -           Seismograph

10. Manual scram Full shutdown -- Operator                        --              --            --

11.  High source range Full shutdown -- Source range 1/2 -10 c/sec 1(p c/sec -1

cour.t rate (inter-
locked)

Fast Setbacks

1.  Loss of 1 primary One-half power -- Primary pump power 1/6 pumps High or low 0.25

pump
pum p  powe r

2.  Loss of 1 inter- 50%  powe r Close IHX primary Int. pump power 1 / 3  purn ps --        High or low 0.25

mediate pump inlet shut-off rings pump power

3.  Loss of 1 FW pump 50% power                     -              FW pump speed 1/2 pumps               --        High or low 0.25

pur·np power

4.  TG trip or loss of 20% power Open steam dump TG trip 1/1                      -             -          0.25

electrical load valve

5. High startup range, Until cleared                 - Int. range 1/2 -12 sec 10 sec Varies

int. range (inter-
locked)

6. Manual setback Until cleared -- Operator                        --                            --



Table 12-2. (Cont'd)

Power reduc- Normal Time delay,Sensing
Setpoint secCondition tion limit Other action instrument(s) Coincidence lirnit

Rundowns

1.  High core flux tilt 95% power                 --           Core neutron 2/3 any region 3% 4% 1.2/2:2

2. High +AT/at. 1 assy Full shutdown                --             Fuel assy outlet 2/288 1 °F/min      50 + 30 °F/ 0.3/1.3
and med +aT/at temp sec
1 assy

3. Na in interspace Full shutdown -- Interspace Na                   -
4. Manual rundown Until cleared - Operator                         --               .-

Other Protective Actions
-

1/6 pumps
r'J 1.  Loss of power to any No automatic Start primary pony Primary pump                                             --          Low pump               -.

primary pump power reductiori niotor power power onlyUl
- 2. High primary Na No automatic Actuate emerg. Pot temp monitor 2/3                  --      850 F

temp (pot) power reduction cooling systein

3.  Low primary Na No automatic Energize heater in Pot temp mon it or 2/3                     -       300 F
temp (pot) power reduction NaK-air HX

4.  Very high cover gas No automatic Isolate contain- Cover gas monitor 2/3                     --       -100 psia            --
pressure (implies po.·er rrduction mentla)
DBA)

5.  High stack activity No automatic Close stack discharge Stack activity monitor   2/3                        --
power reduction

6.  High radioactivity No automatic Isolate contain- Containment dis- 2/3
at containment atrno- power reduction charge monitor
sphere discharge

ment(at

7.  High NaK activity No automatic Close Na/NaK HX NaK activity monitor 213                    --           --             --
power reduction isolation valves

(a)But do not close emergency cooling paths.



The AN/At scrams limit the spread of

existing fuel damage.  Most fuel assemblies have a significant positive
sodium void coefficient of reactivity that is s.ufficient to trip the +AN/At
scram.   In the event that a significant quantityt of fuel is ejected from an

assembly, the -AN/At scram will act. Because of the freedom from

noise of the power range instruments and the digital scanner, the scram

setpoints can be very tight- :1:2% change  in 0.2 sec.
The core outlet temperature measurement

is obtained from 2 of 3 coincidence on the average of three sets of ther-

mocouples distributed about the core outlet plenum.
The fuel assembly outlet AT /At. actions are

also associated with sodium voiding in individual assernblies. The outlet

coolant from an assembly is expected to experience a large step temper-

ature increase (approximately 500 F at full power) if the assembly voids.

Protective actions are based on coincidence  of the rmocouples in separate
fuel assemblies, so that redundant thermocouples are not necessary

(3 x 288 = 864, an excessive number); this approach is justified, since,
if an assembly experiences a large temperature increase, then its neigh-

bors will also heat up.  The AT/at scram is, of course, redundant to

the +AN/at scram for most fuel assemblies.
Sodium -water reactions are monitored by

measuring the cover gas pressure in each steam generator; a high pres-

sure indicates leakage and requires a scrarn.   A more advanced tech-

nique for monitoring the sodium-water reaction will be employed if it
becomes available.

Loss of heat sink is monitored by measur-

ing  the  cold leg temperature  of  each inte rmediate  loop.    A high temper-

ature indicates that sufficient heat was not removed from the associated

steam generator. A scram is initiated, even though reduced power op-
eration on the other two intermediate loops is possible, because the

associated steam generator may be in danger of experiencing a sodium-

water reaction.

The high source 'range count rate scram

is manually activated during shutdown periods to prevent accidental rod

withdrawal and to limit power during low-level testing; normally this
scram is deactivated.
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1    The fast setback on the loss of one pri-
mary pump is expected to''Act before,  and to prevent, a power-td-flow
scrarn. The scrarn margiti and flow coastdown shape provide adequate
time for fast power reduction (see the safety system description, sec-

tion 14).              ··

Turbine generator trip and loss of elec-
trical load cause power reduction only to the steam-dumping capability
of the plant, so that the complete plant is not shut down by brief inter-

ruptions. The operator then has the choice of maintaining that level or

of further reducing power 'simply by overriding the automatic control or

by adjusting the megawatt demand.

The intermediate-range, high startup rate
fast setback is automaticAlly disabled when the average power range

signal reaches 10% power and is activated below that level.

The detection of sodium in the interspace

(annulus) surrounding the' pot is regarded as evidence of a sodium leak

and  requires  a full shutdowh.

Very high cover gas pressure implies the

occurrence of a design basis accident, and the containment is isolated

to prevent the spread of radioactivity.

12. 3.2. 2. Alarms

The protection system also initiates  a  num -

ber of alarrns warning the operator of undesirable and/or potentially un-

safe conditions monitored by many plant instruments. A partial listing
of some of the more important alarms is given in Table 12-3.  In gen-

eral, neither the monitoring instruments nor the annunciation hardware

associated with alarms is subject to the rigid protection system design

criteria of section 12.3.1.3. However, in some cases, alarms are de-

rived from protection instruments; since alarrn functions are processed

bythe digital computer main frames, the integrity of the protection in-

strurnents is not compromised. Plant safety depends on neither the ini-

tiation of an alarm nor proper operator action following an alarm.
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Table 12-3. Partial List of Alarms

1.   Any scram, setback, rundown, or other protective
action.

2.  Hydrogen in sodium (pot or intermediate loop).
3. High temperature, neutron shield.
4.  High pump temperature (primary or secondary).
5.  Low temperature, cold trap.
6. Fission products in primary sodium.
7. High radioactivity level (many places: cover gas,

discharges, Na, containment, etc.).
8.  Core flux tilt.

9.    High  AT/at,   1 fuel assembly outlet the rrnocouple.
10. High neutroncount rate, fuel storage.

11.  High or low cover gas pressure.
12. Smoke in containment.

12.3.2.3. Protection Systern Design

The protection system described herein

depends heavily on the use of a digital computer. A major reason for

this choice is the need for 288 fuel assembly outlet thermocouples for
sodium voiding protection; this large number of inputs cannot be handled

economically or efficiently with analog equipment under the coincidence
and reliability requirements of the protection system. This factor, com-
bined with the strong current trend of digital equipment taking over many
of the rnore cornplex functions previously performed by analog equipment,
and the resultant growth of the digital process control industry, indicates
that digital core protection will be acceptable by 1980.  It is expected
that future protection systems will represent hybridizations of analog
and digital equipment.

Clearly, an entirely-analog protection sys-
tem controlling bistables and relays could be designed for this LMFBR

application. The hybrid described herein is considered to be superior\
to all-analog in terms of reliability, testability, and cost.
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Figure  12- 17 is a block diagram of the
protection system. As noted above, the high neutron power scram is

not handled by the computer; hence, a scanning interval delay is not
added to other time delays in this scram. However, the power range
currents are fed into the computer for the following functions:  (1)
AN/At, (2) power-to-flow, (3) intermediate range startup rate setback

interlock, (4) termination of limited setbacks and rundowns,  and (5)
limitation of rundown power reduction rate.

All other protection instruments (see

Table 12-2) feed directly into the computer. The amount of signal-

conditioning circuitry interposed between the detectors and the com-

puter varies among instruments; none is used with thermocouples,
while a complete set of standard instrumentation is probably necessary
for the nuclear instrument source range. In general, the amount of
individual instrument circuitry provided is the minimum necessary to

develop a signal that can be scanned by the computer.
Each protective function employs redun-

dant channels throughout. Three instruments monitor each sensed vari-

able except in the cases of the fuel assembly outlet temperature and
core neutron instruments. Assuming the use of a digital computer,
two main frames are employed and each instrument feeds both main
frames redundantly. The appropriate calculations, setpoint compari-
sons, and coincidence logic (usually 2 of 3) for each instrument are re-

dundantly and independently performed in both main frames.  Each main

franne controls actuating devices, such as scram breakers, which are

also redundant.

The block diagram of Figure  12- 17  sug-

gests considerable interconnection of protection channels and, since the

same cornputer may also control the reactor, possible interaction of

protection and control.  In fact, these various channels are rigidly sep-
arated in time. Any individual channel is connected to a computer main

frame only when the input scanning switch is closed, and only one such
switch is closed for that main frame at any given time. This separation
is, of course, vital tothe protection system, but the excellent capability
of a digital computer for self-testing and fault diagnosis is unquestioned
even in present-day machines.
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Figure 12-17. Protection System, Block Diagram
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Figure  12- 18 shows the use of the protec-

tion relays of Figure  12- 17 in controlling scram breakers and setback

and rundown relays, which are described in the reactivity control sys-
tem. Full redundancy is employed in that no failure of any single re-

lay or breaker can prevent action or cause false action. Provision is

also made for manual initiation of scram, fast setback, or rundown at

the  option  of the operator.

The scrarn logic is shown in Figure 12-18a

(see the reactivity control system description for a full description of
the scram action). To scram, itisnecessary tointerrupt both power

sources for the control rod primary drive motors.  This is accomplished

by opening one (or both) scram breaker(s) in each of two power lines;

i. e., breaker 1 and/or 2 plus breaker 3 and/or 4. Each breaker re-

ceives control power from one of two non-interruptible vital buses

through normally closed relay contacts and through the normally closed

manual scr.am switch. The relay contacts are controlled by the digital

cornputer in 2 of 2 coincidence (a and b, a' and b', etc.) and by the nu-
clear instrument power range channels A, B, and C in 2 of 3 coinci-

dence (A, B, C; A', B', C', etc.). If either relay coincidence require-

ment (2 of 2 on a and b, 2 of 3 on A, B, and C)is satisfied byopening
the appropriate relays,  or if the manual scram switch contacts are

opened, the affected scram breaker will lose control power and will
open the motor power lead.

The fast setback logic is shown in Figure

12- 18b (see the reactivity control system description for a full descrip-
tion of the fast setback action).  It is similar to the scram logic with
three exceptions: (1) setback action is accomplished by grounding con-
trol rod speed control contactors; (2) setback relays are employed in-
stead of scram breakers; and (3) setback commands are obtained only

from the computer or by manual initiation (2 of 2 coincidence). Multiple
contacts are used for each of the 18 affected control rods.

The rundown logic is shown in Figure 12-

18c (see the reactivity control system description for a full description

of the rundown action). It would be identical to the fast setback logic,
except that rundown action is applied to the regulating rod group selected

for control action; otherwise, control action could offset the rundown by
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Figure 12-18a. Scrarn Logic
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raising the other regulating rod group. Rundown relays 1-and-2, and
3-and-4 have multiple contacts for each of the three regulating rods in

each group.

Protection systern outputs also include

actuation of engineered safety features, as indicated in Table 12-2, and

a full array of diagnostic alarrn features.  It is expected that the alarm

will be communicated by a flashing light accompanied by an audible alarm

and printout; operator acknowledgment would silence the audible alarm

and change the light to steady-on until the condition is cleared.  Pro-

visions will be made for identifying the time sequence of up to perhaps
six nearly simultaneous alarm conditions to aid in fault diagnosis.

12. 3. 3. Principles of Operation

The principles of operation of the protection system
are discussed above and in the computer and individual instrument de-

scriptions (sections 12.4 and 12.5).

12.3.4. Safety Precautions

The design requirement (12.3. 1.3) and detailed de-

scription (12. 3.2) sections above stress the redundancy and indepen-
dence employed in the protection system design.  If any single com-

ponent fails , either it must fail in the direction of requiring safety ac-

tion, or it must be automatically tested and its normal output automat-

ically replaced by an action-requiring signal.  The only exceptions to

this requirement in the entire protection system are detectors and (in
some cases) their lead wires. Indirect testing of the detectors and

leads is permitted by their redundancy; this "testing
" would be covered

by procedure and performed manually.
Automatic testing of the protection system components

is accomplished periodically by the digital computer main frames.  Most

vital is the testing of the main frames themselves, their input interfaces,
and their output interfaces, relays, and actuating devices, since virtually

all protection channels pass through them. Because 2 of 2 coincidence

is applied to all of these components, each component may be fully tested,
to the point of operating the actuating device, while the reactor is oper-

ating.
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Bistables, relays, and breakers are allselected to

provide the safety function when de-energized, so that loss of power
does not reduce safety; however, non-interruptible vital bus power
from three separate buses is employed to eliminate spurious actions

caused by loss of power. (The equipment shown in Figures  12- 17 and

12- 18 needs only two vital buses; the third is employed so that tripli-
cated instrument channels have separate power sources. )

The removal of equipment from service will initiate

the normal loss-of-power function of that equipment, which will be
backed up by interlocking instrument and computer modules. Physical
isolation techniques and barriers are employed, as is typical of reac-
tor protection systems.

Reliability is of the utmost importance in the protec-

tion system, and high-grade system design techniques and hardware are

utilized.  The use of the digital computer not only provides the extremely

high reliability of digital equipment, but it also provides ready capability
for testing the analog instrurnentation as well. Although no detailed
planning of automatic testing operations for this system was performed,
it is immediately obvious that a significant improvement on current test-

ing capabilities is readily achievable.  Not only does the computer auto-
matically take over the drudgery of routine testing,  but it tests much

more frequently than is possible or desirable manually. A significant

improvement in reliability is expected.

12.3.5. Maintenance

Maintenance is keyed to rapid fault identification and

location by automatic testing and rapid replacement of defective com-

ponents or modules. The defective unit can then be repaired without

interfering with reactor operation. This technique again increases re-

liabil=tty, since, in almost every instance of component failure, testing
of components redundant to it must be stopped, on penalty of spurious

protective action.
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12.4. Computer System ''

12.4.1. Introduction

12.4.1.1. Systenn Functions

The computer system accepts the outputs
of all reactor and turbind'plant monitoring instruments, conditions them

as necessary, and provides the following outputs:

1.  Operation of actuating devices for control of
the plant.·

2. Operation'of actuating devices for protection
of the plant.

3.  Display of data necessary for manual control
of the plant.

4.  Recording of data necessary for logging plant
operations.

The computer system also automatically tests itself, the instruments,
and the actuating devices.

12.4.1.2. Summary Description

The computer system consists of two sepa-
rate main frames, each including input and output devices, memory,  and
a central processing unit. The input devices monitor the outputs of all
plant instruments, convert the data to usable binary form, and place
them in memory. In general, analog circuits in the individual instru-
ments are limited to the minimum amount necessary to develop a signal
that can be handled by the computer. The memory contains instrument

data, control and protection programs, calibrations, set points, and
other information in indexed locations. The central processor is com-
posed of two sections: an arithmetic-logical unit which performs the re-

quired calculations,  and a control section which directs and coordinates

the entire main frame. The output devices control actuators for plant

control and protection and display and recording devices.

Each protection instrument channel output
is redundantly scanned by both main frames for each protection channel.

For example, each main frame compares each of the three core outlet

temperature measurements independently with the scram setpoint and
determines whether the 2 of 3 scram coincidence exists. Each rnain
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frame operates its own protection actuation devices (such as scram
breaker control relays), which are arranged in 2 of 2 coincidence, so
that both main frames must demand action before it will occur.

Control instrument inputs are divided be-
tween the two main frames, as are the control calculation and actuating
devices. (Further analysis may indicate advantages in grouping control
functions in a single main frame, or even in making them redundant in
both main frames). Routine data-logging functions are also divided be-
tween the rnain frames.

It is probable that the computer will also
be used to perform on-site calculations, such as the rod motion required             
for power-flattening. No extensive effort has been made to identify such            1
functions, but the list of possibilities (fuel management, reactivity cal-
culations, rod height predictions, etc. ) is lengthy. Detailed effort is
required to optimize the value of performing such calculations on-site
versus the cost of additional capacity. There is a significant trend, how-
ever, toward providing on-site simulators for these functions in large
power reactors.

The computer system automatically tests
itself, the instruments, and the actuating devices. Test signals are pe-
riodically generated and imposed on various points in the system; if the
required response is not obtained, the fault will be localized and annunci-
ated.  Testing is performed from instrument inputs (detectors excluded)
through the operation of protection actuating devices (the redundancy of
the latter permits their testing without incurring shutdown).

The central processor of each main frame
provides rigid priority and interrupt levels so that protection action is
not delayed while the main frame is occupied with other functions.  The
basic operating mode is that of multi-programming, which permits the
high-speed capabilities of the digital computer to be used with the rela-
tiv.ely simple program structure and flexibility necessary for on-line
protection and control.

The control and protection functions per-
formed by the computer are described in the appropriate system descrip-
tions,  12.2 and 12.3. Appendix 12-A of this system description briefly
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comments on the application of a digital computer for reactor control

and protection.

12.4.1.3. System Design Requirements

1.  The computer system will meet the de-

sign requirements of the instrumentation and control system (section
12.1.3).

2.  The system will meet the design re-
quirements of the control system (section 12.2.1.3) and of the protection

system (section 12.3.1.3) insofar as it performs functions of these sys-
tenns.

3.  A priority schedule will ensure that

protection functions receive priority  at all times  and that control  func -

tions receive priority over routine data logging.

4.  Safeguards will be established against

performance impairments, such as destruction of programs.

5.  Flexibility will be provided to permit
software alterations or additions.

6.  The computer system will automatically
test itself, instruments, and output actuating, display, and recording de-
vices and annunciate any identified failures. Where a failure affects a

protection or control function, that function will be placed in the fail-

safe mode.

7.  Data not normally displayed under,·re-

quirement 1 will be displayed on demand.

12.4.2. Detailed Description

12.4.2.1. General

The digital computer system can be divided

into two separate main frames, each of which contains four types of

functional units: input devices, output devices, storage, and central

 

processing units.

Input devices read or sense recorded data

in a form meaningful to the computer. Input data coming from analog-
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type sensors are converted into digital form available to the computer.
The digitalized input data are entered into the system memory. Output
devices record or write information from the computer on cards, paper
tape, magnetic tape, or as printed information on paper; or they provide
direct control of actuating devices for valves, control rods, and other

components. Eraseable output devices, such as cathode ray tubes, and

a diagnostic alarm panel showing the existence, identity, and time se-

quence of alarms are also provided.

Storage is like an electronic filing cabinet,

completely indexed and almost instantaneously accessible to the computer.
All data must be placed in storage before they can be processed by the

computer. Info rmation  is   read into storage  by an input  unit  and is avail-

able for internal processing. Each location, position, or section of

storage is number-designated so that stored data can be readily located

by the computer as needed.

The two central processing units are the

controlling centers of the entire system.  Each is made up of an arith-

metic-logical unit and a control section. The arithmetic-logical unit

performs such logical operations as addition, subtraction, multiplica-

tion, division, shifting, transferring, comparing, and storing.  The
control section directs and coordinates the entire main frame as a sin-

gle multi-purpose machine. These functions involve controlling the
input/output units and the arithmetic-logical operation of the central pro-
cessing units and transferring data to and from storage.

Terminal and multiplexing units electri-

cally connect the computer system to the plant. Signals from the plant

are transmitted as electrical signals from instruments or transducers

and are connected to pairs of terminals in these units. In addition to

measured variables, the status (whether open or closed) of any contact

or switch, or the presence or absence of a pulse connected to the termi-

nal units can be sensed by the computer.
Analog-to-digital converters translate

measurements into digital units for use by the computer. Conversely,

computer setpoints or calculations are transmitted through digital-to-

analog converters back to the actuating devices that control the plant.
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The basic computer operations must be
accessible (on a carefully controlled basis) for the complete and in-
tended use of the system. An administrative control system will en-
sure that the necessary flexibility cannot be used to the detriment of

plant safety. Automatic coding techniques are required and are supplied

with the computer to aid the programmer in writing the various codes.

There has been widespread adoption of compilers, such as Cobol and

Fortran, to assist the programmer. These compilers relieve the pro-

grammer of using. machine languages and take care of internal house-

keeping.  All of these coding techniques are generally referred to as

"software. " Built-in flexibility is required to make changes in the codes

for the most efficient use of the computer system. A major effort is

required in the area of software to realize an efficient and economical
computer system in this application.

A clock is provided for each central pro-
cessor to provide a calculation time base, to sequence computer pro-

grams, to record the time for periodic data logging, and to record the

time of unusual or infrequent plant occurrences.

A more detailed description of the com-
puter system is given in the following sections, supplemented by stan-

dard sources such as reference 2.

12.4.2.2. System Organization

The computer is organized as shown in

Figure 12-19. It utilizes two central processors, which are multi-

programmed to perform the specified input/output operations.  The

multi-program operations are divided into these five major functional

ope rations:

1. Data acquisition and characterization.

2.  Every scan cycle (automatic control, protec-
tion, and testing) calculations.

3. Demand calculations for performance moni-
toring.

4. Data alarm monitoring and reporting.
5. Numeric output display, printing, and trend

recording.

An independent disc-core memory transfer

channel, initiated by processor instruction, loads the requested block
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Figure  12- 19. Computer System Block Diagram
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of words into core memory from the disc storage without utilizing cen-

tral processor time (other than the extremely short period required to

initialize the disc-to-core transfer control). Input data and recently

computed information are stored in a reserved portion of the core mem-

ory. The central processor refers to the core-stored data as part of its

execution routines to display data on the numerical indicator lights,

print information on the logging typewriters, and provide output trend

records.  Each of the readout devices has its own independent output
0 '7

control hardware package (peripheral equipment buffer) which provides

the buffering and timing required for information outputting.  Each cen-

tral processor needs only to set the data to be outputted into its outputting

data register.
When the central processor completes the

current program as determined by the time allocator, the memory trans-

fer channel is again initiated. The current program is then replaced in
the disc storage, and the next program is loaded into the core memory.

The procedure continues until all programs have been worked on and the

basic time cycle is complete, at which time the cycle begins again.  It

may be possible, instead, to copy programs from the disc storage,

which would eliminate the need for replacing them after use by the cen-

tral processor.
The application of multi-programming is

designed to implement the speed capabilities of very fast central pro-

cessors while retaining a relatively simple program structure utilizing

functionally independent input and output programs.

12.4.2.3. Input Data Acquisition

Two  methods  are  used to obtain inputs.

The first method is the data acquisition function which scans all desig-

nated analog inputs and any digital inputs which are used as system data.

The second method provides the capability for computer programs to

read digital inputs directly without requiring previous memory storage,

reading these data only when the inputs are required for immediate de-

cisions and calculations or control programs.
The data acquisition function operates in

parallel with, but independently of, the computing and output functions.

The inputs, read under control of the data acquisition function,  are
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stored in the system data area of core memory.  This data area is a
"reference file" of the latest reading of each input variable. These
values are available for reading by the central processor to perform
the required computing and output functions independent of one another.

The scan sequence, which can be modified
by an external condition (contact closures, system clock, interpretation
of input data, etc. ), is controlled by lists as described below.  The pro-

gram control of the data-acquisition function operates within the auto-

matic multi-programni'irig method. The computer system accepts inputs
from all plant-monitoring instruments.  In some cases, such as thermo-

couples, the transducer input is accepted directly.

Each main frame handles analog input data
in the following manner:

1. System memory contains an individual

control word (for each analog input) which specifies the required mani-
pulation of the input variable. Individual preconditioning elements be-

tween the system terminals and multiplexers ·convert signal forms to the

system standard (zero to perhaps 100 millivolts).

2. Selected analog signals are ranged or

suppressed as specified by the control words.

3.  The digital value of the measured vari-

able from the analog to digital converter is conditioned (e. g., the square

root extracted) by the input characterization routine as required to facili-

tate future operations. This routine for each data variable is contained
in the individual control words. The input characterization number de-
notes special calibration for individual point numbers as required; this
is in addition to a number of standard calibrations.

Digital pulse inputs are scanned and accu-

mulated in the system data memory under control of the data acquisition

program at a scan rate sufficient to accumulate each new pulse received.
Computing programs can also read digital inputs directly. This feature

is useful especially where on/off inputs are required for immediate con-

trol decisions. In addition, all digital inputs are buffered to prevent

noise from entering the system through input signal lines. '

To program the acquisition of data, the

following information is specified for each point:
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1. Point number - specifies where the datum is
stored in the system data memory.

2. Input number - identifies the input.
3. Analog control number - specifies ranging

and suppr6ssion (prior to digital conversion)
to be applied to the input.

4. Digital characterization number - specifies
characterization routine to condition the in-

put (beforS storing in the system data mem-
ory).

,,· -  The data acquisition scan sequence is speci-

fied by listing the point numbers in groups according to the interval at

which each input is to be scanned. The programmer can select different

scan intervals in groups., For example, one group may contain all the

inputs to be scanned once per second, a second group contains all the

points to be scanned at 10-second intervals, and so on. Other specified
..

groups can be changed from one scan interval to another or scanned only

when required, dependin  on signals which indicate a change in process

status, operator information requirements, and the like. To remove
.f

any input from the input scanning cycle temporarily, a "flag" is added

to the corresponding point.number.
The programmer can change point numbers

in the scan lists or the input control words while the system is on-line

without disturbing operation. Major modifications to the data acquisition

program will require temporary storage of the program operation.  The

user can place the input scan lists and the input control word for each

input in the system memory. The real-time operating sequence, selec-

tion of input manipulation, etc., are performed by the system equipment

in conjunction with a standard list processing routine which interprets

the scan lists and control words.
The digital characterization of inputs is

accomplished by a set of subroutines within the data acquisition program.

Each subroutine characterizes a certain type of input. With appropriate

tables of constants in each subroutine, the same subroutine can be used

for standard or special calibrations. The input control word specifies

which subroutine and set of constants are to be used.

Standard characterization subroutines are

provided for common types of inputs. These are written so that they

can be used in any application with a minimum of programming effort.
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Constants for special calibrations can be readily modified without dis-
turbing system operation. The input characterization function is open-
ended in that non-standard subroutines for each application can be in-
cluded among the standard subroutines. Such subroutines are limited
in execution time by the data acquisition operation. Characterization
subroutines which cannot be performed rapidly enough to meet the data
requisition program time limits are programmed as part of the automatic
calculations.

A partial list of typical standard input
characterization subroutines is given below:

1. Thermocouples.
2.  Resistance bridges.
3.  Uncorrected flow from differential pressure.
4. Linear translation (constants per application).

12.4.2.4. Alarm Monitoring

As listed previously, one of the major
functions executed by the central processor is alarm monitoring and re-
porting. The central processor executes an independent program which
contains individually assigned high and low alarm limits for certain ana-
log input data and computed results.   Some of the alarm limits  are modi-
fied under program control; that is, they are variable as a function of
one of the system input parameters (for example, load). Input data and
computed results are compared with the individually assigned high and/
or low alarm limits and also with the previous alarm status of the par-
ticular point.  When a variable changes its alarm condition-that is, it
goes off normal or returns to normal-the computer initiates an alarm
report. To prevent repeated alarm printouts of data at their assigned
limit values, a predetermined deadband is provided. Alarm reporting,
then, consists of logging the time of day, point identification, data vari-
able value, and related information. In addition, audible and flashing
light indications of alarms are initiated.

12.4.2.5. Computing

The computer system executes two sepa-

rate,   independent  sets of programs which divide the computational  func -
tions into two categories:
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1. Calculations initiated automatically  on  a
timed or cyclic basis.

2. Calculations performed only on demand or
under certain specific conditions, such as
during turbine startup.

The programs for the computing functions

are stored in separate functional areas and executed from core memory.
It should be noted, however, that computations required for the digital
linearization of input data would normally be contained within the data

acquisition function. The resulting calculated value would then be stored

in the system memory (e. g., an instantaneous measurement of flow
rate).    As part of the automatic calculation programs, this variable
could be integrated over time intervals to produce the data necessary
for logging historical information and/or computing plant performance.

12.4.2.6. Information Outputting

System data readout to the operator is
accomplished using the following items:

1. Operator's console with numerical display
lights, group alarms, trending  CRTs,  and
meters.

2. Output typewriters.

a.  Periodic log.
b.  Alarm log.
c. Demand digital trend logs.

System data are converted to engineering

units by the output characterization routine before alpha-numerical

printout or display. Variables which are not called for by the central

processor or the operator display or printout need not be converted to

engineering units.

The computers enter data on the three

typewriters under program control to generate the automatic (hourly)

logs, alarm information, and operator-initiated trend logs of selected

measurements and computations as required by the operator who selects

the measurements.
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12.4.2.7. Actuator Outputting

Digital-to-analog converters provide the
means for transmitting the results of the computer operations back to

the plant. Should the operator desire remote manual manipulation of a

particular control device, he may direct the positioning by selecting it
from the console. Local manual operation of final elements is possible

through manual stations.

12.4.2.8. Programming

The computer system includes an inde-

pendent input/output communication channel for the system bulk disc
memories. Information entry into disc memory, and display or record-
ing of information stored in disc memory, are made completely inde-

pendent of the central processor, and therefore, they do riot require any
central processor time.

The ability to debug and modify system

programs. while a computer system is on line has proved to be a neces-

sity in industrial computer systems. The computer system has several

features which provide access to the system bulk disc memory without

affecting operations; these are as follows :

1.  The contents of any memory word can be read or                                I
printed without using central processor time.

2.  The contents of any disc word can be changed (with a
key lock) independent of the central processor.

3.  Any functions in the automatic multi-programming cycle
can be programmed and debugged independent of any
other function, which greatly simplifies the use of off-
line computations, including programming aids.

All system programs are stored in total

in the bulk disc memory and are executed out of the core working mem-
ory by the central processor. Programs can be entered into the bulk

disc memory using the following devices:

1. Input keyboard unit.
2. Input-type reader unit (e.g., paper, magnetic tapes).

3.  Bit buttons on the programmer's panel mounted in the
rnain cabinet assennbly.

Administrative controls and in-built priority levels will prevent the use

of these inputs in a manner that could interfere with plant safetv.
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12.5. Instruments

The preceding sections describe the computer system which pro-
cesses plant performance measurements and the use of these measure-

ments for reactor plant protection and control. Following is a descrip-

tion of the instruments that perform the measurements. The descrip-
tion is divided into these three sections: Section 12.5.1 covers the nu-

clear instruments, which monitor core leakage neutron flux from shut-

down natural source level to 150% power. Section 12.5.2 covers the

core instrumentation, which monitors neutron flux, temperature, and

flow in and across the reactor core. Section 12.5.3 covers the process

and radiation monitoring instrumentation, which performs all other mea-

surements necessary for plant operation.

12. 5.1. Nuclear Instrument System

12. 5.1.1. System Function

The nuclear instrument system includes
three ranges, which together monitor the core leakage neutron flux, and
hence total core power level, from the shutdown natural source level to

150% power. The ranges are power, intermediate, and source.

Power Range - The power-range nuclear

R
instrument continuously measures core leakage neutron flux on a linear

scale from 0 to 150% power. This measurement is used for the follow-

ing purposes:

1. Protection against unacceptably high total
core power. This function also protects
against unacceptable consequences of reac-
tivity insertion transients (startup accident
and fuel assembly voiding).

2. Protection against the spread of existing fuel
damage by monitoring for sudden power in-
crease or decrease resulting from a loss of
coolant or fuel.

3. Protection against an unacceptably high ratio
of core power to flow at any power level, in
conjunction with the core differential pres-
sure instrumentation.

4.  Determination of core power level for use
by the reactor plant automatic controller.
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5.  Determination of core power level for dis-
play to  the ope rator.

Intermediate Range - The intermediate-

range nuclear instruments continuously measure core leakage neutron

flux on a logarithmic scale from 10-6 to 10% power and compute the re-

actor period (time for power level to increase by a factor of e = 2.71828)
from this measurement. This measurement and computation are used
for the following purposes:

1. Protection against an unacceptably high
startup rate in the intermediate range
(backed up by the power-range high power
protection).

2.  Providing the operator with relative core
power level and startup rate information.

Source Range - The source-range nuclear

instrument continuously measures core leakage neutron flux on a loga-
rithmic scale from shutdown to approximately 10-5% power and computes

the reactor period from this measurement. The relative core power

level and startup rate are displayed to the operator.  No source-range

automatic protection is provided; backup protection is furnished by the
intermediate- and power-range nuclear instruments.

12.5.1.2. Summary Description                              1

Power Range - Six identical power-range
neutron detectors are installed at a common location outside the reactor

core. Three detectors are included in identical protection channels,

one is included in an information and automatic control channel, and
two serve as spares. The detectors are replaceable at shutdown; the
installed spares ensure only brief channel outage in case of an at-power
detector failure. The common location of the power-range detectors

derives from separation of core power level and core power shape in
the protection system concept.

The power-range signal is used as a fast-
response, continuous linear measure of total core power level from 0
to 150% power. To ensure the validity of this use, the gain of the power

range amplifiers will be periodically adjusted to correspond with a ca-
lorimetric heat balance continuously computed by the digital computer.
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The three identical power-range protection
channels are arranged in 2 of 3 coincidence logic, so that each channel

can be automatically tested at frequent intervals during power-range

operation, and so that failure (including detector failure) in a single
channel will cause neither loss of protection nor false scram.   The de-

tectors (as well as the amplifiers) are tested by comparison with the

intermediate range in the  1-to- 10% power overlap range during reattor

startup.

Three scram signals, each with 2 of 3 co-

incidence, are derived from the power-range instrument:  (1) high core

power (directly initiated), which also protects against the consequences

of reactivity insertion accidents; (2) high rate of change of power, plus

or minus (derived by the computer), which protects against the spread

of fuel assembly voiding; and (3) high core power/flow ratio (derived by

the computer in conjunction with the core differential pressure instru-

ment). The three power-range protection channels are also used by the

computer in terminating power-limited setbacks and rundowns and in

adjusting the rundown rate yo 2% power per minute.

The information and control channel, al-

though identical to the protection channels, is separate and distinct to

avoid compromising the reliability of the protection system. Calibra-

tion of this channel is the same as for the protection channels.  The on-

line reliability of the information and control channel can be improved,

if desired, by providing for automatically switching to a spare detector

in case of detector failure; or the spare detector can be connected into

a complete second channel that can be auctioneered or otherwise made

available. This technique will not be used in the protection channels,

because the required additional switching would reduce the reliability

of the protection system.

Intermediate Range - The intermediate-

range ·detectors are installed with the power-range detectors at a com-

mon point outside the reactor core. Installed spare detectors are not

planned, since the detectors are replaceable at shutdown and the inter-

mediate range is not employed at power; however, if desired, a spare

could be added to reduce startup delays caused by afailed detector.
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Two identical intermediate-range channels

logarithmically monitor core leakage neutron flux from approximately
10-6 to 10% reactor power. An overlap of approximately one decade of

core power will exist with the source range at the lower end and the

power range at the upper end of this span. The intermediate range

channels will compute startup rate (1- di  over the seven-decade range.
Cn dt j

The intermediate-range channels are tested

and calibrated by automatic testing during shutdown combined with over-

lap information.  Both core power (on a relative scale) and reactor

startup rate are displayed for guiding the operator during reactor startup.
In addition, either channel can initiate an alarm to request the operator

to reduce the startup rate if it exceeds a designated rate or can initiate

a controlled setback if it exceeds a designated (faster) rate.

Source Range - Two identical source-

range detectors are installed with the power- and intermediate-range
detectors at a common point outside the reactor core.  As for the inter-

mediate range, an installed spare detector is not planned, since the de-

tectors are replaceable at shutdown, but one could be provided if desired.

The detectors will be pulse-type fission counters and will be stationary

(not retracted at power).
Two identical source-range channels moni-

tor core leakage neutron flux from the natural source shutdown level to

approximately  10- 5% power; to ensure this capability, the monitored

range will be from approximately 1 to 106 counts per second.  The chan-

nels will integrate the detector pulses to form an analog neutron level
signal, which then is differentiated as in the intermediate range to com-

pute startup rate. The source range channels are tested and calibrated

by on-scale response to core natural source, automatic testing, and

overlap with the intermediate range.
Both core power (on a relative scale) and

startup rate are displayed to guide the operator during startup and also

to monitor the core during shutdown and fuel handling. Because of the

tendency of pulse channels toward noise susceptibility, the reduced re-

liability of the complex circuitry, and the slow response required at

low counting rates, automatic protective signals  will not be derived  .
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from the source range. The intermediate- and power- range instruments

will protect against the consequences of accidents initiated in the source

range. An alarm for operator guidance will be initiated on high startup

rate during reactor startup, and on high count rate during shutdown and

fuel handling. Either channel can initiate either alarm. However, for

conservatism, a high count rate source-range scram can be activated

during shutdown periods. This scram can be initiated by either channel.

12. 5.1. 3. General Design Requirements

The general design requirements shall be

as specified in 12.1.3 for the instrumentation and control system and in

12.3.1.3 for the protection system.

12.5.1.4. Specific Design Requirements

1. Operating range - neutron flux, nv,

all energies:

a. Power range - 1010 to 1013, ampli-
fier gain adjustable to provide for
linear 1 to 150% power span within

this range.

b. Intermediate range - 105 to 1012.

c. Source range - 1 to 106.

2. Detector environment:

4 a.  Temperature - 0 to 900 F.

b.  Pressure - 10 to 100 psia.

c.  Neutron flux - 0 to 1013 nv, all
energies.

d.  Gamma dose rate - 0 to 5 X 105
R/hr.

e. Environmental material - air or
sodium.

f.   Useful life - 5 years minimum (10
years desired).

g.  Replacement - at shutdown.

12.5.1.5. Detailed Description

Power Range - The power-range instru-

ment is similar to those used in conventional water reactor power
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Figure 12-20. Nuclear Instrument Power Range,
Schematic Diagram
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ranges; Figure 12-20 is a schematic diagram of the instrument.  The

detector is located outside the core for several reasons:

1.  The increased detector reliability associated with lower

temperatures and radiation levels.

2.  The calibration stability resulting from negligible burn-
Out of detector neutron-sensitive Inaterial.

3.  The relative freedom of fast reactors from the factors
that produce significant power tilting and oscillation in
thermal reactors.

4.  The fact that the core can be refueled without disrupt-
ing the detectors or adding tennporary detectors for

monitoring during refueling.

The power-range detectors may be either

conventional, boron-loaded ion chambers or uranium-loaded fission

chambers; in either case the detector is a simple d-c chamber with a

thermal neutron sensitivity of about 10-13 to  10- 14 amperes/nv thermal.

However, the detector must operate at approximately 800 F; this tempera-

ture is somewhat higher than the rating of detectors that are now com-

mercially available, and a relatively low-risk development effort is re-

quired.  Note that while the 800 F temperature would apply continuously

in the alternate neutron shield location, it would apply to the preferred

location in the concrete biological shield only during a design basis acci-

dent for a relatively short time.

1                                                   The 800 F temperature also requires high-

temperature electrical cable for connections to the detector. Since the

d-c signal does not require cable with high-quality pulse transmission

characteristics, currently available ceramic-insulated, metal-sheathed,

coaxial cable would be suitable. The cable should be integral with the

detector (rather than joined by a connector) for maximum simplicity and

reliability. The integral cable can extend all the way through a suitable

 

low-leakage penetration in the reactor containment, or it can be joined

to another cable by a connector in the cover gas.

Core neutron flux monitoring is based on

the premise that core power shape and total core power level can be con-

trolled separately.  Thus, the in-core neutron instrumentation limits

power tilting to acceptable levels, and the nuclear instrumentation need

only monitor total core power level. This separation permits placing

all of the power range detectors at a common location, with the resulting

simplicity of access and installation.

--
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The nuclear instrument detectors require
a full-power thermal neutron flux of approximately  1010 nv. Shielding
calculations indicate that, with suitable local flux shaping, the desired

flux can be provided in either of two locations:  in the containment con-

crete underneath the core, or in the first row of the lower radial neutron

shield alongside the core. Preliminary calculations indicate that the

azimuthal flux shape variation and the sensitivity to control rod motion

in the latter location are relatively small opposite any one of the six

small core flats, as indicated in Figure 12-20.  Both the under-core

and beside-core locations are considered feasible, and a final decision

between them would depend on detailed installation considerations.

A preliminary assessment of installation

feasibility tends to favor the under-core detector location. The sodium

containment is not penetrated and each detector can be installed in a dry

horizontal pipe with a virtually straight run to an accessible loading
area at the outside of the concrete. Generally vertical pipes could pro-
vide similar access to the neutron shield location, but a lateral offset

is necessary so that the pipe entrances are in the stationary area of the

operating floor (not in a rotating plug). This arrangement would par-

tially block the refueling mechanism travel where the pipes extend above

the top of the neutron shield but would not block its access to any fuel
assembly; access to a portion of the upper radial neutron shield would                1
also be blocked by the pipes as they curve through it.  As an alternate

means of access to the neutron shield location, the refueling mechanism

or an offset handling mechanism could be used to insert the detectors in

sodium-wetted holes; special tools would withdraw the free ends of the
cables through ports in the stationary portion of the operating floor.

Six power-range detectors are employed:
Three are included in 2 of 3 coincidence channels, and one is installed

as  a spare protection detector,  so that if a protection detector fails,

the resulting 1 of 2 scram coincidence will exist only until the installed

spare can be connected to the third channel. This technique further in-

creases the capability of the 2 of 3 coincidence for minimizing false
scrams. The other two installed power-range detectors provide core
power information to the reactor plant automatic controller; one detec-

tor can be employed strictly as an installed spare, or both can be

12-80



connected with the controller selecting one for input.  All six detectors

are replaceable at shutdown.

Power supplies and amplifiers for all

power range channels are identical. The power supply is a conventional,

moderately well regulated, solid-state unit rated at 2 mA at approxi-

mately 1000 Vdc (the voltage must be sufficient to keep the detector sat-

urated at maximum design current). Since the detector output will be

well over one microampere throughout the power range, the amplifier

requires little gain, but it must allow for the following range of gain ad-

j us tme nt: '-

1.  Error in predicting full-power flux at detectors.
2. Flux variation from one detector location to another.

3. Sensitivity variation among detectors.
4. Calibration changes (with time).

Although none of these variations will be large, there is little penalty in

providing a wide range of adjustment.
The power-range amplifier gains will be

periodically adjusted to correspond with the most accurate calorimetric

heat balance information available (probably from the steam plant).  It

is convenient for the digital computer to perform the calculations and

determine the proper gain settings with a frequency of once per hour or

faster. A limited component development effort may be necessary for

a reliable, long-lived (in terms  of many adjustment changes) potentiom-

eter for this purpose.
Each protection channel amplifier has two

outputs-one connected to a high-power scram bistable and one to the

digital computer for power-to-flow comparison, control of setbacks and

rundowns, and determination of power rate-of-change-each of these

functions has 2 of 3 coincidence. The scram delay time from the intro-

duction of a high flux into the detector to the beginning of control rod

scram motion will be 150 milliseconds or less. The control channel

amplifier output is displayed on meters and connected to the reactor

plant automatic controller.

The protection channels will be tested

automatically by superimposing a test signal on the detector current in-

put to the amplifier and noting trip action of the individual channel
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scram bistable. Test duration will be much less than test freclitency
(say, one millisecotid and 100 milliseconds) so that the testing will con-
tribute negligibly to the possibility of false scrams. Automatic testing
of the control channel will check only the amplifier, and the output will
be disconnected frotn the controller and monitored by the tester during
testing. Additional design effort would probably lead to improved test-
ing metliods (for exainple, pulsing the power supply output voltage).
Since the power-range circuits are conventional, adaptation of testing
rnethods developed over the next several years will be readily feasible.

Intermediate Range - The intermediate
instrument consists of two identical channels.

Each channel is of the                Imean-square-voltage (MSV) or "Campbell" type and logarithmically
covers seven decades of reactor power from approximately 10% of

power downward.  The MSV method is chosen over the conventional loga-
rithmic d-c intermediate-range technique because detector and cable

leakage currents at 800 F can be expected to exceed considerably the
10- 11-ampere lower limit of the d-c system. Although they are relatively
new, MSV circuits have been successfully tested,3,4 and the availability

of control-grade MSV circuits by 1980 seems a certainty.
The detector in the MSV channel is an un-

compensated ion chamber or fission charnber identical to the power-

range detectors. The ceramic-insulated cable suitable for the power

range, however, is probably not acceptable for the intermediate range
because of poor a-c characteristics. Reference 3 reports development
of a quartz and S-glass cable which is expected to be satisfactory if it is
enclosed in a solid metal sheath. Reference 3 also contains a detailed

description of an MSV channel, and reference 4 provides an excellent
summary of the operating principles. Very briefly, the MSV circuits

perform the following duties:

1.  Block the d-c component of the detector output signal.
2.  Pass the a-c component through a band-pass amplifier.
3.  Square the amplified a-c component.
4.  Average the squared signal.

Two important benefits are derived from these operations. First, block-

ing the d-c signal virtually eliminates leakage current as a noise source;
almost the only limit on leakage is the ability of the detector power
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supply to keep up with it.   This is significant, because at the 800 F tem-

perature most cables exhibit leakage currents well above the lower limit

of a d-c intermediate range. Second, the squaring operation increases

the neutron-to-gamma signal-to-noise ratio by a factor of 1000,3 which
is better gamma rejection than can be obtained in service from a gamma-

compensated ion chamber.  This is significant because detector response
to sodium-24 activity (which is not proportional to present power level)
could be well above the bottom of a d-c intermediate range in an LMFBR.

Figure 12-21 is a simple schematic dia-

gram of the intermediate-range instrument; both channels are identical.

The circuits, other than the MSV, are again conventional, solid-state

circuits. Level is displayed for operator information only. Period is

displayed, alarmed at about  10 to 15 seconds, and initiates a controlled

rod insertion (setback) at 5 to 10 seconds; the setback will clear when

this period increases to above 10 to 15 seconds. If desired, the alarm
can be accompanied, or buffered from the setback, by a trip which pre-
vents rod motion; however, this complication is not considered necessary.

Either intermediate-range channel can initiate these functions.

The principal reasons that scrams are not

initiated from the intermediate range are as follows:

1.  The intermediate-range circuits are slow.

2.  The intermediate-range circuits are complex
and cannot reasonably be made as reliable as
power-range circuits (because of wide range
and small low-end signals).

3. Adequate protection against accidents begin-
ning below the power range is obtained from
the high power-to-flow and overpower scrams.

Automatic testing of the intermediate-range channels is performed only
during reactor shutdown and power-range operation.

Source Range - The source-range instru-

ment consists of two identical channels, as shown in Figure 12-22.  The

channels are of the type conventionally used in power reactors, except

that the detectors are fission counters rather than the more common

boron-trifluoride (BF3) proportional counters. Fission counters were

selected for the following'major reasons:
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1.   The 800 F temperature is ,probably too high for more
sensitive proportional counters, but improvement of the temperature

rating of existing fission counters is considered straightforward and fea-
sible.

2.  The shutdown gamma level at the detectors may be sev-
eral hundred R/hr, which is probably too high for proportional counters

(even boron-lined); even if fission counters cannot tolerate the shutdown

gamma level, a minimum of gamma shielding is required if they are
used.

3.  The high natural source level of the fast breeder core

and the low neutron attenuation in sodium are expected to permit on-
scale monitoring of the shut down core, even with the lower sensitivity
of fission counters.

The source-range detectors will be located
with the intermediate- and power-range detectors. The detectors will

be stationary (except for the capability of replacing them with the reac-
tor shut down); motion will not be required during source-range opera-

tion, and retraction will not be required at higher power levels.   No

spare source- or intermediate-range detectors are installed, on the
premise that the detectors are replaceable at shutdown, and these

ranges are only used at shutdown or startup.
The source-range detectors are identical

to the fission chambers that might be used in the power and/or interme-
diate ranges. The source-range detector is a pulse instrument only
because the input circuit time constant is so short, and the range of
monitored neutron flux is so low, that individual neutron events in the
detector are resolved. Thus it is feasible for the source and interme-

diate ranges to share two detectors, each feeding one channel of each

range. It is also feasible for these same two detectors to serve the

power-range information and control channel. Reference 4 reports
successful operation of a single detector with pulse, MSV, and d-c cir-
cuits to monitor the complete range from reactor shutdown to full power.
Further analysis is required to determine whether this approach is pre-
ferred.  Note that the power range safety channel detectors would re-

main separate and distinct in any event, to preserve the simplicity and
reliability of these channels.
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Figure 12-21. Nuclear Instrument Intermediate-Range
Channel, Schematic Diagram
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Figure 12-22. Nuclear Instrument Source-Range Channel,
Schernatic Diagram
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Because of high temperature, conventional

electrical cable is, again, not usable in the source range. (The detec-

tors and cables could, of course, be force-cooled with gas or liquid,

but this approach is so undesirable that it would be considered only if

800 F detectors and cables cannot be developed, and that possibility ap-

pears remote. ) The quartz-insulated coaxial cable developed for in-

core counters as reported in reference 3 appears to be satisfactory for

the source range, which has critical pulse-transmission requirements.

If common detectors are used in different ranges, this type of cable

should be suitable for all ranges. Here again, cables integral with the

detectors are desirable but not absolutely necessary.

As indicated in Figure 12-22, the source-

range circuits are completely conventional transistorized equipment,

although extension of the upper count rate limit to 106 (random) counts

per second is a relatively recent development.3  The use of a fission
counter as the detector requires only a few hundred volts from the power

supply, rather than the 2000+ volts required for a BF3 counter.  The pre-

amplifier may have to be located in the cover gas above the pot sodium

to minimize cable attenuation of unamplified detector pulses; for this

reason, it should be a high-reliability unit-the type developed by ORNL,
1

... ..

<

j             for examples-since access for maintenance will not be very convenient.

' The source range circuits compute both

count rate and period. Count rate is logarithmically displayed for opera-

tor information only; period is displayed and also alarmed at about 10 to

15 seconds. Automatic protection is not initiated by the source range

for the same reasons that the intermediate range does not:  it is slow at

low levels, complex, and unnecessary. Source-range channels are also

traditionally noisy instruments. An exception is the provision for a
high count rate scram (at perhaps 105 counts per second, a relatively

noiseless region) for use during shutdown periods.
The basic check for operability of the

source-range channels is on-scale response to the shut-down core.

Automatic testing of most of the circuits is also provided.
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12.5.1. 6. Principles of Operation

The power-range detector is a conventional,
gas-filled ionization chamber, rendered neutron-sensitive by including
either enriched boron- 10 or enriched uranium-235. Except for tempera-
ture  rating  and the desirability of using integral cables, the detector  is
identical to the ion chambers or fission chambers traditionally used in
power-range channels.

As discussed above, the
circuits used in                Ithe power range are also conventional. However, the best available au-

tomatic testing techniques should be used to minimize the possibility of
false scrams and undetected component failures.

Except for the MSV circuits described
above, the intermediate-range channels are conventional. Detector
operation is the same as in the power range. The log-taking circuits
will be transistorized.

The operating principles of the source

range are conventional and straightforward. Pulses from the detector
(microvolts amplitude) are amplified by the preamplifier to override

attenuation in the long cable run to the amplifier, where the pulses are
amplified to a usable level. The discriminator is, in fact, a biased uni-
vibrator which is triggered by neutron pulses but not by smaller gamma
pulses. The discriminator output is a series of identical pulses bearing
a one-to-one time correspondence to the detector neutron pulses (but
free of the detector pulse amplitude and shape variations). These pulses
are integrated to form a direct current proportional to neutron count

rate, and the logarithm of this current is formed by a transistor network              I
because of the wide range of count rates measured by the source range.
The log count rate is displayed to the operator and is also differentiated
for period display.

12.5.1.7. Safety Precautions

Automatic testing is depended on to avoid
possibly hazardous conditions resulting from power-range malfunction.

Although the detectors are not fully tested for power range operation,
additional confidence in them can be gained by comparing amplifier gain
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settings, comparing currents in the redundant channels, and observing
their overlap with the intermediate range during startup.

Automatic testing and overlap with the

source range are the basic preventatives against putting a defective

intermediate-range channel into service. Setback coincidence of 1 of 2

(in effect), plus operator observation of level and period meters protect
against  the  loss   of a channel during startup. Ultimate protection,   how -

ever, is obtained from the high-level scrams.

The source-range safety precautions are

similar to those of the intermediate range, except for the existence of

direct on-scale response to the shutdown core.  It is noted that the de-

tector high-voltage power supply need not be de-energized at high power

levels to prevent detector damage, as is necessary with BF3 counters.

12. 5.1.8. Maintenance

Maintenance of the nuclear instrumentation

other than detectors will be straightforward and conventional.  None of

the circuits are more complicated than present-day source-range chan-
nels,  and the application of advanced automatic testing techniques  and

modular construction will greatly facilitate alignment and repair opera-

tions.

Detector replacement will be generally

  comparable to present-day power reactor practice in complexity and

radiation hazard, except that the alternate installation method employ-
ing the refueling machine may be more complex.
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12.5.2. Core Instrumentation System

12.5.2.1. System Function

The core instrumentation system includes four

subsystems which monitor core performance. The subsystems are core

neutron, fuel assembly outlet temperature, fuel assembly flow, and core
differential pressure instrumentation.

Core Neutron Instrumentation - The core neutron

instrumentation continuously measures neutron flux at 22 points within

the reactor core and periodically measures axial neutron flux profiles
through these points. These measurements are used for the following

purposes:

1.  Maintaining flat power distribution in the as-
built core.

2. Confirming performance characteristics of
the as-built core.

3. Providing information for optimum fuel
management.

Fuel Assembly Outlet Temperature Instrumen-

tation - The fuel assembly outlet temperature instrumentation continuously

measures the coolant outlet temperature for each of the 288 fuel assem-

blies. These measurements are used for the following purposes:

1.  Detection of progressive flow blockage in any
fuel assembly.

2.  Detection of coolant voiding in any fuel as-
sembly.

3.  Determination of power generation in selected
fuel assemblies containing flow meters (in
conjunction with the flow meter and core inlet
temperature measurement) for fuel manage-
ment purposes.

Fuel  Assembly Flow Instrumentation  -  The   f,iel

assembly flow instrumentation continuously measures the coolant flow

through eight selected fuel assemblies. This measurement is combined

with assembly differential temperature measurements obtained outside

of this subsystem to determine assembly power. The assembly power

measurements will be used for fuel management purposes.
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Core Differential Pressure Instrumentation -

The core differential pressure instrumentation continuously rneasures

the static differential pressure between the core inlet and outlet plenums,
and hence, the total coolant flow through the core. This measurement

is used for the following purposes:

1. Protection against unacceptable low flow
through the core, independent of power level.

2. Protection against an unacceptably high ratio
of power to flow at any power level, in con-
junction with the power-range nuclear instru-
ment.

12.5.2.2. Summary Description

Core Neutron Instrumentation - Eighteen min-

iature neutron detectors are symmetrically distributed throughout the

core, and four more are asymmetrically added in a single 1/6 section.

The sensitive volume of each detector is. located at the fuel mid-height.

The detectors are located in permanently installed dry thimbles and are

replaceable at power. Prompt detector response permits continuous

determination of core power density distribution.

A single additional miniature neutron detector

can be inserted in normally-empty, dry thimbles adjacent to the 22 sta-

tionary detectors. The movable detector is used for periodic measure-

ment of axial neutron flux profiles in the core and for periodic accurate
6

intercalibration of the stationary detectors. These normally-empty

thimbles will be available for inserting special materials (such as reso-
nance energy flux wires), and the complete drive system will be available

for special detectors (such as a gamma ion chamber).

Power distribution information from the station-

ary detectors will be digitally processed and indicated to the operator.

If any two azimuthal 1/6 sections of the core differ by more than a desig-
nated amount, an alafm will request the operator to reshape the power

distribution by moving individual control rods; a greater difference will

initiate a power rundown to 95% power.  The core neutron instrumenta-

tion initiates no scram action and no automatic rod withdrawals.

Data from the core neutron instrumentation will

also be digitally tape recorded for use in fuel management planning and
as-built core performance analysis.
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Fuel Assembly Outlet Temperature Instrumen-
tation - One thermocouple is placed in the coolant outlet flow path of
each of the 288 fuel assemblies. Each thermocouple is installed in a
dry guide tube that terminates just above each fuel assembly.   Thus,
each thermocouple continuously monitors the outlet coolant temperature
of a single fuel assembly. The thermocouples are replaceable at shut-
down.

Each outlet thermocouple will be digitally
scanned once per second.  If any thermocouple output shows a significant
increase, that thermocouple and its six adjacent neighbors are switched
to fast scan at 0.2-second intervals.  If both the first thermocouple and

any one neighbor then show significant increases, a power reduction or
scram is initiated. Operation with a failed thermocouple is permitted
by fast-scanning its six neighbors and acting if any two show increases.
The philosophy behind both of these operations is that if an assembly
voids, its neighbors will also experience temperature increases due to
heat conducted from the voided assembly.

Additional protection against the consequences
of assembly voiding is provided by the high power and rate scrams of
the power range nuclear instrument, which responds rapidly to the re-

activity increase associated with the voiding of most assemblies.

For the eight fuel assemblies that contain flow

meters, the outlet temperature measurement is digitally combined with
core inlet plenum temperature measurement and flow measurement to

continuously determine the volume-integrated power generation in each
assembly, which is used in fuel management.

Fuel Assembly Flow Instrumentation - Six indi-
vidual flow meters are located at the inlets to fuel assemblies symmet-
rically arranged in the core, and two more are asymmetrically added in
a single 1/6 section. The inlet location was chosen so that the flow meters

are exposed only to the inlet sodium temperature, and so that the leads
may be kept clear of fuel handling operations. Although the flow meters
are essentially non-replaceable, they could be replaced at shutdown with
extreme difficulty.

As noted above, the assembly flow meter mea-
surements are combined with temperature measurements to calculate
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power for each monitored assembly for fuel management purposes.

Comparison of this coolant enthalpy-derived local power with local power
derived from the core neutron instrumentation is facilitated by perform-
ing both types of measurements in three fuel assemblies.

Core Differential Pressure Instrumentation -

Three identical core differential pressure detectors are provided to

permit 2 of 3 coincidence logic. Each detector comprises an out-of-pot

electromechanical differential pressure transducer connected by metal

tubing to the core inlet and outlet plenums; thus the in-pot components

are restricted to mechanical hardware, which will require only minimal
rnaintenance.

The differential pressure measurement is cali-

brated for flow determination by comparison with the primary pump in-

strumentation, both initially and periodically thereafter. This procedure

assures accurate flow measurement, even if the differential pressure/

flow relation changes because of crud buildup or other aging effects.

The individual channels  will be automatically tested at frequent intervals.

The digital computer compares the core flow

and power range nuclear instrument signals with a power-to-flow pro-

gram and will initiate high power-to-flow scram.

12.5.2.3. General Design Requirements

The general design requirements will be as

specified in 12.1.3 for the instrumentation and control system and in

12. 3. 1. 3 for the protection system, except that the latter requirement

will not apply to the fuel assembly flow instrumentation.

12.5.2.4. Detailed Design Requirements

Table 12-4 specifies the design requirements

of the in-core instrumentation subsystems. Each subsystem will monitor

its particular sensed variable over the indicated range, and it must per-

form this function with its detector in the environment formed by any

combination of the other variables.
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Table 12-4. Detailed Design Requirements for the
In-Core Instrumentation Subsystems

Fuel assembly Fuel assembly Core differential
Variable/subsystem Core neutron outlet temperature flow pressure (transducer)

Temp, operate, F 800 - 1400 800 - 1600 700 - 900 (bottom) 1000

700 - 1200 (top)

Temp, withstand, F 0 - 1400 0 - 1600 0 - 1000 (bottom) 0 - 1000
0 - 1600 (top)

Pressure, psia 10 - 100 10 - 100 10 - 100 10.- 100

Differential pressure, psid         --                        --                                          0-40-
N 108

i Max neutron flux, nv 1016 1016 1016
.-0 (all energy) 1014- 1016 operate
4.

Gamma dose rate, R/hr 5 X 108 (75% 108 108 los

proportional
to power-oper)

Environment Inert gas Inert gas Na Na or Ar
(a)                                                                          30                                               5Useful life,  yr                        5                                   5

10 desired 10 desired

Calibration provisions yes Not in No Yes
(relative) oper range

Replaceable Any time Shutdown No Shutdown

(a) Movable detector has 0.01 service factor (in core only 1% of time).



12.5.2.5. Detailed Description

Core Neutron Instrumentation - Stationary in-
core neutron detectors are located at 22 positions in the core, as shown

in Figure 12-23. Eighteen of the positions are symmetrically dispersed
among the control rods in an inner ring of 6 and an outer ring of 12.
These 18 locations follow complete six-fold symmetry and no more than

two (in most cases, one) fuel assemblies lie between an instrumented

assembly and the most distant assembly. The other four positions are
located  in  the   same 1/6 section  of  the  core, as follows:     one   in  the   fue 1

assembly adjacent to the central control rod, one in the assembly pro-
vided with a flow meter, and two in assemblies which are in fact three

assemblies removed from the symmetrically instrumented assemblies.

Since the latter two assemblies are repeated in twelve-fold symmetry,

in effect, no assembly in this heavily instrumented 1/6 section is more

than two assemblies removed from an in-core neutron detector (that is,
there is at most only one fuel assembly between any assembly and the

closeat in-core neutron detector). Further study might lead to a dif-

ferent arrangement having perhaps more or fewer locations, but it prob-

ably would not differ substantially from the present arrangement.

A vacant dry thimble is located immediately
ri

adjacent to each of the 22 dry thimbles that contain stationary detectors.

The vacant thimbles provide for periodic introduction of a movable neu-

tron detector which very accurately (approximately 1% ) intercalibrates

the stationary detectors, and which at the same time obtains axial flux
maps at the 22 locations. The vacant thimbles also permit the introduc-

tion into the core of other detectors and materials such as proton recoil

counters (hopefully) and threshold foils or wires for measuring more

detailed core perforrnance.

Each thimble is installed in a wet guide tube

which replaces one fuel pin and is an integral part of the fuel assembly.

A mating guide tube extension passes from the lower core support struc-

ture (to which it is welded) through the core vessel wall and up to the

stationary portion of the operating floor, where it is seal-welded to a

box recessed into the floor. The thimble is jacked into the guide tube
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Figure 12-23. In-Core Instrument Arrangement

#%.
'3:

9%04

 F,r .......22'IW'..
50..*'

·*fo.                                              0                         5.
SS

f.· ·A
RF..Zone 1

Zone 2  &1 :S:t:·,Zone 3 /,:Ef.·:·1
.C·.·Ri·. \*S:ki 81                                       I...:.

av0
r                               ''.: I.

0 F:'
l ·,:th....,«: .0 'Pli./

0
'.\.-
l /7-=\..:                            .,il... Z:...&.':-,4                          'I  .                                       ('Wry)CA.7 raziti.

··:...·8-
..,·1 .S·».

0          0        

2%                                 4224
..€:.'... ..14*..

.$*....

4:*.2 :
Reth 2.'82

i·:>r.,4 Control Rod (25)
.£...

ATA Neutron Detector (22)N11/

  Flow Meter (8)

One Thermocouple Each Assy (288)

12-96



for operation and is withdrawn into the guide tube extension (approxi-
mately a 6-foot stroke) if that fuel assembly is to be replaced.  The

thimbles extend continuously to a small drive room located above or
beside the reactor vessel, where drive, thimble indexing, and readout

equipment is located. Backup protection against thimble failure,  and

disposition of the small quantity of radioactive inert gas generated in-
side the thimbles, is achieved by pressurization and valving in the drive

room. Sliding seals control leakage around the thimbles inside the box

recessed in the operating floor, and a positive seal is maintained at the

top of this box. Thimbles are jacked using a portable short-stroke jack

at the top of the box.
An in-vessel minimum bend radius of approxi-

mately 8 feet will be maintained to facilitate thimble jacking, and thimble

replacement can be accomplished through the access box when necessary.

(Replacement would be occasioned by thimble leakage and possibly on a

periodic basis, depending on the ability of the thimble material to resist

radiation embrittlement. ) Since each fuel assembly is handled only once

in three years, and thimbles are disturbed only in assemblies being re-
placed, thimble jkcking is infrequent.

' Thimbles for the stationary detectors can be

handled in the same manner as is used with the movable detectors. Al-

ternately, these thimbles can be terminated in hermetically sealed elec-
trical connectors at the stationary portion of the operating floor, with

the signal transmitted to the readout equipment in the drive room by con-
ventional coaxial cable. As noted in section 12.5.2.8 (Maintenance),

the longer thimble path facilitates the replacement of a radioactive failed
detector.

. Drive equipment for the movable detector can

be of the type recently supplied by General Electric Company for the

Pathfinder and KBR reactors, for example. A synchronous electric

motor 'of approximately 0.25 horsepower acts on a small wire spiral-

wrapped on the detector cable through a rack-and-pinion drivebox. Drive

and indexing equipment is expected to be thoroughly proved by 1980 be-

cause of its widespread application in the large thermal reactors now

being designed.
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Figure 12-24. In-Core Instrumentation,
Schernatic Diagram
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Detectors may be either of two types: minia-

ture ion chambers or self-powered detectors. The first choice between

these two would be a prompt-response, self-powered, fast neutron de-

tector with a high neutron-to-gamma signal-to-noise ratio, if such a de-
tector can be developed. There is no such detector now, but the possi-

bility of its successful development is encouraging. Self-powered in-
core detectors offer the following advantages for this application, com-

pared with ion chambers:

1. Reliability should be greater because of simpler construc-

tion and the absence of hermetic seals (except for sheath-closure welds).

2.  The cost should be less.

3. Detector diameter is less (about 0.040 to 0.060 inch versus

about 0.188 inch for a high quality ion chamber), which permits multiple -  --
detector installation in place of a single fuel pin.

4.  The absence of the rigid cylinder formed by an ion cham-
ber allows the self-powered detector to negotiate tighter bends in the

thimble path, which simplifies installation.

5.  The absence of a power supply and the associated 100 to

200 volts in the system simplify circuit requirements and facilitate data

processing.

These advantages indicate the desirability of developing a prompt-re-

sponse, self-powered fast neutron detector.

If an in-core neutron ion chamber were used,
it would probably employ MSV (Campbell) circuitry to eliminate the ef-

fects of high-temperature leakage current and increase the signal-to-

noise ratio, as discussed in the nuclear instrument system intermediate-

range detailed description. The required ion chamber development ef-

fort would include selecting an optimum neutron-sensitive material, up-
grading the temperature rating from approximately 800 to 1400 F (allow-
ing for radiation heating in the dry thimble), and proving by test the ra-
diation resistance of the required low-capacitance cable.

The stationary and movable in-core neutron

detector channels are shown schematically in Figure 12-24 (upper half).  %

Data processing will be performed by the digital computer. In addition
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to digital data handling, the axial flux profiles generated by the movable
detector can be directly plotted (versus core height) by the X-Y plotter.
Variable gain adjustments for the stationary detectors are varied to

provide intercalibration based on their sequential comparison with the
movable detector at periodic intervals of perhaps one week to one month.

Sensitivity reduction of the stationary detectors

caused by the burnup of their neutron-sensitive loading will not be as

great as might be expected. A fission chamber, for example, would

undergo burnup comparable to the fuel-perhaps 10% in one core lifetime.

Detectors using lower-cross-section materials (as would be the case
with self-powered detectors) would experience even less sensitivity

change because of depletion. The damages inflicted on the material by

large, integrated fast neutron doses, however, are unknown at this time.

Since the movable detector is only in the core a small part of the time,
burnout and aging effects in it will take place very slowly.

It is noted that the inclusion of 22 normally-
vacant thimbles in the core, and a drive system capable of reaching any
of these thimbles, provides ready capability for performing additional

measurements in the core. For example, if a suitably small proton re-

coil counter is developed, it can be used for occasional neutron energy
spectrum measurements in the three-dimensional matrix provided by
these thimbles; such measurements are useful in determining as-built

core performance and in fuel management planning. As another example,

gamma detectors can be used to determine at-power gamma distribution

(and if necessary to correct for gamma background signal in the neutron

detectors), and to determine the shutdown fission product activity distri-

bution as a means of inferring fuel depletion distribution. Further, a
high-sensitivity neutron counter or chamber could be used to obtain sub-

power-range flux distributions if such detectors are available for the

application. Also, foils or flux wires can be conveniently inserted in

the core for measuring resonance and threshold fluxes, which give ad-
ditional detailed assessment of nuclear performance.

The stationary neutron detectors are used to
maintain a flat core power distribution on a six- fold symmetry basis.

Since each 1/6 section contains three symmetrically repeated detectors,
a pseudo-coincidence is obtained in the sense that if one detector fails,
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the remaining two detectors in that section can still be compared with

symmetrically located detectors in the other five sections.  Flux mea-

surements by the stationary detectors are also used for confirmation of

as -built nuclear performance and for fuel management planning. Finally,

it is expected that the detector response will change if a nearby fuel as-

sembly voids (because of the change in local neutron energy spectrum);

this would aid in diagnosing this accident condition.

Automatic testing comparable to that used for

the nuclear instrument power range will be employed for the in-core
nuclear instruments. Circuit functions can be readily incorporated into

the digital computer (except high-voltage power supplies for ion cham-
bers, if they are used).

Fuel Assembly Outlet Temperature Instrumen-

tation - One thermocouple is located in the coolant outlet flow path above

each of the 288 fuel assemblies.  For each fuel assembly a thermocouple

guide tube extends from the top of the inner rotating refueling plug, down

the side of one of the 25 control rod guide tubes, across the top of the

core holddown assembly, and downward through flow holes in the hold-

down plates, terminating just above the appropriate fuel assembly.  A

free span between the refueling plug and control rod guide tube takes up

 

the 12-inch stroke of the holddown assembly. The thermocouple tip bot-

toms in the guide tube, just above the sloping coolant discharge path

from the fuel assembly upper end fitting. This position  "sees
" about

one-third of the coolant from the assembly. This fraction is sufficient

for the basic void-monitoring function of the thermocouples, but calcu-

lations are needed to relate thermocouple reading to true mean outlet

temperature for assembly enthalpy measurement.

Dry-interior guide tubes are used to facilitate

thermocouple replacement and to improve their reliability, although

these are achieved at the expense of increased response time. Careful

detail design must ensure good repeatable contact between the thermo-

couple tip and the guide tube. The thermocouples have enclosed un-

grounded junctions, again to increase reliability at the cost of poorer

time response. The combination of this junction with dry guide tubes in

a relatively straight installation path is expected to maximize reliability
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and minimize failure rate in terms of both drift and gross failure.  (The
effect of the increased response time is discussed below. )

Chromel-alumel thermocouples will be used,
unless by 1980 another type is shown to be superior. Although the long
term performance of chromel-alumel in combined high radiation (par-
ticularly fast neutron) and temperature has not been demonstrated, nei-
ther has it been demonstrated for other types. Chromel-alumel shows
the best balance of performance in the following areas: high output,
ready availability in satisfactory size and sheath material, proven out-
of-core capability at the required temperatures, proven in-core capa-
bility in water power reactors, low theoretical tendancy toward calibra-
tion changes caused by transmutation,6 high sensitivity, and a well-be-
haved emf versus temperature response curve shape.

The dry guide tubes and sheathed therrnocouples
terminate in sealed boxes on the inner rotating refueling plug. Electrical
leads penetrate the boxes through hermetically sealed electrical feed-
through connectors, which are disconnected before refueling.  The ex-
tension leads extend to a reference junction box and then to the scanner
input to the digital computer. The computer scans the thermocouples
in time sequence and performs the voltage-to-temperature conversion.

The principal uses of the fuel assembly outlet
temperature instrumentation are the detection and location of tempera-
ture increases associated with fuel assembly flow blockage or voiding
(the secondary function of assisting in fuel assembly power measure-
ment is discussed on page 12-108). Since the accuracy and response
time requirements are different for progressive flow blockage and for
sudden blockage or voiding, the two cases are considered separately.

Progressive flow blockage occurs gradually,
over a duration of days or longer; crud buildup is a major probable cause.
In this application the thermocouple time response is an insignificant
factor, but accuracy with respect to long-term drift is important.  As
previously mentioned, the thermocouple type and installation design are
chosen to minimize drift. However, in the absence of data to the contrary,
it is estimated that long-term drifts of 20 to 50 F may occur.  With this
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possibility, long-term accuracy depends on the ability to calibrate the

thermocouples during their service  life.
Out-of-core calibration of the thermocouples

during life is undesirable, because (1) it would not necessarily reflect

in-place performance; (2) the required handling would undoubtedly re-

duce reliability; and (3) it would require handling radioactive thermo-

couples. Core isothermal conditions can be approximated after shutdown

with the primary pumps operating at full speed; then the calibration error

is determined by the amount of decay heat remaining in the fuel.  For a
shutdown time of approximately one day, the decay heat error would be
approximately 3 F for most thermocouples, and somewhat larger for
assemblies having some flow blockage. This calibration would be at

approximately 800 F. For longer shutdown periods, decay heat would

cause negligible error, but the pot temperature would be only 300 to
400 F.

The calibration methods cited above are the

most accurate obtainable, but the temperatures fall far short of the
1100-1600 F range in which information is required from the thermo-

couples.  Thus it is desirable to compare the distribution of full-power
thermocouple readings (near 1100 F) with power distributions obtained

by calculation and confirmed by the in-core neutron detectors. Signifi-

cant discrepancies can then be resolved by replacing the questionable
thermocouples, since deviations could be caused by local flow or power

variations as well as by thermocouple error. The following tabulation

summarizes the estimated capability for in-place calibration of the

thermocouples, including allowance for gamma heating errors:

Calibration
Temperature, F error, mt °F

300 to 400 3 to 5

400 to 800 5 to 10

800 to 1100 10  to  20

1100  to 1600 20 to 40
(extrapolated)
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Since progressive flow blockages will generally require temperature
measurements in the range from 1100 to 1150 or 1200 F, an accuracy

of perhaps :1:25 F is expected. Of course, this estimate must be tempered
by experimental drift data as they become available.

Sudden flow blockage or assembly voiding is a
rapid effect, in contrast to the progressive voiding situation.  The re-

sulting temperature increase is so large and so fast that, with respect
to accuracy, the thermocouple need do little more than produce an in-
creased output as the temperature rises. Since the command signal
from the thermocouples consists of temperature increase between suc-
cessive scans, and since the temperature increase is faster than the

guide-tube-and-thermocouple response time, the command signal magni-
tude is dominated by response time rather than accuracy. Furthermore,
long-term drift effects become negligible, since only very-short-term

changes are significant.
To a first approximation, thermocouple detec-

tion of assembly voiding consists of an exponential response to a step

input, where the step magnitude is 500 F and the exponential is defined

by the time constant of the guide tube and thermocouple.  In this case,
therate at which the indicated temperature rises is initially very fast
and decreases with time. Assuming a 1-second scan interval, the in-
crease in indicated temperature during the first second is shown below
for. some representative time constants (where time constant is defined.
as the time to reach 63% of the step amplitude, or 315 F):

Time
constant, AT after

sec 1 sec, F

1          315
3          140
5          90
10           50
15           30

Similarly, for the 0.2-sec fast scan interval, the temperature increase
after 0.2 sec, as a function of the instrument time constant, varies as

. follows:
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Time
constant, AT after

sec 0.2 sec, F

1          90
3           30
5          20
10            10
15             6

It is reasonable to establish setpoints in the

vicinity of 30 to 50 °F/sec, or 6 to 10 °F/0.2 sec. These values lie
well above normal operation values and provide reasonable tolerance

for noise. Accordingly, with a liberal allowance for thermocouple er-

rors, time constants in the neighborhood of 5 to 10 seconds are satisfac-

tory.  It is also noted that a 10-second time constant corresponds to a

10-to-90% response time of approximately 20 seconds, which is practi-

cally achievable with 1/16-inch thermocouples in dry wells.

The preceding discussion assumes that when a

fuel assembly voids, the thermocouple is exposed to very hot sodium for

perhaps a tenth of a second. This would not be the case if an assembly               .·

inlet were suddenly, completely, and permanently blocked.  In this event,

"percolation" of sodium from the core outlet plenum might not cause suf-           f
ficient thermocouple indication change for some time. However, sudden,

complete, and continued blockage of flow to any assembly is extremely

unlikely because of the inlet geometry.
The inability to anticipate fuel assembly voiding

or to effectively act to prevent it is conceded (except in the special case

of long-term progressive blockage). However, continued power opera-

tion with molten fuel is considered undesirable. As discussed below,

the thermocouples will initiate a power setback or scram if any fuel as-

sembly in the core voids.  In most cases this action merely serves as

backup for the nuclear instrument system power-range rate scram,

which is expected to act if any fuel assembly voids other than those in

the outermost ring (voiding an assembly in the outermost ring would

produce negligible reactivity effects). The thermocouples, of course,

would identify the voided assembly, which the power range cannot do.
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Protective action based on the thermocouples
employs coincidence techniques, two scan rates, and two distinct set-

points.  A high setpoint, at approximately 50 °F/sec in slow scan and
10 °F/0.2 sec in fast scan, corresponds to voiding a fuel assembly.  A

low setpoint, at approximately 20 °F/sec and 4 °F/0.2 sec, corresponds
to an assembly temperature increase as a result of voiding an adjacent

assembly.   The uses of these setpoints are as follows:

All thermocouples are scanned once per second

routinely.  If any reading exceeds the low setpoint, an alarm is initiated,

and that thermocouple and its six immediate neighbors are transferred

to fast scan for perhaps 1 minute. A normal speed rundown terminating

in a full shutdown is initiated upon one thermocouple reaching the high

setpoint and one reaching the low setpoint during fast scan; a scram is

initiated if two reach the high setpoint.

In  the  case  of a failed the rmocouple,   its  six

neighbors are routinely placed on fast scan. An alarm will be initiated

if any of the six reaches the low setpoint, a normal speed rundown if

any two reach the low setpoint, and a scram if one reaches the high set-

point and one reaches the low setpoint.  In this manner, provision is
made for operation with failed thermocouples. Assuming that a  100%

increase in thermocouple scanning capability is accepted as a penalty,

operation with as many as eight failed thermocouples is permitted.  A

further prudent operating restriction is that no two adjacent thermocou-

ples may be failed.  It is expected that these restrictions will result in

an extremely low probability of plant outage because of failed thermo-

couples, and that replacements can be performed during scheduled rou-

tine  shutdowns.

Thermocouples were selected to monitor as-

sembly voiding, whereas flow meters would appear to be a more logical
choice. Thermocouples were chosen because of their expected higher

reliability, easier installation and replaceability, simpler readout, and

capability for pseudo-redundancy through coincidence; it is further ex-

- pected that their cost will be less than that of flow meters.

Fuel Assembly Flow Instrumentation - Flow

meters are located at eight fuel assemblies, as shown in Figure 12-23.
Six of the meters are symmetrically arranged in a ring approximately
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mid-way between the two rings of in-core neutron detectors. The other

two are located at assemblies that contain neutron detectors-one in each
ring; these two locations are in the same 1/6 core section most heavily
instrumented with neutron detectors.

Each flow meter measures the coolant flow

through one fuel assembly. Flow meter location at the assembly inlet

beneath the core offers two important advantages: the electrical lead

paths can be kept completely free from interference with fuel handling
operations; and the sodium temperature is only 800 F (compared with

the full-power outlet temperature of 1100 F).  The flow meters are

welded to the lower support grid structure.. -"

Individual fuel assembly flow measurements
will be combined with enthalpy rise measurements obtained from com-
mon inlet plenum temperature measurement and individual outlet

-----

Two other flow meter assembly locations were considered and dis-
carded:

1.  The meters could be attached to the top grid structure, with
the advantages of somewhat easier access and the assurance that loose
parts would not be swept into the core (although they could fall in with
no flow). These advantages are considered overridden by the higher
temperature and lead routing complications.

2.  The meters could be attached to the fuel assemblies. Al-

though this approach would greatly facilitate flow meter maintenance
and replacement, it requires either an under-sodium electrical dis-
connect or manipulation of the electrical leads extending from the fuel
assembly during refueling (preliminary assessment of the handling
problems associated with the longer fuel assembly length indicates
that little complication may be involved). Since the flow meters are

non-vital, neither of these complications appears necessary. However,
it is noted that development of a reliable under-sodium electrical dis-
connect method could justify reassessment of the flow meter mounting.

The selection of the type of flow meter to be used, on the basis of
demonstrated performance, must be somewhat arbitrary.  As dis-
cussed in reference 7, permanent magnet flow meters appear most de-
sirable at the present time. Ofifice or flow nozzle meters may also
be desirable, since ·the electromechanical portion can be remote from
the core and hence more accessible for maintenance. Future develop-
ment efforts and experience with the FFTF and demonstrator plants
will dictate the type.of in-core flow meters to be procured in 1980.
The circuitry to be used is, of course, determined by the type of flow
rneter.
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temperature measurements (which are otherwise available) to determine
the power generation in each of the monitored assemblies.

Three fuel assemblies have both neutron detec-
tors and flow meters (one in each of three rings as shown in Figure 12-23);
all three are in the same 1/6 section of the core, and each is in one of
the three core-encircling rings of neutron detectors or flow meters.

The three "common" assemblies provide for direct comparison of the

pointwise neutron flux measurements with individual assembly enthalpy
rise measurements; thus, in effect, they provide a measured calibration
of the neutron detectors in terms of local power (axially integrated).
The ring of flow meters further provides measurement of axially inte-

grated local power around the core.

Neutron detector "power calibration" by means

of individual assembly enthalpy rise measurements is less accurate than

calibration by physics calculations. Assuming a flow meter error of

:1:5% and a temperature measurement error of :1 25 °F in 300 °F, the
root-mean-square error in assembly enthalpy rise is nearly 3:10%.
This calibration is nonetheless considered useful for two reasons: (1) it
is based on measurements and thus provides confirmation of calculation
(assuming agreements), and (2) it is expected that changes in local flux-
to-power ratio can be determined within only a few percent error.

No provision is planned for calibrating the flow
meters after they are installed. Accuracy depends on pre-installation
calibration and on the inherent ability of the flow meter to retain this

calibration or at least to drift in a predictable manner. Calibration can

also be inferred with changes in the fuel assemblies above the flow meters,
particularly if the assembly flow characteristics are measured before

and after service.

Core Differential Pressure Instrumentation -

Three identical core differential pressure detectors are provided for

protection. Each detector consists of a differential pressure transducer

connected by metal pipe (approximately 1 inch inside diameter) to the
core inlet and outlet plenums, and located in an accessible region
where the lengths of the connecting pipes are minimized. The trans-
ducer contains a diaphragm or bellows to convert differential pressure

to a motion which is electrically sensed by such techniques as a linear
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differential transformer or a strain gage. Plenum pressures are trans-

mitted to opposite sides of the diaphragm or bellows by essentially stag-

nant primary coolant in the connecting pipes.
The remote transducer location is selected so

that it is accessible for zero adjust, bleeding, flushing, and replacement

as necessary. However, since the detector and the connecting pipes are

filled with primary sodium, the location should be close to the pot, and

provision must be made for bleeding, flushing, and spilling waste dis-

charge. Proximity to the hot sodium in the pot is also desirable to facil-

itate maintaining the connecting pipes at core plenum temperatures (to

prevent cold-trapping effects in the pipes).

The core differential pressure instrumentation

will be calibrated initially by running the primary pumps at various speeds

and comparing measured pressure differentials with total flows determined

from pump head measurements and pre-installation head-versus-flow

calibrations of the pumps.  At the same time, differential pressure mea-

Surements across elbows in the pipes between the pumps and the core

inlet plenum will be calibrated in terms of flow. These mea.surements

then become the long-term standard for periodic calibration of the core

differential pressure instrumentation. (Neither core AP nor pump AP

is expected to remain an accurate measure of flow permanently, because

of such effects as corrosion and crud buildup. )  It is noted that complete,

sudden flow blockage in a primary pipe or in the core is not credible;

thus, the core differential pressure measurement is satisfactory for

power-to-flow scrkm purposes, provided that it is calibrated at intervals

of perhaps one week to one month. A calibration accuracy of about i3

to 4% is expected. Calibration results and a power-to-flow scram set-

point schedule are stored in the digital computer.

The computer compares core power, as mea-

sured by the power-range nuclear instrument, with core flow; if their

relation lies above the scram setpoint schedule stored in the computer,

a high power-to- flow scram is initiated with 2 of 3 coincidence.

A response time of less than one second is de-

sired. This response is available with the selected detector but probably

not with volumetric (capillary) detectors, which would otherwise be sat-

isfactory.
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12.5.2.6. Principles of Operation

Core Neutron Instrumentation - If in-core ion
chambers are used, they will be similar to the nuclear instrument sys-
tem power-range detectors, except for their size, which will be approxi-
mately 0.188 inch diameter by 2.5 inches long. A polarizing electrical
field obtained from an external power supply collects ions that result from
the neutron-induced fission of fissile material in the detector. Self-
powered detectors operate differently. In devices available now, the
signal is generated directly by beta decay of a material rendered radio-
active by neutron capture; time response is controlled by the half-life
of the radioactivant, which presently exceeds 30 seconds.  In the desired

developmental detector, prompt response would be obtained perhaps
from an (n, a) or (n, p) reaction. In self-powered detectors, the ionizing
particle travels through solid ceramic insulation from the emitting elec-
trode to the collecting electrode by virtue of its own kinetic energy; the

gas-filled ionization volume and polarizing electrical field of the ion
chamber are not needed.

As noted in the previous section, the ion cham-

bers require d-c power supplies; the large d-c leakage of the 1400 F de-
tector and cable probably require MSV circuitry, which is described
under the nuclear instrument system intermediate range.  The MSV out-
puts will be scanned, digitalized, and processed by the digital computer.
Further, in the case of the movable detector, the synchronous drive
motor permits direct immediate printout of axial flux profiles on an X-Y
recorder. The virtues of this feature include the ability to immediately            
repeat any questionable or particularly interesting data by manually over-
riding the semi-automatic drive system.

It is expected that the self-powered detector

outputs could be directly connected to the digital computer's scanner
without intervening circuitry.  In this case, the computer would generate
the prompt axial flux profiles.

Fuel Assembly Outlet Temperature Instrumen-

tation - A thermocouple essentially consists of a closed electrical cir-
cuit formed by wires of two different metals-in this case chromel and

alumel.  If one junction (the "cold" or reference junction) of the dissimilar
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metals is held at constant temperature, then the voltage in the circuit

is determined uniquely by the temperature of the other junction (the
"hot" or sensing junction). Standard reference calibrations for the ther-

mocouple materials permit direct conversion of measured voltage to
reference junction temperature. With digital scanning, the voltage-to-

temperature conversion table is stored in the computer memory; each
measured voltage is compared with the stored calibration to determine

the corresponding temperature.

In 1980, it is presumed that scanning will be

accomplished by solid- state amplifiers and multiplexers which will be

developed and proved in the intervening years. We expect to obtain

very high reliability and high scanning speeds using these techniques.

Fuel Assembly Flow Instrumentation - In a

magnetic flow meter, sodium flowing between the two pole faces of a
magnet generates an electrical field proportional to the velocity of flow.

The electrical field is detected by electrodes mounted perpendicular to

the magnet faces. There are no moving parts.

The core lower grid plate contains orifices

that cause pressure drops to control flow distribution. In seven of the

eight flow meter locations, the desired loss is about 5 psi, and in the

eighth location it is about half of that. Since the flow meters constrict
:i

the inlet flow channel, it appears that the installation of flow meters                1

that provide the desired pressure loss would be convenient in order to

increase sodium velocity through the meter and to provide space for
the magnet and housing. Since most of the pressure drop in the meters

is recoverable, the working pressure drop will be much greater than 5

psi.

Core Differential Pressure Instrurnentation -

Core differential pressure is converted to an electrical signal as de-
scribed above, amplified, and calibrated against the flow measured by

primary loop instrumentation. The amplified signal is scanned by the

digital computer, converted to a digital signal, and conditioned by the

computer to provide the necessary protective functions.
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12.5.2.7. Safety Precautions

Core Neutron Instrumentation - Automatic

testing and intercalibration with the movable detector are the primary
assurances of satisfactory operation. Coarse checks on detector opera-
bility can also be obtained at any time during power operation by com-
paring the detector readings with each other and with the out-of-core
nuclear instrument power range. Operating procedures will prohibit
operation with no less than two operating channels in each 1/6 core sec-
tion to prevent loss of power distribution monitoring. The ability to
calibrate detectors (including fresh replacements) at power with the
movable detector permits accurate checking of the complete system
whenever desired.

Fuel Assembly Outlet Temperature Instrumen-

tation - Automatic testing and periodic thermocouple calibration are

depended on to assure satisfactory operation. Procedures will prohibit

operation with more than two adjacent or approximately eight total thermo-

couples failed. Nevertheless, it is probable that some difficulty will be
encountered in determining long-term progressive flow blockage because

the capability for calibration is quite poor.

Fuel Assembly Flow Instrumentation - Since

the fuel assembly flow instrumentation provides neither protection nor

operational control signals, its safe operation is ensured primarily by
a detector which cannot block flow in case of failure. A solidly encased

magnetic flow meter, welded in place, meets this criterion.  The use of

data from the flow meters will be well tempered by comparison with cal-
culations and with neutron flux measurements.

Core Differential Pressure Instrumentation -

Automatic circuit testing, direct calibration of the entire instrument

against an independent flow measurement, and 2 of 3 coincidence are

depended upon to ensure operation.

12.5.2.8. Maintenance

Core Neutron Instrumentation - The most sig-
nificant maintenance item is replacing failed detectors. The fissile con-

tent of an ion chamber and its in-core location may lead to radiation
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levels of thousands of R/hr after long service. The removal and disposi-'

tion of a failed detector is most safely and conveniently accomplished if
the in-core thimbles extend continuously to the movable detector drive
room (as mentioned in the detailed description above). A rubber-wheeled

friction drive box that can be used for any thimble, and a two-position

switch in each thimble path leading to a common discharge thimble, per-

mit remote removal of a failed detector from the core and its discharge

to a suitable location, such as the equipment storage pit. The discharge

thimble can terminate at a shear which cuts the radioactive detector and

cable into convenient lengths and drops them into a disposal container.

The friction drive system can also be used for detector installation.

Note that friction drive is not used for the movable detector, because

frequent use of the latter would require a more trouble-free drive sys-

tem at somewhat greater cost.
With the detector replacement system just de- .

scribed, a failed detector can be removed, a replacement installed, and

the replacement calibrated, all with the plant at power and within less

than one hour. Further, these operations are accomplished remotely,

without personnel radiation exposure, although it may be necessary to
limit access to regions near the path of the failed detector during its

1                                      discharge.
!

Alternatively, if thimbles for the stationary

detectors terminate at the operating floor, detectors must be replaced

with the plant shut down, and special procedures will be required to mini-

mize personnel radiation exposure. The replacement detector, then,

could not be calibrated until the plant returned to power.
No special maintenance provisions are necessary

for the circuitry. Periodic preventative maintenance is required for in-
dexing switches, valves, and similar components;  this  can be performed

during scheduled plant shutdowns.

Fuel Assembly Outlet Temperature Instrumen-

tation - The most significant maintenance item is the replacement of

failed thermocouples, which requires penetrating the cover gas contain-

ment boundary and handling the radioactive thermocouple. Suitable

handling procedures are expected to permit smooth thermocouple re-

placement during scheduled shutdowns.
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Fuel Assembly Flow Instrumentation - Assum-

ing the use of welded-in-place magnetic flow meters, maintenance is
limited to routine circuit alignment, calibration, and overhaul. Detec-

tor malfunction or failure results in a loss of information. Conceivably,
detectors could be replaced with the plant shut down, but this would be

a hazardous and difficult operation.  It is noted that if an overriding
need for assembly flow meters should arise during plant life, they could

be installed in the fuel assemblies.

Core Differential Pressure Instrumentation -

Transducers require periodic maintenance, as discussed in the detailed

description. The circuitry is conventional and presents no special main-

tenance problenns.

12.5.3.  Process and Radiation Monitoring Instrumentation

12.5.3.1. System Function

Process Instrumentation - The process instru-

mentation monitors variables throughout the reactor plant and buildings,

except for measurements in the reactor core or measurements of radia-

tion levels, as required to fulfill the functions  of the instrumentation and

control system in section 12.1.1. Monitored variables include those

necessary for protection and control and also those for performance

analysis and 1cgging.

Failed-Fuel Monitor - This instrument monitors

the primary coolant for fission products released from the reactor core

and initiates an alarm if the measured activity exceeds a designated level.

The presence of excessive fission product activity in the primary coolant
implies the existence of defects  in the fuel pins.

Radiation Monitor - This instrument monitors

radiation levels throughout the reactor plant, at its radioactive dis-

charge paths, and in its environs.  It also monitors the temperature of

spent fuel outside the core. In conjunction with the protection system,

the radiation monitoring system initiates closure of the stack discharge

path, containment isolation, or Na/NaK heat exchanger isolation valves

if excessive .radioactivity is being discharged. Other monitored param-
eters initiate alarms that require operator attention.
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1 2.5.3.2. Summa ry   De s c ription

Process Instrumentation - Process instruments

measure temperatures, flows, differential pressures, pressures, levels,

leakage, valve positions, and several other parameters necessary for
plant operation. These measurements provide much of the data required

by the protection system, and most of the data required for plant control

and performance logging. In general, each process instrument consists

of a detector and the minimum amount of circuitry needed to condition

the detector signal for acceptance by the digital computer input interfaces.

The  computer then performs logic ope rations  on  the  data and performs

protection, control, and annunciation functions as directed by its pro-

gramming and by the operator.

Failed-Fuel Monitor - Fuel cladding defects

permit fission products to escape from the fuel into the primary sodium.
The escaping fission products include short-lived delayed neutron pre-

cursors, which will emit neutrons in the coolant downstream from the

core. The failed fuel monitor passes a coolant sample past neutron de-

tectors, which monitor for these delayed neutrons as evidence of fuel

defects. The failed fuel monitor employs circuitry similar to the nuclear

instrument source range, which feeds a count rate signal to the computer.

If the count rate exceeds an alarm setpoint, the computer initiates an
' alarm. No automatic protection or control action derives from the failed

fuel monitor.

Radiation Monitor - This is a group of radiation-

monitoring instruments which measure radiation levels in and around the

reactor buildings in a conventional manner. This monitor also measures

the temperature of spent fuel between the core and the shipping cask.
The circuitry is self-contained and conventional.  Data and alarms are
displayed locally and are supplied to the computer for central display
and annunciation. The stack discharge monitor is a protection instru-

ment; in conjunction with the computer, it can initiate automatic closure

of the stack discharge path. The containment atmosphere discharge
monitor is also a protection instrument and can initiate automatic isola-

tion of the containment (except that emergency cooling paths are not

closed). Finally, the NaK activity monitor is a protection instrument
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which can initiate automatic isolation of the Na/NaK heat exchangers.
The other instruments perform monitoring and alarm functions only.

12.5.3.3. General Design Requirements

1.  The general design requirements will be as
specified in 12.1.3 for the instrumentation and control system.

2.  The stack discharge monitor, containment

atmosphere discharge monitor, NaK activity monitor, and those process
instruments listed in Table 12-5 as performing protective functions will
meet the design requirements of the protection system, section 12.3.1.3,
and will consist of triplicate, independent instruments for each measure-
nnent location.

3. Those process instruments listed in Table
12-5 as performing control functions will meet the design requirements
of the control system, section 12.2.1.3.

4. Replaceable detectors will be designed for
a 5-year life. Non-replaceable detectors will be designed for a 30-year
minimum  life.

12.5.3.4. Specific Design Requirements - Detectors

Process Instrumentation - The specific design
requirements for the process instruments are listed in Table 12-5 under
the following headings: Operating range, Accuracy, Response time,
and Detector environment (temperature and material).

Failed-Fuel Monitor - The specific design re-
quirements for the failed-fuel monitor are listed in Table 12-6.

Radiation Monitor - The specific design re-
quirements for the radiation monitor are listed in Table 12-7.
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For Control (see.section 12.2)

Table   1 2-5.
 

Process Instrumentation

Detector
environment

Response
Parameter Location and quantity Detector type Operating range Accuracy time, sec Temp, F Material Use

For Protection (Safety Grade, 2 of 3 Coincidence for Each Location - see section 12.3)

Primary Na temp Core outlet plenum (several) Chromel-alumel thermocouple 300 - 1100 F t10 F              10           0 - 1100 Inert gas High core outlet temp scram.

Inter. Na temp Cold leg (3) Chromel-alumel thermocouple 300 - 800 F 110 F               10            0 - 800 Inter. Na Loss of heat sink scram.

Internal gas pressure SGs and RHs (6) Bellows 0 - 100 psia :t 1%                  1 0-1100 Argon Na-H20 reaction scram.

;
Na detector Interspace around reactor                                                                                                                                                   --                     --                0 - 800 Argon Na in interspace rundown."Spark-plug" type

  vessel (several)

Cover gas pressure Cover gas (several) Bellows 0 - 100 psia fl%                  1 0-800 Argon .
Actuate containment isolation.

Earthquake Environs (several) Seismograph system                        -- -- 0 - 150 Air Seismograph scram.

Na temp Reactor vessel, bulk (several) Chromel-alumel thermocouple 300 - 800 F t10 F               10 0-800 Primary Na Actuate emergency cooling system,
energize heater in NaK-air HX.

Primary pump power monitor Pump power, supply (6) Power monitor 1340 hp :to. 5% 0.1 0 - 150 Air Start pony motor.

Inter. pump power monitor Pump power supply (6) Power monitor 4100 hp 3:0.5% 0.1 0 - 150 Air Loss of inter. flow setback & scram.

i FW'pump speed FW pumps (2) Tachorneter 0 - 5000 rpm i 1%                             1 0-150 Air Loss of FW flow setback & scram.

TG trip Generator output (1) Power monitor 1200 MWe fO.5%                 1 0-150 Air TG trip & loss of elec load setbacks

; Primary Na temp Core outlet plenum - mean (several) Chromel-alumel thermocouple 300 - 1100 F i:0.375%           10 0-1100 Inert gas Core power demand, heat balance.

Primary Na temp Core inlet plenum (1) Chromel-alumel thermocouple 300 - 900 F 3:0.375%           10 0-1100 Ine r t  ga s Primary flow control, heat balance.

: Inter. Na temp IHX outlet (6) Chromel-alumel thermocouple 300 - 800 F 1:0.375%            10 0-1100 Inert gas Inter. flow control, heat balance.

Inter. Na temp SG outlet (3) Resistance tennp detector 300 - 700 F 10.25%              10 0-800 Air Na bypass control, heat balance.

FW temp SG inlet (3) Resistance temp detector 32 - 500 F *0.25%               5            0- 600 Air Na bypass control, heat balance.

Steam temp RH outlet (3) Resistance temp detector 32 - 1000 F 10.25%                               5 0-1 1 0 0 Air RH flow control, heat balance.

Steam pressure Steam chest (1) Bourdon tube or bellows 0 - 2500 psia .tO.5%                                  1                         0  - 1100 Steam in/air out FW flow control, heat balance.

FW flow rate SG .ilel (3) Flow nozzle + bellows aP 0-3 x 106 lb/hr f 1%                  1 0-500 H20 in/air out FW flow control, heat balance.
@ 2500 psia

Differential pressure FW control valve (1) Bellows aP 0 - 50 psid 1:0.5%                1 0-500 H20 in/air out FW flow control.

Megawatt demand From grid auto. dispatch system (1)                            --                             0 - 1206 MWe                 --                 --            0 - 150 Air Steam throttle valve control, monitoring.

Megawatt generation Generator main bus (1) Thermal convertor 0 - 1200 MWe 1:0.5%                 1 0-150 Air· Steam throttle valve control, monitoring.

Generator frequency Generator (1) Frequency meter 55 - 65 Hz 10.1%                 1 0-150 Air Steam throttle valve control, monitoring.

FW throttle valve position FW throttle valve (3) Stroke displacement to.5%                 1 0-150 Air Flow control, monitoring.

For Monitoring & Evaluation

Hydrogen detector SG and RH gas (6) Gas Chromatograph 0 - 25 ppm                          --                   --               0 - 1100 Argon
Snnoke detector Containment (several) Pyrotechnics or equivalent                        --                      -               -           0 - 150 Air

Shield temp Neutron shields (several) Chromel-alumel thermocouple 300 - 1500 F :10.75%          10 0-1500 Inert gas

Cold trap temp Cold traps (6) Chromel-alumel thermocouple 300 -  1100 F 1:0.75%              10 0-1100 Inert gas or air
Containment pressure Containment (several) Bellows 0 - 100 psia f l%                              1 0-150 Air

Containment temp Containment (several) Bimetallic strip 0 - 200 F .12 F                 10            0 -200 Air

Primary Na temp IHX outlet (6) Chromel-alumel thermocouple 300 - 900 F 1:0.375% 10 0-1100 Inert gas Heat balance.

Primary Na flow rate Primary pipe elbow (6) Remote volumetric capillary aP 0 - 10 psid :1:0.5%               30 0-900 NaK in/Ar out Heat balance, calibrate core AP inst.

Primary Na level Core vessel (1) Inductance in well 0 - 30 ft klin.           1 0-1100 Inert gas
Primary Na level Reactor vessel (1) Inductance in well 0 - 30 ft :tlin.           1 0-900 Inert gas

Primary pump head Primary pumps (6) Remote volumetric capillary aP 0 - 50 psid fO.5%                30 0-900 NaK in/Ar out Initial flow calibration.

Primary Na pressure Primary pump outlets (6) Remote volumetric capillary 0 - 100 psia 1:0.5%               30 0-900 NaK in/Ar out

Primary Na pressure Core inlet plenum (1) Remote volumetric capillary 0 - 100 psia fO.5%         30 0-900 NaK in/Ar out
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Table 12-5. (Cont'd)

Detector

Response
environment

Parameter Location and quantity Detector type Operating range Accuracy time, sec Temp. F Material Use

For Monitoring & Evaluation (Cont'd)

Cover gas pressure Core vessel (1) Bellows 0 - 100 psia *1%           1 0-900 Argon
Cover gas pressure Reactor vessel ( 1) Bellows 0 - 100 psia ·*1%           1 0-900 Argon
Inter.  Na temp· IHX inlet (6) Chromel-alumel thermocouple 300 - 800 *0.375%              10             0 - 900 Inert gas Heat balance.

Inter. Na temp SG inlet (3) Chromel-alumel thermocouple 300 - 1100 *0.375%                 10 0-1100 Air Heat balance.
Inter. Na temp RH inlet (3) Chromel-alumel thermocouple 300 - 1100 10.375%            10 0-1100 Air Heat balance.
Inter. Na temp RH outlet (3) Chromel-alumel thermocouple 300 - 900 *0.375%             10             0 - 900 Air Heat balance.
Inter. Na temp Pump suction line (3) Chromel-alumel thermocouple 300 - 700 *0.375%            10            0 - 800 Air
Inter. Na flow rate IHX outlet pipes (6) P. M. flowmeter, 22-in. 0 - ZO x 106 lb/hr *2%                                  1                     0- 1100 Int Na in/Ar out Heat balance.
Inter. Na flow rate SG outlet (3) P. M. flowmeter, 32-in. 0 - 25 X 106 lb/hr *2%                   1 0-700 Int Na in/air out Heat balance.

Inte r.   Na  flow rate RH outlet ( 3) P. M. flowmeter, 26-in. 0 - 10 x 106 lb/hr *2%           1 0-900 Int Na in/air out Heat balance.
Inter. Na flow rate By-pass (3) P. M. flowmeter, 14-in. 0 - 25 X 106 lb/hr *2%                             1 0-1100 Int Na in/air out Heat balance.
Inter. Na level Pump sump ( 3) Inductance in well 0-5 ft il in.                 1            0- 800 Air
Inter. Na level SG (3) Inductance in well 0-5 ft El in.                 1            0- 1100 Air
Inter. Na level RH (3) Inductance in well 0-5 ft :tlin.                 1 0-1100 Air

Inter. pump head Inter. pump (3) Bellows aP 0 - 100 psid *0.5%                 1 0-800 Int Na in/air out Heat balance.
Inter. Na pressure Pump outlet (3) Bourdon tube or bellows 0 - 150 psia *0.5%                  1 0-800 Int Na in/air out

Inter. Na leakage In-containment pipe can (several) "Spark-plug" type                                       -                        -                 -            0 - 1100 Argon
Rupture disc integrity SG and RH (6) Switch                                                                                             - -                                        . -                               1                     0 - 1100 Argon
Valve position All valves in heat transfer paths Stroke displacement Varies *1%                 1          Up to 900 Ar & air

(several)
Main steam flow Main stearn lines (3) Flow nozzle & bellows AP 0-3 X 106 lb/hr *0.5%                 1 0-1000 Steam in/air out Heat balance.

@ 2500 psi
Steam flow RH inlet (3) Flow nozzle & bellows AP 0-3 x 106 lb/hr 10.5%                 1 0-700 Steam in/air out Heat balance.

@ 2500 pei
Steam temp RH inlet (3) Resistance temp detector 0 - 900 F *0.5%                 5 0-1000 Air Heat balance.
Stearn pressure H-P turbine outlet (1) Bourdon tube or bellows 0 - 700 psia &O.5%                 1            0- 700 Steam in/air out
(Numerous additional conventional measurements in condenser and elsewhere in steam plant)

Sodium Purity Measurement

Primary Na purity Inlet, pump disch pipes; outlet, Plugging meter, electrochemical                     --                            --                   --               0 - 900 Primary Na in/reactor vessel (6) oxygen meter, carbon & hydrogen Ar outdiffusion meters, sampling pro-
visions for off-line analysis

Inter. Na purity Cold leg (3) Plugging meter & sampling -- - -                            - -                     0- 900 Int Na in/air out
Emergency Cooling

Main NaK flow Pump outlet (2) P. M.  flowmeter, 6-in. 0-2 x 106 lb/hr f l%                                 1 0-900 NaK in/air outNaK level Surge tank (2) Inductance in well 0 - 5 ft *1 in.                     1 0-900 AirNaK purity Mixed NaK cold leg (2) Plugging meter & sampling                            --                                              --             0 - 900 NaK in/air outNaK pressure Pump outlet (2) Bourdon tube or bellows 0 - 150 psia *0.5%                  1 0-900 NaK in/air outNaK temp Na HX inlet (2) Chromel-alumel thermocouple 100 - 900 F *0.375%             10             0 - 900 Air
NaK temp Na HX outlet (2) Chromel-alumel thermocouple 100 - 900 F *0.375%             10             0 -900 Air
NaK temp

Chromel-alumel thermocouple 100 - 900 F *0.375%              10             0 - 900 Air

Air HX inlet (2) Chromel-alumel thermocouple 100 - 900 F *0.375%              10             0 - 900 Air
NaK temp Air HX outlet (2)
NaK temp Mixed NaK cold leg (2) . Chromel-alumel thermocouple 100 - 900 F *0.375%               10              0 - 900 Air
Valve position All valves (several) Stroke displacement Varies                            1%                         1              0- 900 AirNaK level Storage tank ( 1) Inductance in well 0-3 ft 1 in.                    1 0-.900 Air
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Table 12-6. Detailed Design Requirements for the
Failed-Fuel Monitor

Failed Fuel Monitor

Temperature, F Oto 900
Pressure, psia . 10 to 100

Neutron flux Negligible background

Gamma dose rate, R/hr 104

(shield as required)
Environment Air or inert gas
Minimum useful life, year 5 (10 desired)
Detector replacement At shutdown

Ope rating range, c/sec 0.1 to 1000

Table 12-7. Detailed Design Requirements for the
Radiation Monitoring System

In vessel Out of vessel

Temperature (measured), F 0 - 1200 0 - 1200

Temperature (non-thermocouple), F 0 - 900 0 - 200

Neutron flux (all energies), nv 0-104 0 - 100

Gamma dose rate (withstand), R/hr 104 V a r i e s   up   to    1 0 3

Gamma dose rate (measured), R/hr -- Varies up to 103

Pressure, psia 10 - 100 10 - 100

Useful life, year                            10                30
Detector replacement At shutdown Any time
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12.5.3.5. Detailed Description

Process Instrumentation - Table 12-5 lists the

process instrumentation and indicates the uses of the various measure-
ments in addition to data logging. Numerous alarms are initiated by the
process instrumentation; a partial list of these alarms is given in the
protection system description (section 12.3.2.2). Each instrument em-

ploys a minimum of individual circuitry, and most signal conditioning
is performed in the digital computer.

Temperature measurements for sodium in the

reactor vessel and for NaK are made by chromel-alumel thermocouples
installed in dry thimbles so that they are replaceable. In general, these
are premium-grade thermocouples (:1:0.375%). Platinum-element resis-

tance temperature detectors are used for sodium, water, and steam

temperature measurements outside the containment; the elements are
installed in wells to facilitate replacement.  Gis and air temperatures
are sensed by bi-metallic strip units. Miscellaneous temperature moni-

toring, such as in the neutron shield, is generally performed with stan-
dard grade chromel-alumel thermocouples for temperatures above 750 F

and by less-expensive types for lower temperatures.

Flow measurements in the primary sodium are

performed by measuring the pressure drop between selected points.
Volumetric capillary sensors are used: NaK-filled capillaries extend

from a remote differential pressure detector to NaK-filled capsules or
bellows, which sense sodium pressure at the monitoring points.  This
type of detector permits the location of the transducer in an accessible
region near the operating floor without requiring that its lines be filled
with primary sodium (as in the case of the core differential pressure
instrument, section 12.5.2). These advantages are obtained at the ex-

pense  of long response  time.
Intermediate sodium and NaK flow rates are

measured with permanent magnet flow meters outside the reactor con-

tainment. Intermediate sodium differential pressures are measured

with bellows -type transducers filled with intermediate sodium; these
transducers are also placed outside the containment. Water and steam

flow rates are measured with bellows-type differential pressure detec-

tors connected across flow nozzles in the piping.
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Pressure measurements for primary sodium

are also made with remote transducers connected to a NaK-filled capil-

lary system. NaK, intermediate sodium, water, steam, gas, and air

pressures are measured with Bourdon tubes or bellows transducers.

Sodium and NaK levels are measured with in-

ductance-type level detectors installed in dry wells so that they are re-

placeable.
Sodium leakage is detected with "spark plug"

detectors like those used in the Fermi reactor. These detectors are

installed in secondary containers which channel leakage to them.  Ad-
ditional information on sodium leakage is obtained from the instrumen-

tation designed to detect sodium/water and sodium/air reactions and

(crudely) from the sodium level detectors.

The purity of sodium and NaK is routinely moni-
tored by plugging meters, with sampling provisions for periodic off-line
analysis. On-line monitoring of the primary sodium is also performed
with an electrochemical oxygen meter, a carbon diffusion meter, and a

hydrogen diffusion meter. Several inputs are provided for the purity
instruments to ensure that representative samples are obtained.

Failed-Fuel Monitor - It is difficult to predict

either the failed-fuel detection requirements of an LMFBR to be con-

structed in 1980 or the instrument types that may be available at that

time.  The two principal criteria for conventional water reactors are

related to human radiation exposure (which will be less critical in a so-

dium-cooled, vented-fuel reactor) and to coolant-fuel chemical reaction

(which may be less critical with sodium coolant).  It is assumed that

failed-fuel monitoring will be required but that no sophisticated fault-

location system could be justified in cost and complexity.  It is further

assumed that the delayed-neutron technique will remain among the fastest

failure detection techniques and that its sensitivity will remain competi-

ti ve.

The failed-fuel monitor is of the delayed-neutron

type. Twelve small pipes divert samples of primary sodium from the

IHX entrances to a holdup volume, which returns the sodium to the re-

actor vessel. Two pipes per IHX provide a reasonable sample of core

outlet coolant. The pipes are electrically heated and insulated to prevent
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plugging. The holdup volume is surrounded by thermal insulation, neu-
tron detectors, and neutron-moderating material (canned graphite).  Be-
cause of temperature limitations, it is expected that the neutron detec-
tors will be fission counters.

The neutron detectors monitor the sodium in
the holdup volume for fast neutrons resulting from the decay of delayed-
neutron-emitting fission products. The coolant transit time from the
core to the holdup volume is about 15 seconds, so that the principal activ-
ities monitored are the two longest-lived precursors: 22-second iodine-
137, and 55-second bromine-87 (both of which decay to noble gases that

promptly emit neutrons). The fission counters and their circuitry, pos-

sibly supplemented by local shielding, discriminate against background
gamma radiation. Core-leakage neutrons are attenuated by the modera-

tor built into the delayed-neutron monitor and the supplemental neutron

moderator and capture material (boron).

Delayed neutrons from fissions of tramp fuel
are the principal source of background counts, which limit system sensi-
tivity. The alarm setpoint must be above this tramp level. Small pin-
hole defects in the cladding would probably be undetectable unless they
were very numerous. However, in general, this same limitation applies
to any on-stream method of monitoring for failed fuel.

The dela'yed-neutron technique is selected pri-

marily because its response time of perhaps 30 seconds is much faster

than the time for any other known method. A second reason, which is
particularly significant with vented fuel, is that the method is relatively
insensitive to background gamma activity of any sort.  It is noted that

no delayed-neutron precursors should pass through the fuel vents, since

the longest precursor half-life is about one minute, and the fuel pin hold-

up time will be several days, or some 400,000 half-lives. The delayed-
neutron concept is about equally sensitive and no more complex than
other known methods.

Failed fuel will be located on a coarse scale
using the in-core instruments and possibly by introducing deliberate
flux tilts by control rod motion. Identification of failure to a single fuel
assembly will depend on out-of-core (or possibly shutdown) sniffing of
the individual fuel elements, unless the defect is so serious as to void
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an assembly, in which case the assembly outlet thermocouple will pro-

vide positive identification. The technique reported in reference 8 may

also be developed to the point of real usefulness in locating failed fuel.

This reference explores the feasibility of locating failed fuel by prefer-

ential deposition of certain fission products on nickel-bearing surfaces

downstream from the failure. Conceivably either the core holddown

structure or the tops of the individual fuel assemblies could be scanned

in the reactor vessel with a gamma detector connected to a multi-channel

analyzer.  The need for such a device and the possibility of its successful

development are not yet clear; it does not appear to be necessary now.

Radiation Monitor - Table 12-8 lists the radia-
tion monitoring locations and the types of measurement performed at

each.  With the exception of the fuel storage rotating drum monitors

and the primary and secondary sodium monitors, the radiation monitor-

ing system is completely conventional. Detectors will be standard types:

Geiger counters, ionization chambers, scintillation counters, air parti-

cle detectors, and chromel-alumel thermocouples. Several detectors

are employed for each function, and both local and remote indication

and alarms are provided.
The discharge stack monitor is of protection

quality, since the stack must be closed if excessive radioactivity is

being discharged from the plant. The containment atmosphere discharge

monitor is also of protection grade and initiates containment isolation

(except that emergency cooling paths are not closed) if excessive radia-
tion is being released. The emergency cooling paths are closed by the

protection system if excessive NaK activity is detected, because rupture

of a NaK line could then cause a serious release of radioactivity.  No

similar provisions are made for liquid and solid radioactive effluents,

because neither is routinely discharged on a continuous basis; in both

cases discharge is effected manually and the effluent is monitored before

discharge.
The instrumentation of the two fuel storage

rotating drums in the reactor vessel provides the final assurance of

direct measurement that the fuel is'neither critical nor melting.  The

geometry of the storage drums is critically safe, and spent fuel is re-

tained in the core until fo rced cooling is no longer necessary to remove

decay heat.
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Table 12-8. Radiation Monitoring System Detection Locations

Location a-0-Y Airborne Neutron Temperature

Fuel storage rotating drums                                                   X               X
Refueling mechanism                                 x                                            x
Fuel transfer machine                               x                                          x
Fuel shipping, receiving, transfer areas          x           x                            x
Decontamination & waste storage areas,  etc             x                    x

-

7            Primary Na                                                 x
-

N         Secondary Na                                  x
4.

NaK                                 x
Cover gas                                       x          x
Containment atmosphere                               x            x              x
Control room, computer room, offices           x          x

Environs                                                                      x                 x

Discharge stack                                x         x
Discharge flunne                                  X
Containment atmosphere discharge X X



Several chromel-alumel thermocouples in each

storage drum monitor the temperature of the convectively circulating -

sodium coolant. To prevent their interfering with fuel handling, the
thermocouples are anchored to the rotating storage racks, and the elec-
trioal connections are brought through gold-plated slip rings at the op-

erating floor. Since the convective flow is upward, most thermocouples

are placed slightly above the tops of the fuel assemblies. Two thermo-

couples are also mounted at the outside of each drum to moni·tor down-

comer flow and to facilitate the calculation of fuel history during storage.

The thermocouples are installed inside thimbles to permit their replace-

ment from the' operating floor during plant shutdown.

Stationary fission counters are located on op-

posite sides of each rotating drum (the thermocouples move with the

drums). Fission counters are used, because more sensitive neutron

detectors may be unable to withstand the temperature and gamma radia-
tion levels; if suitable higher-sensitivity detectors become available,
they will be used. These detectors serve as criticality monitors for

the stored fuel. The detectors, mounted on the tension support members
which support the reactor internals, are replaceable at shutdown.

Thermocouple operability is determined from

on-scale response to the 800 F sodium temperature. Neutron-detector

operability must be checked with a small, portable neutron test source,

since on-scale readings are not expected.

12.5.3.6. Principles of Operation

Temperature Measurement - The operation of

chromel-alumel thermocouples is described with the core instrumenta

tion system in section 12.5.2. Platinum resistance temperature detec-

tors employ an electrical bridge circuit to measure temperature-produced

resistance changes in a coil of fine platinum wire in the sensing head.

Bi-metallic strips consist of joined sheets of two metals having dis-
similar thermal expansion coefficients, so that temperature variations

change the shape of the strip.

Measurement of Pressure and Differential

Pressure - The operation of bellows-type differential pressure detec-

tors is described with the core instrumentation system in section  12.5.2.
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A bellows-type pressure detector operates in the same way, except that
one side of the bellows is maintained at a constant pressure (either sealed
at the factory or exposed to the atmosphere).  In a Bourdon tube pressure
detector, the fluid is introduced inside a thin-walled, closed, curved
tube; fluid pressure changes vary the tube curvature and move a mechan-
ical linkage attached to the tube.  In the case of volumetric capillary de-
tectors, the transducer measures the pressure in a NaK-filled capillary
tube extending from a capsule or bellows inserted into the primary sodi-
um; the NaK pressure is determined by expansion or contraction of the
bellows or capsule, which is governed by the primary sodium pressure
surrounding it.

Flow Measurement - Most flow measurements

are accomplished with' differential pressure measurements across known
flow obstructions. For feedwater and steam, flow nozzles are inserted
in the piping for maximum accuracy. Intermediate sodium flows are
measured by permanent magnet flow meters as described with the core
instrumentation system in section 12.5.2.

Sodium and NaK Level Detection - Alternating
current is applied to a long coil of wire in a dry-interior well immersed
in sodium. The power dissipated in the coil is a function of magnetic
coupling with the sodium, which in turn is a function of sodium level.
Temperature compensation is obtained by a second coil completely im-
mersed in sodium.

Sodium Leak Detection - The Fermi-type leak
detectors consist of pairs of exposed electrodes which close electrical
circuits when they are shorted by sodium.

Sodium and NaK Purity Measurement and
Sampling - The plugging meter cools sampled sodium to determine the
temperature at which soluble impurities precipitate. Provided that
oxide is the principal impurity, the precipitation temperature is also a
measure of oxide concentration. References 9 through 13 describe the
more sophisticated purity instrumentation and techniques for obtaining
samples for off-line analysis.
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Failed-Fuel Monitor - The fission counters

and circuitry operate as described with the nuclear instrument system
in section 12.5.1.

Radiation Monitors - Several standard types
of radiation monitors are used as required for various applications and

ranges. These instruments are described in standard sources such as

reference 14.

12.5.3.7. Safety Precautions

The process and radiation monitoring instru-

ments encompass the entire plant, from inside the reactor vessel to

outside the buildings. Penetrations of coolant system boundaries and

of the containment require careful attention to avoid leaks. Detector

installations must be designed to minimize their interference with plant

operation. Lead routing paths must be carefully selected to minimize

electrical noise pickup, damage due to accidents, and interference with

and damage from personnel and equipment motion.

Automatic testing is provided for the more

important instruments, including those used for protection or control;

the remaining instruments are manually tested at intervals. Calibration
means are provided as required.

12.5.3.8. Maintenance

Circuit maintenance will be straightforward;
it is facilitated by effective testing provisions and modular construction.

Detector replacement is simplified by design choices. Level and tem-

perature detectors are generally installed in wells or thimbles, so that
they can be replaced without contacting sodium. Pressure and differen-
tial pressure detectors are remotely located and fitted with sealed NaK

systems for the same reason. Wherever possible, detectors are located

outside the containment for easier access.

»
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APPENDIX 12-A

Reactor Digital Control and Protection
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Digital control systems have been applied to numerous conventional

power plants in the 1960's. Nearly all existing and planned electrical-

power-producing nuclear reactors employ digital data acquisition and/or

processing systems.  The same features that introduced digital equip-
ment in these applications make it desirable for the control and protec-

tion of a large LMFBR plant:

1. Large quantities of data are handled sequentially in the
same circuits instead of simultaneously in many circuits, reducing
equipment costs.

2.  Logical and arithmetic operations are performed faster,

reducing delay times for many operations.

3. System faults are less likely to occur because circuit

components, including transistors, must undergo very large performance
changes before system performance is affected.

4. System faults are more easily detected because they are
more decisive (either a component fails or it doesn't).

5.  Since it can be performed automatically, system testing
is easier and less damaging to the equipment and to its functions; equip-

ment handling and the chance of human error are reduced.

6.  The reliability of properly functioning on-line operation

is increased by the combination of lower fault rate, more frequent test-

ing, and reduced equipment handling.

7. Whole programs for uncommon or abnormal conditions

(such as recovery from protection system action) can be stored without

interfering with normal operation but are readily available when needed.

Experience with digital equipment now in use, combined with hard-

ware and software improvements  from the equipment manufacturers,

will dictate whether digital computers can reasonably be used for reac-
tor control and protection within the next several years.  M. A. Schultz

predicted a sweeping digital trend several years ago.15 APDA has rec-
ommended the application of a digital computer for core protection in

the Fermi reactor and has identified a substantial increase in protection

from its use. The digital computer in service at the Douglas Point16
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reactor,17 although designed in the early 1960's and perhaps already ob-
solete, will provide landmark experience.

Certainly it appears that digital equipment will  be  a  very  real  fac -

tor in reactors built in 1980, where its application is justified on sound

engineering and economic bases. The 1000-MWe LMFBR is considered

to be such an application, particularly where individual fuel assemblies
must be monitored for sodium voiding.  In this reactor and very likely

throughout the foreseeable future, analog equipment cannot and should

not be completely supplanted, but there are many areas where it can and

probably should  be.

A full understanding of the digital computer system for the B&W

reference plant requires further in-depth design work and evaluation.

Some of the major areas that require further work are listed below.

1. More detailed component identification, which will per-

mit reliability calculations based on mean time-before-failure data or

estimates.

2.  Analysis of the basic structure to determine, for exam-

ple, whether a design with two large main frames is preferable to one

with three large units or many small units. T'he factors to be consid-

ered in this analysis include the effect of a main frame failure, possible

interactions of input or output devices, and maintenance provisions.

3. Detailed identification of automatic testing provisions,

which will permit an accurate determination of the extent to which man-

ual testing is required (if any).

4. Better identification of administrative controls and the

internal priority structure.
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13. ELECTRICAL SYSTEM

1 3.1.  Introduction

13.1.1. System Function

The electrical system provides the total electrical require-

ments for the plant under all conditions of operation and shutdown.  The

emergency power supplies provide sufficient power to ensure a safe re-
actor shutdown and to maintain the plant in that condition in the event of

a total loss of normal power.

In addition, the system provides adequate lighting levels

to match each working area need and provides communications through-

out the plant and site to ensure a high degree of coordination and com-

munication between various locations, to alert personnel to any unusual
conditions,  and to monitor operations and equipment.

13.1.2. System Summary Description

The electrical auxiliary system is shown in Figure 13-1.
The normal station auxiliary power of 25,000 kW is supplied by a unit
auxiliary transformer with a double secondary winding. The transformer

steps down the voltage from 25,000 to 4160 volts and is directly connected

to the generator bus duct through an isolated phase bus duct.  This is a

delta-wye transformer in which the neutrals of the 4160-volt windings
are grounded through neutral grounding resistors.

A reserve auxiliary transformer with a double secondary

winding is available for startup or for use if the normal auxiliary power

source should fail. The alternate source of power can replace the unit
auxiliary transformer during maintenance.    This  unit is  fed from the

station switchyard, which in turn receives its power from the main sta-

tion generator or the utility grid system itself. The reserve auxiliary

unit steps down the voltage from 345 to 4.16 kV.  It has four windings

containing an internally connected tertiary winding, and the neutrals of

its 4160 volt windings are grounded through neutral grounding resistors.
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The 4160-volt station switchgear can be fed from either
the unit auxiliary transformer or alternately from the reserve auxiliary
transformer. A 3750-kVA diesel generator is connected to 4160-volt
switchgear 1, and another 100% standby 3750-kVA diesel generator is
connected to 4160-volt switchgear 3 to supply energy for the essential
loads required for a safe shutdown.

The 480-volt unit substations are fed from the 4160-volt
switchgear via 1000-kVA transformers. The motor control centers are
connected to the 480-volt substations.

Three separate 250-volt d-c buses supply power for the
noninterruptible d-c motor loads.    Each bus is connected to an associated
lead-acid battery of approximately 250 volts. Static chargers,  one for
each d-c system, maintain the proper charge on the batteries.   The
chargers are capable of concurrently supplying the normal d-c load of
the 250-volt d-c systems. Two normally open bus tie circuits between
d-c buses are provided for maintenance and service.    Also,  a bus  dis -
connect feature permits an equalizing charge cycle on a battery while
the d-c load on the associated bus is energized via the bus tie circuits.

Two separate noninterruptible, 125-volt d-c buses are
each connected to an associated lead-acid battery of about 125 volts.
A separate static charger for each d-c system is utilized to maintain
the proper charge on the associated battery; each unit is capable of con-
currently supplying the normal load of both d-c systems. A normally
open bus tie circuit between the two d-c buses is provided for maintenance           
and service.  Also, a bus disconnect feature permits an equalizing charge
cycle on a battery while the d-c load on the associated bus is energized
via the bus tie circuit.

There are four separate, independent instrument power
buses, three of which (No.  1,  3, and 4) provide "noninterruptibel" power
for essential reactor plant instrumentation.* These buses are supplied

-----

 Figure  13- 1 shows only two noninterruptible buses. A third bus is to
be added by connecting a charger, battery, and inverter to 480-volt
bus   5. Unit charger, batte ry, and inverter capacities remain  the  same,providing 50% spare capacity. The noninterruptible buses will then be
tied to each other through normally-open circuit breakers. This change
is not reflected in the cost estimates, but it is expected to amount to
less than $100,000.
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from the d-c buses. Provision for a manual transfer is included to
maintain continuity of power in the event that any inverter set is taken

out of service. The fourth instrument power bus (No. 2) is supplied by
a 480 volt to 120/208 volt, 3-phase, 60-cycle transformer connected to
the stationt s 480-volt substations 2 and 4 by a transfer switch.

One 120-208 volt, 3-phase bus is provided for the 25 regu-

lating rod motors.  This bus receives the power from either of the 125-

volt d-c buses through two 3-phase static inverters and a static transfer

switch.
The communication system contains a combination public

addres,s and intercommunication system, together with tone oscillation
equipment, to sound emergency alarms over the paging system.  Pro-
vision is included for the installation and connection of telephone sets
to the local telephone company's system.

13.1.3. System Design Requirements

13.1.3.1. Performance

Two independent transmission lines provide
power to the complex, and two independent sources of emergency power,

each capable of supplying all emergency needs, will be available.

The 4160-volt switchgear 1 and 2 are fed from

one secondary winding of the auxiliary transformer. One secondary

winding of the reserve auxiliary transformer will also be connected to

switchgear 1 and 2. Switchgear 3 and 4 are connected to the second

4160-volt winding of each auxiliary transformer. Provisions have bben

made for supplying electric heat to the sodium pipework.

13.1.3.2. Environment

Electrical equipment will be mounted outside

of radiation or high-temperature zones wherever possible. Any equip-
ment mounted within a radiation or high-temperature zone will be de-
signed for easy accessibility and rapid maintenance or replacement.

All control equipment that is vital to reactor operations will be installed

in uncontaminated areas if possible.

13.1.3.3. Reliability/Availability

Electrical equipment will be of high commer-

cial quality selected for good reliability and long life.
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13.1.3.4. Maintenance

Quick-disconnect or plug-in connections will
be used wherever maintenance may be frequent or difficult, especially
in contamination zones.

13.1.3.5. Operation

The 4160-volt switchgear will automatically be
transferred to the reserve auxiliary transformer if bus voltage is lost.
In normal operation, the tie breakers between the 4160-volt switchgear
buses will be open.

13.1.3.6.  Safety

The emergency power supplies will be sized to
provide enough power to ensure a safe reactor shutdown and maintain
that condition in the event of a total loss of normal power. The emergency

supplies will provide enough lighting in the control room to conduct op-
erations and permit personnel access.   It will also supply power for
sensors, power for adequate coolant flow in the primary system, power
for the decay heat removal system, and power for all other equipment
required to ensure the safety of operating personnel, plant equipment,
and the general public. The communication system will function during
normal power-outage emergencies.

13.1.3.7.  Design

The system will be designed in accordance with
the  criteria of Volume 1, section 2  of this report, including the codes,
standards, and regulations cited therein.

13.1.3.8. Interface

The voltage, current, phasing, and interrupti-
bility requirements  of the various loads, which are established by num-
erous other systems, will be satisfied by the electrical system.  The
requirements imposed by interfaces with the protection system and with
the engineered safeguards area are particularly stringent and detailed.
Both of these areas affect plant safety.
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13.2. Detailed System Descripti8n

13.2.1. General

The electrical system is shown in Figure 13-1, and elec-
trical loads and functions are listed in Table 13-1. The system is de-
scribed in detail in the following paragraphs.

13.2.2. Components

13.2.2.1. Unit Auxiliary Transformer

This transformer has a voltage rating of 25-

4.16 kV; it is a 3-phase, 3-winding (delta-wye-wye), 60-Hz, outdoor,
step-down, oil-immersed, 25/33-1/3 MVA, Type OA/FA unit.  The
no-load taps  on the high-voltage winding are 2- 1/2% above the rated

voltage  and 2-1 /2% below the rated voltage; there are two taps of each

type. Each low-voltage winding is rated at 12.5/16.7 MVA, and its neu-

tral is grounded through a grounding resistor.

13.2.2.2. Reserve Auxiliary Transformer

This transformer has a voltage rating of 345-

4.16 kV; it is a 3-phase, 4-winding (wye high voltage, delta tertiary and

two wye low voltage), 60-Hz, outdoor, step-down, oil-immersed 25/33-

1/3  MVA,   Type  OA/FA  unit. Two no-load  taps  on  the high voltage  wind -

ing are 2-1/2% above the rated voltage and two are 2-1/2% below the

rated voltage. Each low-voltage winding is rated at 12.5/16.7 MVA,

and its neutral is grounded through a gro.unding resistor.

13.2.2.3. 4160-Volt Switchgear

The 4160-volt system has four indoor-type,

metal-clad, 4160-volt switchgear units (see Figures 13-2 and 13-3).
Each unit contains electrically operated air circuit breakers rated at

250 MVA interrupting capacity.  The main and reserve feed breakers

are rated at 350 MVA. These switchgear units are installed indoors,

near the unit and reserve auxiliary transformer. A nonsegregated phase

bus duct connects the low-voltage windings of the unit auxiliary trans-

former and the reserve auxiliary transformer to the incoming air cir-
cuit breaker of the appropriate switchgear unit. The feeder circuit

breakers supply the 480-volt unit substations and motors with ratings

of 250 hp and above.
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The 4160-volt switchgear bus 2 is connected
to 4160-volt switchgear buses 1 and 3 by bus tie circuit breakers which
are normally open.  All of the air circuit breakers are of the drawout
type. The control voltage for the 4160-volt switchgear is 125 volt d-c.

The principal components receiving power
from the 4160-volt switchgear are listed in Table 13-1 and shown in

Figures 13-1 and 13-2.

13.2.2.4. 480-Volt Unit Substations

The auxiliary system consists of six metal-

clad, indoor-type, 480-volt unit substations (see Figures 13-4, 13-5,
and 13-6). Each substation includes a high-voltage air terminal cham-
ber and a step-down transformer. The 5000-volt air terminal chamber
is used for the termination of the incoming power cables and is con-
nected directly to the high-voltage (4160-volt) side of the transformer.

The six substation transformers are indoor,
oil-immersed, Type OA, and are rated at 1000 kVA, 4160-480Y/277
volts.   All six transformers have four 2- 1/2% full capacity taps in the

high voltage winding-two above and two below the 4160-volt rated volt-

age. The low-voltage (480 volt) side of each transformer is connected

to a main air circuit breaker in each unit to supply the low-voltage

power switchgear. The 480-volt substations are connected by normally-
open bus tie circuit breakers (not shown in Figure  13- 1) in the same
manner as the 4160-volt bus ties are connected.

Auxiliary equipment, such as potential trans-

formers and undervoltage relays, is contained in auxiliary compart-
ments. Each of the 480-volt unit substations is connected to a 4160-

volt switchgear via its transformer. The 480-volt substations will

power motors rated between 50 and 250 hp and other loads as shown in
Table 13-1 and Figures 13-4, 13-5, and 13-6.
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.
Table 13-1. Electrical Load List

and Functions

Standby
Standby Shutdown non- Shutdown shutdown Full time

Running Standby Essential essential essential essential essential Maintenance nonessential
loads loads loads loads loads loads loads loads loads

Switchgear Load                                                 (1)              (2)              (3)                (4)                    (5)                    (6)               (7)                 (8)                     (9)
4160 V 1 Circ water pump                   # 1           1750 hp                 x

Circ water purnp #2 1750 hp             x
Cond pump           . .              # 1           800 hp                   x
Blr feed pump,  20%

'
6000 hp                                                                       x

Service water pump                # 1            660 hp                    x                             x
Centrifugal chiller #1 300 hp              x                     x
Pri pump #1 1·175  hp                                        X

4160.V 2 Inter pump                          # 1           3200 hp                 x
Service water pump #2 660 hp              x                                 x
Centrifugal chille.r #2 300 hp             x                    x
Centrifugal chiller #3 300 hp                         x                      x
Pri pump #2 1175 hp             x
Pri pump #3 1175 hp             x

4160 V 3 Inter purnp #2 3200 hp             X
Circ water pump #3 1750 hp             x
Service water pump #3 660 hp                            x                         x
Cond pump #2 800 hp                         x
Centrifugal chiller #4 300 hp                            x                         x
Pri pump #4 1175 hp             x

4160 V 4 Inter pump #3 3200 hp            x
Cond pump #3 800 hp             x
Centrifugal chiller #5 300 hp X
Pri pump #5 1175 hp X
Pri pump #6 1175 hp             x

1. Running Loads - Loads that operate when plant is operating at normal condition.
2. Standby Loads - Loads that do not run at any time, but can replace a running load.
3. Essential Loads - Loads that may run at all times and are essential to safe operation or shutdown of plant.
4. Standby Essential Loads - Loads that do not run at any time, but can replace an essential load.  They are essential

to safe operation or shutdown of plant.

5. Shutdown Nonessential Loads - Loads that run only at low power or shutdown, but are not essential for safe
shutdown.of plant.

--

6. Shutdown Essential Loads - Loads that run only at low power or shutdown and are essential for safe shutdown
of plant.

7. Standby Shutdown Essential Loads - Loads that do not run at any time, but will replace a shutdown essential
load.  They are essential to safe shutdown of plant.

8. Maintenance Loads - Loads that run only during maintenance which can be done when plant is operating orshut down.  They are not essential for safe operation or shutdown of plant.
9.  Full Time Nonessential Loads - Loads that may run at all times, but are not essential for safe operationor shutdown of plant.

Since the boiler feed pump requirement is larger than originally allowed, redistribution of the
switchgear units is required.
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Table 13-1. (Cont'd)

Standby
Standby Shutdown non- Shutdown shutdown Full time

Running Standby Essential essential essential essential essential Maintenance nonessential
loads loads loads loads loads loads loads loads loads

Switchgear Load                                   (1)         (2)          (3)           (4)              (5)              (6)           (7i*.         (8)               (9)

480 V 1 Inst air compr                        # 1             100 hp                     x                               x
H2 seal oil pump                    # 1            75 hp                     x                             x
Containment cooler fan #1 62 hp                 x                        x
Decay HX CWP                      # 1            65 hp X

NaK-air ECC fan #1+5 200 hp
X

MCC #1 200 hp                                   X
X

Building lighting                      # 1             150 kW
Battery charger                     #1            45 kW                     x                             x                                                                                 .\

480 V; 2 EHC pump # 1            150 hp                    x                             x
Decay HX cond pump               # 1            55 hp X

NaK-air ECC fan #2 + 6 200 hp
X

ECC EM pump #1+3 80 hp                                                                           X
X

MCC                                                  # 2                 150 hp
MCC #3 150 hp               x

Battery charger #3 76.6 kW                 x                            x

Instr trans                         (1)           100 kVA                x                          x
480 V 3 Instr air compr                   #2           100 hp                                x                            x

Hz seal oil pump                             # 2                 75 hp                                                    x                                             x
Containment cooler fan #3 6 2 h p                 x                      I x
Decay HX CWP                               # 2                 65 hp                                                                                                                                                                                       x

X

NaK-air ECC fan #3+7 200 hp                                                                                       X
NaK-air ECC fan #4+8 200 hP                                                                                                                  x
Building lighting                                # 2                   150 kW
Battery charger                  #2          45 kW                 x                         x
Battery charger #5 76.6 kW                x                          x

480 V 4 EHC  pump                                           # 2 150 hp                                x                            x
Decay HX cond pump #2                                                                                                                                                                                                 x55 hp                                                                                          xMCC #4. 200 hp                                                                                       X
ECC EM pump #2 + 4 80 hp
MCC #5 150 hp                                       x
MCC #6 150 hp              x
Instrument trans (spare feeder only)
Battery charger #4 76.6 kW                x                          x

. 480 V 5 Gen stator cool. pump 100 hp                x X
Building lighting                           # 3                150 kW
Containment cool. fan           #2          62 hp                               x                           x
Decay HX CWP #3 65 hp X

ECC EM pump #3 80 hp
X

X
Station air compr 100 hp                                                                                                        x
Turb rm 200-ton crane 75/40/20/5 hp
SG rm 100-ton crane 60/30/10/5 hp X

XDecon rm 75-ton crane 40/30/7.5/5 hp
Refueling rm 75-ton crane 40/30/7.5/5 hp                                                                                                         x X
Turb rm exh fan                       # 1              75 hp                        x X
MCC #7 140 hp                                                                                                                 x
MCC #8 140 hp
Heater drain pump #1 70 hp               x

480 V 6 Outdoor lighting                 (4)          100 kW
X

Containment cool. fan #4 62 hp                                                      x
Heater drain pump #2 70 hp                  x

Heater drain pump #3 70 hp                x
Fire pumP                                                                                                                                                                x150 hp                                    x
200-ton gantry crane 10/15 hp                                                                                                      x
75-ton polar crane 40/30/10/5 hp X
Turb rm exh fan.                        #2              75 hp                          x
Turb rm exh fan                         # 3              75 hp                                             x
MCC                                                  # 9                 200 hp                            x
MCC # 10 200 hp                                             x                      13-10



Figure 13-2. Key Diagram for 4160-Volt
Switchgear 1 and 2
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Figure 13-3. Key Diagram for 4160-Volt
Switchgear 3 and 4
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Figure 13-4. Key Diagram for 480-Volt Unit
Substations 1 and 2
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Figure 13-5. Key Diagram for 480-Volt Unit
Substations 5 and 3
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Figure 13-6. Key Diagram for 480-Volt Unit
Substations 4 and 6

AUX. TRANS. 6 -1»-0„». AUX. TRANS. 4 -1»V=-
P. T.'s -4-3» P.T.'s -351I3-*.

OUTDOOR LIGHTING -44.50-4 -0 EHC PUMP #2
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CONT. COOLER FAN #4 --Vt,0 55 hp --<44,-0&#49,-0
DECAY HX COND. PUMP #2
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-64&-0-0-4 0 -+Move,02

MCC #4                             1
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U)

>
FIRE PUMP ----*»434»/ 80 hp

ECC EM PUMP #2 0

150 hp -»t»' *P
.

1-
U)
En
D

2 ITO ' GANTRY  CRANE -<Vll-0.))./ 2 MCC #5
150 hp --LIAN
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.

75-TON POLAR CRANE -BEHH MCC #6                                              1
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I
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7 6.6  kw                                                           
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MCC #10      Lot)200 hp

HEATER DRAIN PUMP #3 -QLQ 0-*>-
70 hp .-I
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13.2.2.5. Motor Control Centers (MCC)

The system has 10 motor control centers for
the reactor plant, turbine plant, water treating, and machine shop.
Combination starters are of the drawout type, size 1 (NEMA) through
size 3, with auxiliary contacts. The combination magnetic starter has

a molded case circuit breaker and contains its own 480- 115 volt control

transformer. The circuit breaker serves as the disconnecting switch
and provides short circuit protection when actuated by the breaker trip
element. The motor control centers are fed from the 480-volt unit sub-
stations. Motors below 50 hp are connected to the motor control cen-
ters.

13.2.2.6. 120/208 Volt, 3-Phase Control Rod Bus

This bus supplies the a-c power for the 25 con-
trol rods which require 1/2 horsepower each. Under normal operating
conditions, the a-c load is fed through the static transfer switch from

the inverter, which is connected to 125-volt d-c bus 1.  When a loss of
power from this inverter occurs, the static transfer switch transfers
the load to the standby inverter which is connected to 125-volt d-c bus
2.  The static transfer switch operates in two cycles or less.

13.2.2.7. 125-Volt d-c Buses

Two 125-volt batteries (No.  1 and No. 2) are
provided. Solid-state battery chargers normally supply the d-c loads

and maintain the charge on their batteries. Battery charger 1 is con-
nected to 480-volt substation 1 and battery charger 2 is connected to

480-volt substation 3.

The d-c distribution cabinet is used for the
distribution of 125-volt d-c control power for the 4160-volt switchgear,
the 480-volt substation, and the main control room panels.  The d-c

buses (No.  1 and No. 2) provide power for three instrument power in-
verters which provide noninterruptible power.

13 2.2.8. 120-Volt Instrument Power
Buses                        I

Four separate instrument buses are provided

to supply the power requirements for all plant instrumentation.
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Instrument buses 1, 3, and 4* are noninterruptible and are rated at 120-

volt ac, single-phase, 60-Hz. The three noninterruptible buses are

supplied from three instrument power inverters. Buses 1 and 4 are
supplied from 125-volt d-c bus 1, and bus 3 is supplied from 125-volt

d-c bus 2. Instrument bus 2 is 120/208 volt ac, 3-phase, 60-Hz and is
supplied from the 480-120/208 volt, 3-phase, 60-Hz instrument power

transformer connected to 480-volt substations 2 and 4.
If an inverter fails, the affected noninterruptible

bus can be manually transfe rred to instrument bus 2.  Each of the in-
strument buses will be physically separated and protected from the

others. All power, control, and instrumentation wiring from each in-

strument bus will be physically separated and protected from the power,

control, and instrumentation wiring of the other instrument buses.

The protection system, emergency lighting

system, and certain other vital loads receive power from the three non-

interruptible buses. The three buses provide separate sources for tri-

ply-redundant protection channels; thus a single inverter failure will

not force a reactor scram.

13.2.2.9. Cables

Triplexed cable rated at 5000 volts is used for

4160-volt power, and 480-volt power is fed by 600-volt triplexed cables
which have butyl rubber or cross-linked polyethylene insulation and

polyvinyl chloride jackets. The cable used for control is rated at 600

volts, and has cross-linked polyethylene insulation and a polyvinyl chlo-

ride jacket.  Size 12 AWG is minimum for control and size 10 AWG is

minimum for current or potential transformer wiring.
The switchboard wiring is rated at 600 volts;

No. 12 AWG is used for current circuits and No. 14 AWG for all other

-----

Figure  13- 1 shows only two noninterruptible buses. A third bus is to
be added by connecting a charger, battery, and inverter to 480-volt
bus 5. Unit charger, battery, and inverter capacities remain the

same, providing 50% spare capacity. The noninterruptible buses will
then be tied to each other through normally-open circuit breakers.
This change is not reflected in the cost estimates, but it is expected
to amount to less than $100,000.
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circuits. The instrumentation cable for the reactor plant protection
system will have different colored insulation jackets for each channel
in order to simplify the required physical separation.

13.2.2.10. Cable Trays

Cable trays are provided for three distinct uses
and are constructed as noted below:

1.  Tray No. 1-Solid metal tray witha solid
snap-on-off metal cover.  This tray will contain cables carrying low-
level signals only. Examples include thermocouples, process instru-

mentation measurement and control signals, and analytical instrument

signals. Wiring will be twisted pairs and shielded. Nuclear and radia-
tion monitoring instrument cables may also be run in this tray.  This
includes both the high-voltage and signal circuits in coaxial and triaxial
cables.

2.    Tray No.  2 - Expanded metal tray that will
contain cables carrying instrument power and on-off instrument and con-
trol circuits. Examples include regulated or unregulated a-c instrument

power, on-off (switched) circuits for actuation of alarms, indicating
lights, relays, solenoid valves, etc. These on-off circuits are limited

to 5 amperes at 115 volt ac or 125 volt dc.

3.  Tray No. 3 - Expanded metal tray that will
contain cables carrying power and associated control circuits. Examples
include 480-volt, 3-phase power and associated control circuits (either
ac or dc), potential transformer and current transformer leads.

13.2.2.11. Motors

Most of the motors for indoor application will
have open drip-proof frames, but those in the turbine lube oil room, the
motor for the d-c emergency H2 seal oil pump, and the motor for the
d-c emergency bearing oil pump will have TEFC enclosures. Motors

for outdoor use will have weather protected NEMA Type II or TEFC
enclosures.
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13.2.2.12. Main Generator Auxiliaries

The main generator isolated phase bus is forced-
cooled and rated at 25,000 amperes. The surge protection equipment,

consisting of station-type capacitors and lightning arresters, is connected

to the isolated phase bus by a bus tap.
The generator neutral grounding equipment

consists of a distribution-type transformer, 75 kVA, 25,000 to 240/
120 volts, with a resistor connected across its secondary wiriding.  This
trans former's primary winding is connected by bus to the three neutral

bushings of the main generator. The other end of the primary winding
is connected to the station's grounding system.

13.2.3. Grounding

A low-resistance copper grounding systern is installed

throughout the plant, both indoors and outdoors, in accordance with the

National Electrical Safety Code.

13.2.4. Coritrols, Alarms, and Protective Devices

The electrical system is controlled and monitored from

the control room. Control power for the 4160-volt switchgear and 480-
volt unit substations is furnished by the d-c system. Differential relay-
ing protection is provided for the turbine-generator, the main power

transformer, the reserve auxiliary transformer, and the unit auxiliary
transformer. In addition, the generator is protected by loss of field,
negative sequence current, and neutral ground overcurrent relays. All
breaker trips, overcurrent, or undervoltage conditions will be alarmed
on window-type annunciators in the control room. Selected bearing tem-

peratures, transformer temperature and pressure, and turbine-genera-

tor pressure and temperature will be continuously monitored.  Auto-

matic control is provided where necessary. Ground overcurrent relay

protection is provided for all 4000-volt motors.

13.2.5. Diesel Generators

In the event of failure of the a-c mains, two diesel gen-
erators are arranged for automatic starting to restore the supply. Each

standby generator is rated at 3000 kW, 480-volts, 3-phase,. 60-Hz, 0.8

p. f. The generators provide guaranteed backup power.

13-19



13.2.6. Lighting System

13.2.6.1. General

The lighting system consists of 277-volt mer-

cury and fluorescent fixtures fed from the 480/277 volt buses, and 120-

volt fixtures fed by transformers. Lighting transformers serve groups

of incandescent lights and receptacles at 120 volts. Emergency lighting
is serviced from the 120-volt battery and from the emergency diesel
generator unit which supplies 3-phase, 480/277 volt.

General lighting is provided by mercury fix-
tures and metallic-vapor and Lucalox ceramic arc tube light fixtures

with increased lamp lumen efficiencies. Lighting for special applica-
tions is provided by high-intensity quartz line lamps and 800 mA high-

output and 1500 mA very-high-output fluorescent lamps. The lighting
intensities and types of fixtures required for various locations are shown
in Table 13-2.

Table 13-2. Plant Lighting Intensities and Fixtures

Footcandle
Location intensity Lighting type

Turbine room main floor 30 Lucalox high bay
Turbine room mezzanine 20 Fluorescent industrial

Turbine room ground floor 20-30 Fluorescent industrial

Water & chemical treating 20-30 Mercury vaportight

Auxiliary switch rooms 25 Fluorescent industrial

Locker & toilet rooms 20 Fluorescent shielded

Offices 120 Fluorescent shielded

Control room 100 Fluorescent louverall

Reactor bldg main floor 30 Lucalox high bay
Decontam & maint bay 20-30 Fluorescent industrial

Fuel handling bldg 20-30 Mercury vaportight

Reactor vessel main floor 30 Lucalox high bay

Laboratory & shops 100 Fluorescent shielded

Reactor tank rooms 20 Fluorescent industrial

Reactor bldg ground floor 20 Fluorescent industrial

Shipping & storage area 25 Fluorescent industrial

Reactor vessel lower floors 20 Fluorescent industrial

Machine shop 50 Lucalox high bay

Battery rooms 20 Fluorescent vaportight
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Emergency lighting is provided for low-level

illumination in halls, stairwells, control  room, and reactor and turbine

areas to enable the movement of personnel in the plant. Additional

emergency lighting in the reactor enclosure and in strategic areas such

as stairways or air locks is provided by automatic battery lanterns.

Lighting cabinets containing branch circuit

breakers are strategically placed for distribution of the plant lighting.

Lighting fixtures are installed in accessible areas for convenience in

maintenance and relamping. High-bay fixtures are maintained from

traveling cranes. Lighting fixtures are installed at all instruments and

gauges requiring special illumination. All through-vision gauges are

illuminated for their full lengths by gauge light fixtures placed behind

the   gauge   gla s s e s.

13.2.6.2. Fixtures

Mercury, metallic-vapor, and Lucalox fixtures

are of the integral ballasted type. Fluorescent industrial fixtures pro-

vide approximately 20% of the upward light component. Industrial fix-

tures are used throughout ground floor, mezzanine, and gallery areas

where fixture-mounting heights are over 9 feet.
The fluorescent strip units have oversized-

channel housings with spring lamp holders; they are used throughout

ground-floor, mezzanine, and gallery areas where fixture-mounting

heights are 9 feet or less. Commercial fluorescent diffuser luminaries,

both pendant- and surface-mounted, have acrylic plastic enclosures, and

fluorescent troffer luminaries have acrylic plastic lens bottoms.

All ballasts for fluorescent and mercury lamps

are high-power-factor units, internally protected by a thermally acti-

vated, automatic reclosing device which is sensitive to both winding tem-

perature and current. Fluorescent ballasts  are the CBM/ETL type,

and mercury ballasts are the constant-wattage type. Color-improved

mercury lamps and cool-white fluorescent lamps are used.

13.2.7. 'Communications

The communications system includes a combination public

address and intercommunications system serving both the turbine plant

and the reactor plant. It consists of telephone-type handset stations and
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transistori-ed amplifier loudspeaker assemblies.  The sy.  3m has two
channels, onf for paging and one for party-line service.  The two chan-

nels may be used simultaneously without interference. Tone oscillator
equipment is provided to sound emergency alarms over the paging sys-
tem. These alarm signals are controlled from the main control room.
Provisions are included for the installation and connection of suitably
placed telephone sets to the local telephone company system. Sound-
powered telephone jacks are provided at the main control boards and at
strategic positions in the plant to facilitate plant servicing and operation.

13.3. Principles of ·Operation

13.3.1.  Startup and Normal Operation

Initial plant startup uses auxiliary power furnished by the
reserve auxiliary transformer, which is connected on its high-voltage
side to the 345-kV switchyard and on its low-voltage side through nor-
mally-open air circuit breakers to 4160-volt switchgear buses 1-2 and
3-4.

After the main turbine-generator has been brought up to
speed and synchronized with the rest of the system, the unit auxiliary
transformer will be placed in service by closing its 4.16-kV air circuit
breakers. These breakers are connected to 4160-volt switchgear buses
1, 2, 3, and 4. During transfer operation from the reserve auxiliary
transformer to the unit auxiliary transformer, the two transformers are

momentarily paralleled. The reserve auxiliary transformer is placed

on standby and will remain energized. This transformer will also be
used for normal shutdown power requirements in the plant.  The 4160-
volt bus tie air circuit breakers are normally open.

As the plant is now designed, it can be started up only
with the assistance of power from the utility's grid. However, with the
addition of two more 3000-kW diesel generators and an auxiliary steam

boiler, a hot startup could be accomplished without outside power.

13.3.2. Abnormal Operation

The loss of the unit auxiliary transformer due to a turbine
generator trip or failure of the transformer itself will initiate an auto-
matic transfer to the reserve auxiliary transformer. In approximately
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8 seconds the standby diesel generators will be started simultaneously
with the trip action of the generator and will be available for connection

to the 4160-volt system in case of a "blackout. "
If the reserve auxiliary transformer failed while on

standby, then the two standby generators would be started. The reserve

feed breakers to the 4160-volt buses are normally open, so there would

be no breaker trip action at that time.

If the plant should experience a complete loss of power

from the simultaneous loss of all transmission lines and the tripping of

the turbine-generator, then the two standby generators would be auto-

matically started. The standby generators have the ability to pick up

the full-rated electrical load within 10 seconds after a start signal is
initiated.  In this case, all the feeder breakers of the 4160-volt switch-

gear are tripped, tie breakers between 4160-volt buses 1, 2, and 3 are

automatic ,lly closed, and the motor feeder breakers are tripped.  The

standby cenerator breaker will be closed and essential loads will be
sequentially started. The second standby gdnerator will be running at

rated speed : nd be available as a 100% spare unit. Direct-current aux-

iliaries and r:··,interruptible a-c equipment will continue to operate from

the two station battery systems.

13.3.3.  Tests and Inspections

Normal central station practice includes a program of

regular inspection and functional tests of equipment and protection de-

vices; adherence to a program of this kind will ensure the operability

of the auxiliary distribution system components. Routine testing of

emergency transfers to the various emergency power sources will prove

the operability of the systems involved. The inverters, battery char-

gers, and emergency lighting facilities will be tested periodically.

Detectors in the ungrounded d-c system will indicate a

ground on either side, even though a ground on one side will not cause

equipment malfunction. Logical isolation of the individual circuits con-

nected to the faulted system will locate a ground, using necessary pre-

cautions to maintain the integrity of the vital bus supplies.
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14. SAFETY SYSTEM

14.1. Introduction

This section is an orderly discussion of the safety characteris-

tics of the 1000-MWe reference design LMFBR. The problems were

approached by defining a series of safety criteria to be applied to the
plant. The general design criteria in Appendix 14-A were prepared by
upgrading the present-day water reactor general design criteria to cover

the special features of an LMFBR. The resulting criteria were then up-

graded to the anticipated 1980 state of the art.  Many of the design re-

quirements were applied in the developing the other reactor systems de-
scribed in other sections of this report; for example, the emergency core

cooling mechanisms are described along with their design bases in the

auxiliary system description, section 8. However, to make the assess-

ment complete, a list of the specific criteria or principal design criteria

to which the reference concept was designed is given for each general

design criterion listed in Appendix 14-A. This shows how the reference

design meets the general design criteria.

A fault tree was developed to aid in understanding the credible
accidents and their effects on other systems and equipment in the plant.

The various events have not been analyzed to determine the consequences

of each path on the diagram, but the frequency with which operator error

occurs as an initiating event should be noted. As developed, the fault

tree must be considered to be a preliminary first effort.  Many of the

events should be developed and extended to incorporate rnore detailed

paths.

There are many ways to arrive at the safety aspects of a given

nuclear power plant. One could make several iterations in the plant de-

sign, thus incorporating safety features that provide the desired de gree

of protection with a minimurn capitol investment. Obviously, this was

not possible during this follow-on study. Another approach would be to
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incorporate a high degree of conservatism into the protection system

design and then demonstrate that protection is adequate. The latter

approach was used in many instances in the reference design plant.  A

large number of analytical safety analyses were performed to evaluate

the dynamic response of the reactor and the protection system to credible
accidents and to selected reactivity insertions. The reactivity insertion

studies were made for cases that were above and beyond those that are

possible for the reference design, in order to demonstrate that the core

protection system is adequate to maintain core integrity during any cred-

ible accident and that the core protection system prevents propagation of
the local failure (for those cases where local failure of the core cannot

be avoided, such as a blocked subassembly).
In several cases the analyses have been extended to investigate

very serious accidents that are deemed to be hypothetical because of the

improbable sequence of events leading to their initiation. These hypo-
thetical accidents, however dictate the functional requirements for the

engineered safety features that are incorporated to protect the public and
the plant personnel.  It is not intended that the protection system should
provide protection for the core in this type of accident.

14. 2. Principal Design Criteria

This section describes the principal design criteria that reflect

the design intent for the 1000-MWe reference design plant in con  lera-
tion of and addressed to the general design criteria for the LMF}.\.c

using 1980 technology. The general design criteria are  .ree .iteo in

Appendix 14-A. The principal safety features that satisfy the sections

of the criteria are summarized herein by stating the particular general
criterion and answering it with the applicable principal design criterion.

14.2. 1. Overall Plant Requirements

14.2.1. 1. Quality Standards

"Those systems and components of reactor
facilities which are essential to the prevention of accidents that could
affect the public health and safety or to the mitigration of their conse-
quences shall. be identified and then designed, fabricated, and erected
to quality standards that reflect the importance of the safety function to
be performed. Generally recognized codes or standards on design,
materials, fabrication, and inspection shall be used. "
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Answer

1. Essential Systems and Components - The integrity of systems,

structures, and components essential to the prevention of accidents or to

the mitigation of their consequences has been included in the system de-

scriptions. These systems, structures, and components are as follows:

a. Fuel subassemblies.
b. Reactor vessel internals.
c. Reactor coolant systern.·
d. Reactor instrumentatioh, controls·, and

protection systems.
e. Engineered safety features.
f. Radioactive materials handling system.
g. Reactor vessel.
h. Reactor biological shield.
i. Reactor building.
j. Electric power sources.

14. 2. 1. 2. Perforrnance Standards

"Those systerns and cornponents of reac-
tor facilities which are essential to the prevention of accidents that could
affect the public health and safety or to mitigation of their consequences
shall be designed, fabricated, and erected to performance standards that

will enable the facility to withstand, without loss of the capability to pro-
tect the public over the plant life, those forces thatmight be imposed by
natural phenomena  such as earthquakes, tornadoes, flooding conditions,

winds, ice, and other local site effects. The design bases soestablished

shall reflect (1) appropriate consideration of the most severe combina-

tion of these natural phenomena that have been recorded for the site and

the surrounding area and (2) an appropriate margin for withstanding
forces greater than those recorded to allow for uncertainties in the his

torical data and their suitability as a basis for design. "

Answer

The essential systems and components

listed under quality standards will be designed to performance standards

that will enable the facility to withstand, without loss of the capability to

protect the public, the additional forces that might be imposdd by natural

phenomena. The design bases for natural phenornena are listed below:

1.  Seismology - The proposed reactor structure will utilize the

Bassfield limestone strata as the foundation.  This rock has good strength

properties and will produce no amplification of ground motion from an

earthquake.  This area is not seismically active; however, the effects of

earthquakes from distant sources will be experienced at the  site.    The
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design basis earthquake has twice the acceleration of the operational
earthquake,  i. e.,  0.2 g horizontal acting simultaneously with 0.15 g
vertical.

Seismograph equipment is provided for this site, and at re-
cording levels of 0.10 g horizontal the plant will be  shut down automati-

cally, giving an additional factor of 0.10 g for a safe shutdown before
the plant design requirements are exceeded.

2. General Building - All site buildings have been designed for
the most severe combinations of wind velocities of 100 mph (with shape
factor - 25 lb/ftz) and snow loads of 30 lb /ftz. The ground floor level is
located not less than 6 feet above maximum river level; thus, flooding
should not occur. In addition, areas that contain sodium have fire-re-
sistant walls, which also act as flooding barriers.

3. Reactor Building and Control Room - These structures have

been designed to withstand the effects of tornadoes having wind velocities

of 300 mph (with appropriate shape factors) and external missiles con-

sistin'g of wooden poles 12 feet long moving at 300 mph.

4.  Ice Conditions - The plant contains equipment in the form of
bypass pipes and valves to prevent possible loss of cooling water by icing
during adverse winter conditions.

14.2.1.3. Fire Protection

"The reactor facility shall be designed
(1) to minimize the probability of events such as fires and explosions
and (2) to minimize the potential effects of such events on safety.  Non-
combustible and fire-resistant materials shall be used wherever prac-
tical throughout the facility, particularly in areas containing critical
portions  of the facility,  such as the containment, control room,  and
components of engineered safety features.

"The design and arrangement of plant
equiprnent containing metallic sodium shall be such that equipment
failure and the possible subsequent sodium fire will not propagate addi-
tional failures that would further endanger the plant. "

Answer

1.  The reactor facility is designed to minimize the probability
of fires and explosions and to minimize the potential effects of such
events to safety.
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2.  The use of flammable materials in instrumentation and con-

trols  and  in the control  room is minimized  as a general practice  unde r

the reference standards and codes; however, some flammable materials,
such as paper charts, will be used.

3.  The reactor support system is designed to minirnize the

probability of such events as fires and explosions. An inert-gas en-

vironment will be maintained in all areas where sodium is present.

Noncombustible or fire-resistant materials are used throughout the

system.

14. 2. 1.4. Shared Systems

"Reactor facilities shall not share systems
or components unless it is shown that safety is not impaired by the shar-
ing. "

Answer

Not applicable to the single-facility, 1000-

MWe LMFBR reference design.

14. 2. 1. 5. Redundancy

"If the reactor facility has redundant sys-
tems,  such as multiple primary coolant loops,  then the systems may be
considered independent if it can be demonstrated that the independence
is not compromised in an unusual transient situation.

"Multiple failures resulting from a single
: event shall be treated as a single failure. "

Answer

The three coolant systems, located between

the  reactor  and the turbine inlets, are independent,  and a failure  in one
does not precipitate a failure in another. No credit is taken for this in

the design, since these systems are not necessary for decay heat re-

moval. The redundancy of the engineered safety features is covered in

the appropriate descriptions.

14.2.2. Protection by Multiple Fission Product
Barriers

14. 2. 2. 1. Reactor Core

"The reactor core shall be designed to
function throughout its design lifetime without exceeding acceptable fuel
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and cladding damage limits.  The core design, together with reliable
process and decay heat removal systems, shall provide for this capa-
bility under all expected conditions of normal operation; appropriate
margins will be allowed for uncertainties and for transient situations
that can be anticipated, including the effects of the loss of power to
circulation pumps, tripping out of a turbine-generator set, isolation of
the reactor from its primary heat sink, and loss of all off-site power.
(The transient situation shall be assumed to involve complete loss un-
less redundancy can be demonstrated. )  The core shall be designed toreduce to a very low level the probability of fuel subassembly blockage
by regular shaped objects, i.e. , by flat plates, or by segments of con-
ically shaped objects.

"The prompt power coefficient shall be
negative under all credible circumstances. Local power coefficients
shall be such that the reactivity control system will be capable of en-suring the stability of the power distributions under all credible situa-
tions.

"The core design, together with reliable
controls, shall ensure that power transients and/or oscillations that
could cause fuel damage in excess of acceptable limits are not possible.

"The core shall be designed so that, in the
event of sodium loss from the most reactive fuel element, the result is
a reactivity insertion of less than one dollar.. "

Answer

1.  The core was designed to limit the maximum cladding surface

temperature to 1300 F in the hot channel at a sustained 103% of rated
power to reduce the probability of cladding failure and to minimize chem-
ical reactions between cladding, fuel, and coolant.

2.  The subassembly sodium velocity was limited to 40 fps to
guard against excessive corrosion and erosion.

3.  The fission gases were vented to the coolant to limit the in-
ternal gas pressure buildup with lifetime.

4.  The fuel temperature in the hot channel was limited to the

melting temperature at 111% of rated power corresponding to the scram

trip point.

5.   The 85% theoretical density particulate fuel was chosen to
reduce cladding stresses through (1) a more uniform circumferential
stress distribution, (2) a mobile peripheril outer rim for accommoda-
tion of swelling,  and  (3) the elimination  of the ridging effects found  in
pelleted fuel.
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6.    The  decay heat  of the  fuel  will be removed through  one  of the
two decay heat removal systems. The decay heat cooling systems con-

tain NaK as a heat transport medium between the reactor vessel and the

atmosphere. The electromagnetic pumps and air circulators for the

cooling coils operate from the guaranteed but interruptible emergency

power supply.

7.  The reactor primary circulators contain sufficient inertia

(angular momentum) in the driver and eddy-current coupling to prevent

darnage to the fuel if power to the prime drivers is lost. Each primary

pump eddy-current coupling and pony motor obtains its power from the

guaranteed noninterruptible emergency power supply.

8.  The reactor core is designed so that the Doppler coefficient

is the dominant power coefficient overriding the positive sodium tem-

perature (negative sodium density) coefficient. The therrnal expansion
coefficients are also negative, adding to the magnitude of the negative

power coefficient. The ridged design of the subassemblies, using
twisted ribbons as spacers, elirninates fuel pin bowing as a possible

positive therrnal input, since the spacers provide frequent support

points for the pin along its length.

9.  The reactivity insertion from the most reactive subassembly

voiding is about 64. The subassembly can is designed for normal op-

erating pressure differentials as severe as those expected from any void-

ing accident in which the sodium temperature does not exceed 2000 F.

10. The plant control system is designed to regulate the plant

operation in a manual or automatic mode of control in order to follow

the electrical demand of the load. The integrator-type control loops

provide stable operation during normal power transients.

11. The nuclear instrumentation system, the protection systern,

and the reactor control system ensure that power transients in excess

of acceptable limits have an exceedingly small probability of occurrence.

12. The large neutron migration area and the high leakage from
the core results in a stable fundamental power mode.  Thus, the local
power coefficients prevent power oscillations. The incore nuclear in-
strumentation and the exit therrnocouples provide the necessary control
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to account for long-term local reactivity changes and rod-produced power

shi ft s.

13. The reference design uses a special inlet nozzle which pro-

jects below the bottom grid plate and has an irregular "castle-type"

design to prevent complete subassembly blockage by regular shaped

objects, i. e., by flat plates, or by segments of conically shaped objects.

14.2.2.2. Reactor and Intermediate Coolant
Boundaries

"The coolant boundaries shall be designed
and constructed so that they have a very low probability of gross rupture
or significant uncontrolled leakage through the  de sign lifetirne  of the  re-
actor.

"The design shall provide for the detection
of leakage from the reactor and intermediate coolant boundaries. 11

Answer

1.  The reactor vessel system is designed to withstand the de-

sign temperature and pressure of 925 F and 30 psig.

2.  The selection of the design pressure will include comprehen-
sive consideration of hydrodynamic shock and excess pressure potential
from external sources, such as from failure of pressure regulating or

relieving devices.

3. Pressure barriers within the reactor vessel will be designed

to withstand the maximum possible pressure and temperature differentials

across the barrier.
4.  The design stress of each structural part will be selected with

due regard for the thermal or mechanical shock, coolant mixing effective-

ness, and irradiation damage.

5.  The reactor vessel system is designed to give a high degree

of integrity, being of regular shape and containing no blisters or inden-

tations.

6.  The reactor vessel will be designed and fabricated in accor-

dance with ·the requirements of Section III, Nuclear Vessels, ASME

Boiler Code, and supplemented by special requirements of creep, liquid

metal thermal shock, sodium corrosion, and mass transpqrt.
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7.  The reactor vessel is surrounded by a gas space; tlie volume

of this gas space is such that, inthe unlikely event of gross rupture, the

sodium level in the reactor vessel will remain high enough to cover the

core, the primary pumps, and the emergency core cooling system heat

exchangers.  The gas space is hermetically sealed from the remainder

of the plant and is instrumented with leak detection equipment that will

initiate a reactor rundown if sodium is released to the gas space.

8.  The intermediate heat exchangers (IHXs) and the steam gen-

erators are designed to reduce thermal gradients across tube sheets.

9.  The intermediate coolant systems operate at a higher pres-
sure than that of the primary system; hence, sodium leakage will be
from the interrnediate system into the primary system. Level instru-

mentation in the major components of the interrnediate system,  as well

as that in the reactor vessel, is used to detect gross leakage of the

IHXs. If leakage is in the .opposite direction,  it will be detected by

gamma instrumentation monitoring each intermediate loop. If leakage

is  detected,  then the reactor  will be scrammed  and the isolation valve s

in the leaking intermediate loop will be closed.

14. 2. 2. 3. Containment

"Containment shall be provided for all
' radioactive materials  and for plutonium in sufficient quantitie s  to com -

promise the health and safety of the public. Containment structures
shall be designed to sustain the initial effects of gross equipment fail-
ures without the loss of their required integrity, and, together with
such other engineered safety features as may be necessary, to retain

(for as long as the situation requires) the functional capability to pro-
te ct the public.  It

Answer

The containment system (the biological

shield and the reactor cover structure, which act as an energy and so-

dium barrier,  and the reactor building, which acts as a fission product

barrier) are designed to protect the public in the unlikely event of a de-

sign basis accident.
The biological shield and the reactor cover

structure are designed to withstand an accident causing an internal pres-

sure buildup of 100 psig. These same structures are designed to prevent

14-9



the formation of missiles in the reactor building and to prevent those
formed inside the vessel from reaching the reactor building.

The reactor building is designed to protect
the public and the plant personnel from leakage of radioactive material

and to provide shielding against direct radiation.  (See the system de-

scription in section 1, Land, Structures, and Conventional Systerns. )
The fuel transfer machine is designed to

meet the requirements of the cover structure; it forms part of that
structure when it is attached for fuel transfer into and out of the reac-

tor vessel.  When the access plug is out, the interior surface forms a
continuation of the cover structure in contact with the argon cover  gas.

14. 2.3. Nuclear and Radiation Controls

14.2.3. 1. Control Roorn

"The facility shall have a control room
from which actions to maintain the safe operational status of the plant
can be controlled. Adequate radiation protection shall be provided to
permit access, even under accident conditions,  to the equipment in the
control room or other areas as necessary to shut down and maintain
safe control of the facility without exposing personnel to radiation in
excess of 10 CFR 20 limits. Adequate physical protection shall be pro-
vided to permit access, even under accident conditions, to equipment
in the control room or other areas as necessary to shut down and rnain-
tain safe control of the facility. This physical protection shall be pro-
vided against plant missiles and natural phenomena such as earthquakes,
tornadoes, flooding conditions, wind, ice, and other local site effects.

1l

The design bases shall reflect (1) appropriate consideration of the most
severe combination of these natural phenomena that have been recorded
for the site and the surrounding area and (2) an appropriate margin for
withstanding forces greater than those recorded to allow for uncertain-
ties in the historical data and their suitability as a basis for design. "

Answer

1. Following proven power station design philosophy, all con-
trol stations, switches, controllers, and indicators necessary to start

up, operate and shut down the nuclear unit will be located in one control

room. Control functions necessary to maintain safe conditions, even

after a design basis accident, will be initiated from this central control

room.

2. Safe occupancy of the control room during abnormal conditions

will be provided for in its design. Adequate shielding will be used to
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maintain tolerable radiation levels in the control room for any accident

up to and including the design basis accident. The control room ventila-

tion  system will include radiation detectors and appropriate alarms.

Provisions will be made for control room air to be recirculated, with

a minimum of makeup, through high-efficiency and charcoal filters.

Ernergency lighting will be provided.

3.  For personnel physical protection required for the control

room structure, refer to section 14.2.1.2.

14.2.3.2. Instrumentation and Controls

"Instrumentation and controls shall be pro-
vided as required to monitor and maintain variables within the prescribed
operating ranges. The design shall provide for monitoring and maintain-
ing'control over the fission process throughout core life and for monitor-
ing all conditions that can reasonably be anticipated to cause variations
in the reactivity of the core.

"Core protection systems, together with
associated equipment, shall act autorn atically to prevent  or to suppress
conditions that could result in exceeding the acceptable fuel damage  lim -
its. The protection action shall go to completion.

"Protection systcrns shall bc provided for
monitoring the containment atmosphere, the facility effluent discharge
paths,  and the facility environs for radioactivity that could be released
from normal operations, from anticipated transients,  or from accident
c onditions.  "

Answer

1.  The control system maintains the following variables at pre-

scribed levels: reactor flux, turbine throttle steam pressure and tem.-

perature, reheat steam temperature, reactor inlet and outlet tempera-

tures, reactor coolant  flow,   IHX inte rmediate loop inlet and outlet  tem-

peratures,   and inte rmediate coolant  flow.

2.  The protection system provides automatic reactor shutdown

for the following conditions: high neutron flux, high or low neutron

flux rate of change, high power-to-core flow ratio, high core outlet

coolant temperature,  high rate of increase of the outlet coolant ternper-

ature  from two adjacent subassemblies,  loss of intermediate sodium

flow, sodium-water reaction, loss of feedwater flow, loss of heat sink,

earthquake,  high rate of increase of one fuel assembly outlet coolant

temperature in conjunction with mediurri rate of increase in an adjacent
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assembly, and sodium in the interspace around the reactor vessel.  In

addition, excessive core flux tilt will cause an automatic rundown to 95%
of full power. Once initiated, these actions go to completion.  The op-
erator can also manually initiate scrams, rundown,s,  and fast setbacks.

3.  The protection system also acts to limit radioactivity dis-

charged from the reactor containment. Except for core heat removal

paths, the containment is autorn atically isolated  if high containment

atmosphere discharge radioactivity or very high cover gas pressure is
detected. The stack discharge path is automatically closed if discharge

activity is excessive. The protection system automatically starts the

emergency cooling system upon detection of high primary sodium tem-

perature in the reactor vessel.  The pony motors take over the load of
the maih pump motors when these motors fail.

Many other measured parameters can initiate alarms that

require operator attention. These include radiation level measurements
at numerous points inside and outside of the containment, including nor-
mal effluent discharge paths.

14.2.4. Reliability and Testability of Protection
Systerns

"Protection systems shall be designed  for  high  func -
tional reliability and in-service testability commensurate with the safety
functions to be performed. "

Answer

1.  Redundancy and independence designed into the protection

system are sufficient to ensure that no single failure,  or a multiple
failure resulting from a single event,  or the removal from service  of

any  cornponent or channel, will result  in  the  loss  of a protection  func -
tion. The redundancy provided includes as a minimum two channels of
protection for each protection function. Different principles are used
where necessary to achieve true independence of redundant components.

2.  The protection system is separated from control instrument-

ation systems to the extent that the failure or rernoval from service of
any control instrumentation component or channel, or of any single corn-

ponent or channel common to control and protection, leaves intact a sys-
tem that satisfies all protection requirements.
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3.  The effects of adverse conditions to which redundant channels

or components might be exposed in common, either under normal condi-

tions or those of an accident, will not result in loss of the protection
function.

4.  In the event that all normal power is lost, sufficient alternate

sources of power are provided for the required functioning of the pro-
tection system.

5.  Means will be provided for testing the protection system
while the reactor is in operation to demonstrate that no failure or loss

of redundancy has occurred.

6.  The protection system and its individual channels will be de-
signed to fail into a safe state,  or into a state established as tolerable

on a defined basis, if such conditions as disconnection, loss of energy,
or adverse environments are experienced.

14.2.5. Reactivity Control

"The reactivity control system shall be capable of sus-
taining any single malfunction, such as the unplanned continuous with-
drawal of a control rod, without causing a reactivity transient that could
result in exceeding acceptable fuel damage lirnits.

"Limits, which include considerable margin, shall be
placed on the maximum reactivity worth of control rods or elements and
on the rates at which reactivity can be increased.  This will ensure that
the potential effects of a sudden or large change of reactivity cannot dis-
rupt the core, its support structures, or other vessel internals enough
to impair the effectiveness of emergency core cooling. "

Answer

1.  No single malfunction will impair the shutdown capability of
the reactivity control system.

2.  Loss of power will produce a scram.

3.  The transient produced by such control rod withdrawal at the

maximum rate will not result in core darnage.

4.  The maximum worth of a single rod is less than $1.00; hence,

no single rod action can lead to a prompt critical condition.
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5. Control logic will prevent the use of more than two groups
of three rods under automatic control. If all six rods are withdrawn at

the maximum rate, the resulting transient will not produce core damage.

6.  Rod ejections during shutdown are not possible, since hy-
draulic pressures in the control rod guide tubes are not capable of lift-
ing the  rods.

7. Sufficient excess control is provided to ensure reactor shut-
down with one control rod stuck out of the core.

14.2.6. Reactor Coolant Boundary

"The reactor coolant boundary shall be designed tominimize the probability of rapidly propagating failures. Consideration
shall be given (1) to the state of material stress under static and tran-
sient loadings,  (2) to the quality control specified for materials and com-
ponent fabrication to limit flaw sizes, and (3) to the provisions for the
control of service temperature and irradiation effects that may require
operational restrictions.

"The reactor coolant systern shall be designed to per-
mit access to critical areas of the reactor coolant boundary for inspec-tion, testing, and surveillance by appropriate means to assess the struc-
tural and leak-tight integrity of the boundary components during their
service lifetime. "

Answer

1.  Many of the principal criteria associated with this general
criterion are given in section 14.2.2.

2.  The reactor vessel, which forms the coolant boundary, is of
regular geometric configuration and has no blisters, penetrations, at-
tachments, or stress risers located in the areas normally wetted by the
reactor coolant.

3.  The pressure in the secondary circuit of the IHX is higher
than that of the low-pressure primary coolant, but, since this secon-

dary system is also a low-pressure system, failure of any IHX tube will
not propagate failure to other tubes.

4.  The main heat transport temperatures, temperature differ-

ences, and flows will be controlled to minimize thermal stress in the
heat transport systems, components, and reactor core.

5.  The hot leg temperature differences in the IHXs, steam gen-
erators, and reheater will never exceed 100% of load operating conditions.
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6.  The cold leg temperature difference in the IHX and steam gen-

erator is maintained constant, whereas the cold leg temperature differ-

ence in the reheater increases as load decreases.

7.    The  annular gas space between the reactor vessel and the

concrete liner is available for inspection of the reactor vessel by ap-

propriate instruments (should it be considered necessary), since no

insulation is used on the reactor vessel. Should it also be considered

necessary, .the developrnent of non-destructive testing methods (which

may include remote visual inspection for sodium penetration in steel,
and cracks in steel) should be completed by the 1980's.

14.2.7. Engineered Safety Features

14.2.7.1. General

"The facility shall have engineered safety
features to back up the safety features built into the core design, the re-
actor coolant boundary, and their protection systems.   As a minimum,
such engineered safety features shall be designed to cope with any acci-
dent up to and including the design basis accident.

"All engineered safety features shall pro-
vide high functional reliability and ready testability. In determining the
suitability of a facility, the degree of reliance upon and acceptance of
the inherent and engineered safety afforded by the systems, including
engineered safety features,  will be influenced by the known and demon-
strated performance capability and reliability of the systems,  and by
the extent to which the operability of such systems can be tested and
inspected (where appropriate) during the  life  of the plant.

"An alternate power system shall be pro-
vided with adequate independency, redundancy, capacity, and testability
to permit the required functioning of the engineered safety features as-
suming that a single component in the system fails.

"The engineered safety features shall be
protected against thermal effects, dynamic effects, and missiles that
might result from plant equipment failures. Engineered features,  such
as emergency core cooling and containment heat removal systems, shall
provide sufficient performance capability to accommodate the partial loss
of installed capacity and still fulfill the required safety function.  As a
minimum, the engineered safety features shall provide this required
safety function assuming the failure  of a single component,  such as  a
pump,  valve,  or the  like.

"The engineered safety features shall be
designed to avoid any action that might accentuate the adverse after-
effects of an accident.

"The performance of the engineered safety
features and the condition of the reactor shall be monitored by instru-
mentation during the course of and after an accident. "
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Answer

The reactor is designed to protect the core

during credible accidents and to ensure that the core is usable after the

accident. In those cases in which the initial detectable event is localized

fuel failure, the design features and the core protection system must be

de signed to maintain the local nature  of the fuel failure.

It is not intended that the protection sys-
tem should maintain the operable nature of the plant following an acci-
dent or malfunction of the plant and two or more malfunctions in the

protection system or the engineered safety features. However, in such
an event, it will be necessary to provide for the safety of the operators
and the public by incorporating additional engineered safety features in

the forrn of energy barriers and radioactive material barriers.
Two types of emergency power systems

are provided with two systems in each. The guaranteed non-interrupt-
ible power supply will provide power to those systems and components
of the protection systems and to those engineered safety features whose
operation must be maintained on a continuous basis. For those systems

and components for which continuous operation is not necessary, a guar-
anteed but interruptible emergency power source is provided.  The guar-
anteed non-interruptible power supply is battery-backed. The guaranteed
but interruptible power supply is backed by two diesel-driven generators.

Two emergency core cooling systems are

provided; they are described in section 14.2.7.2.

The assurance of instrument power for
monitoring both the reactor and the engineered safety features is given
in the answer to the "Reliability and Testability of Protection" criterion

in section 14. 2.4. In general, the detectors will be located external to

the reactor vessel system and will be structurally protected.  This in-
cludes nuclear instrument detectors and non-nuclear detectors to moni-

tor the cooling systern's performance. Since numerous detectors are
provided to monitor the primary coolant, it is felt that at least a few will

survive.    (Hot leg monitors include 288 subassembly outlet thermocouples,
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several core outlet plenum monitors, and inlet monitors to all six IHXs.

The  cold leg monitors include three  in the core vessel (core inlet plenum),

several monitors at all outlets of all six IHXs, and several distributed

throughout the reactor vessel). Nuclear instrumentation is provided for
monitoring all effluent paths to the environment and in the reactor build-

ing.

14. 2.7. 2. Emergency Core Cooling Systems

"The emergency core cooling systems re-
move decay heat from the reactor core after an accident that results in
the loss of the normal heat removal path.  Loss of the normal heat re -
moval path may occur by either loss of the heat sink or loss of access
to  the   he at   s ink.

"At least two heat rernoval mechanisrns,
preferably of different design principles and each capable of accom·plish-
ing emergency core cooling, shall be provided.  The heat removal rnech-
anisms and the core shall be designed to prevent damage to the fuel and
cladding that would interfere with the emergency core cooling function.

"The heat removal mechanisms shall be
capable of fulfilling their functions in any situation wherein the normal
path of heat remova.1 is compromised.

"The heat removal mechanisms shall share
neither active cornponents nor other features or components unless it can
be demonstrated that (1) it can be readily ascertained during reactor op-
eration that the shared feature or component is capable of perforrning
its required function, (2) failure of the shared feature or component will
not initiate a design basis accident, and (3) the ability of the shared fea-
ture or component to perform its required function is not impaired by the
same effects of the design basis accident and is not lost during the entire

period during which this function is required following the accident.

"Wherever possible, the design shall pro-
vide for physical inspection of all critical parts of the heat removal
mechanisms, including those parts within the reactor vessel.   Any ex-
ception shall be justified.

"The design shall provide for periodic test-
ing of the delivery capability of the heat removal mechanisms at a loca-
tion as close to the core as is practical.

"Provisions shall be included for testing,
under conditions as close as practical to design conditions,  the full op-
erational sequence that would bring the emergency heat removal mech-
anisrns into action, including the transfer to alternate power sources. "

Answer

1.  The emergency core cooling system consists of two indepen-
dent and identical sodium-to-NaK-to-air loops.  Each loop contains one
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sodium-to-NaK heat exchanger in the pot, coils containing NaK embedded
in the biological shield, three half-capacity electromagnetic pumps,  one
NaK-to-air heat exchanger, four full-capacity fans and drivers, one NaK
storage tank, and the appropriate instrumentation and connecting piping.

2.  Each loop is capable of removing 50 MWt power from the cold
leg of the reactor coolant system under design conditions. Both loops
depend on the primary pump pony motors, which operate in the reactor
coolant system, to remove the decay heat from the core. These motors
are connected to the guaranteed non-interruptible buses. The power to
operate the emergency core cooling system comes from the guaranteed
but interruptible buses, which in turn are connected to the two 3000-kW

standby diesel generators.

3.  The system is designed so that one of the two available loops
will corne on the line when the core inlet temperature reaches 850 F.
The design is conservative in that operation of the loops could be de-
layed for approximately 2 hours, and the average temperature of the
reactor coolant system would only be 1200 F.  At that time, each loop
would be capable of removing considerably more than 2% since the log-
arithmic mean temperature difference (LMTD) for the heat exchangers
would have increased. However, at this time (2 hours after shutdown)
the heat generation rate would have dropped to approximately 14 MWt.

4.  The system is designed to permit periodic operation of the

system without interrupting the normal operation of the plant.  Each

loop is standing by hot and isothermal. Heat losses in the piping and
components will cause a certain amount of natural circulation, which

is desirable. Upon actuation of the system,  the air darn pers in the
NaK-to-air heat exchangers will open as the fan motors are energized.
Simultaneously,  two of the three EM pumps  will come  on the  line.

5. During standby conditions, the effectiveness of the NaK-to-

sodium heat exchangers, which are located in the reactor vessel, can
be tested by operation as explained above.

6.  A level detector in the NaK surge tank provides leak detection             

from this system to the primary system.  This is backed up by chemical
analysis of the reactor coolant. Leakage of primary sodiurn from the
primary system into the NaK will be detected by radiation detectors.
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7.  In the event that the primary system temperature reaches

300 F, the emergency core cooling system becomes a heating system

by automatically firing propane heaters in the NaK-to-air cooler sec-          -

tion.

8.  Except for components located inside the reactor vessel in

the primary sodium, in the biological shields, and in penetrations of

shields, all components are available for visual inspection periodically.

14.2.7.3. Containment

Reactor Building

"The function of the reactor building is to
contain, without failure,  all of the material and energy released by an
accident up to and including the design basis accident. The reactor

building shall be designed to provide sufficient biological shielding and
retention of radioactive materials and plutoniurn to meet the require-
rnents of 10 CFR 100.

"The reactor building, including its access
openings and penetrations and any necessary heat removal systems, shall
be designed to accommodate any energy release, pressures, and temper-
atures that result from any accident (up to and including the design basis
accident) without exceeding the leakage limits for radioactive material
and plutonium; this provision includes a considerable rnargin for the ef-
fects that could occur as a consequence of failure of the emergency core
cooling system.

"The reactor design shall provide sufficient
inert barriers around all liquid sodium systems within the reactor build-
ing to ensure that a sodiurn fire resulting from any accident (up to and
including the design basis accident) shall not produce temperatures  and /
or pressures in excess of the reactor building design limits.

"The principal load-carrying components
of ferritic materials exposed to the external environment shall be se-
lected so that their temperatures, under normal operating and testing
conditions,  are not less than 30 F above the nil ductility transition  (NDT)
temperature.

"Penetrations that require closure for the
containrnent function shall be protected by redundant valving and associ-

ated apparatus.

"Where active heat removal systems would
be needed under accident conditions to prevent the containment pressure
and temperature from exceeding the design pressure and temperature,
at least two systerns, preferably of different principles and each with full
capacity, shall be provided.

"Water, or equipment containing water  or
other hydrogen compounds shall be excluded from the reactor building,
unless it can be demonstrated that the rnaterial can neither (1) endanger
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the integrity of the reactor building if it reacts chemically with sodium,
nor (2) result in a significant reactivity insertion.

"The reactor building design shall providefor integrated leakage rate testing at design pressure after erection and
installation of all penetrations is complete. The leakage rate shall be
measured over a sufficient period of time to verify its conformance with
required performance. The design shall provide for the testing of pene-trations having resilient seals or expansion bellows and for the demon-
stration of leak-tightness at design pressure at any time. The designshall provide for the testing of the functional operability of valves and
associated apparatus essential to the containment function to establish
that no failure has occurred and to determine that valve leakage does
not exceed acceptable limits.

"The design shall provide for the testingof the functional operability of personnel locks and equipment locks or
passageways with valves and associated apparatus essential to the con-
tainment function to establish that no failure has occurred and to deter-
mine that the leakage does not exceed acceptable limits. "

Answer

1.  The design requirements of the building are 10 psig and 200
F.  All damaging effects that are capable of causing damage to structural
components, such as shock waves, sodium harnmer, and internal pres-
sure and temperature e ffects,  will not propagate beyond the primary so-
dium retention barrier.                                                      -

2.  All liquid metal lines within the reactor building are doubly
contained with leak-detection instrumentation in the inerted interspace.

3.  The reactor vessel and the cover structure are designed to
prevent sodium release into the air space above the charge face floor at

any tirne.

4.  In the event that all heat transfer equipment inside the reactor
vessel becomes inoperative, the gas interspace between the reactor ves-
sel and the lined biological shield, will be filled with intermediate sys-
tem sodium. The decay heat generated in the reactor core will then be
removed from the reactor vessel by cooling coils which are located on
the interface of the reactor pit liner and the biological shield.  Two
separate systems of coils carrying NaK and circumscribing the reactor

pit liner are connected to the emergency core cooling system NaK loops
described above.  Each set of coils is capable of removing all of the de-
cay heat generated in the reactor. Approximately one hour will be
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available to put this system into operation before excessive reactor cool-

ant temperatures are reached. Therefore, the mechanism whereby so-

dium is transferred to the interspace will be judiciously designed to pre-

vent inadvertent transfer.

5.  The top cover structure and the rotating shield plugs provide

sufficient shielding,  1 mR/hr, to have man-access on the operating floor

level during normal reactor conditions and during the refueling operation.

6.  The cover structure also provides the reflective and thermal

insulation necessary to prevent degradation of the shielding material and

to ensure a minimum operating floor level temperature of 100 F ambient.

The maximum temperature of the serpentine aggregate is 800 F.

7.    The reactor building will be subjected to an integrated leakage

rate test to measure the percent by weight of air that can leak out of the

reactor building in a day. The specified design leakage  of 0.10% or less

per day will be measured. The duration of the test will be a minimum of

24 hours.

8.  All electrical penetrations are of a double-barrier type and

are equipped for periodic leakage monitoring.

9.   The equipment door is of the double barrier type and is

equipped for periodic leakage monitoring.

10. The personnel air lock is also equipped for periodic leakage

rnonitoring.

11.  No principal ferritic rnaterial, load-carrying components are

exposed to the external environment, since the reactor building rnembrane

is located on the inside surface of the 4-foot containment shield. The

concrete shell also protects the liner from potential externally generated

missiles.

Auxiliary Containment

"The function of the auxiliary containments

is to prevent the undue release of fission products from equipment 10-
cated outside the reactor containment. "Undue release" is defined as

any release of radioactive nuclides to the environment that exceeds the

lim it s   of   1 0  C F R   2 0.

"The nature of the auxiliary containments

shall be determined by the physical form and the quantity of the contained
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radioactive material. For example, equipment that contains radioactive
liquids may be contained in cells or containers large enough to containall credible leakage. Penetrations of any auxiliary containment-for
example, drains or vents-shall be designed so that positive isolation
devices prohibit the unexpected release of any contained radioactive
material. The auxiliary containments shall be cooled as necessary toprevent their exceeding the design pressure and/or temperature. "

Answer

1.  All gaseous waste storage is rnaintained inside the contain-
ment except that required for the low-level, low-pressure storage, which
will be in a shielded compartment with double doors. This storage tank
will serve as a surge tank for the stack discharge and will be used during
adverse weather conditions.

2.  The liquid wastes are stored in tanks in shielded rooms large
enough to contain the entire volume  of the tanks.

3.  The solid wastes are stored in shielded rooms.

4.  The spent fuel shipping casks contain only one subassembly
per cask. The shipping cask is designed to sustain the worst accident
conditions of transport, as specified by federal shipping regulations,
10 CFR 71. This accident results in the following package design re-
quirements on the cask:

a. Double container construction. The inner container is
designed to contain primary sodium at a pressure of 300 psia and a tem-
perature of 2000 F.

b.   The shielding will be such that,-if rnelting occurs, the
molten shield material cannot escape from the cask or reduce the shield-
ing effectiveness below allowable levels.

c.  The secondary container is cooled by a nitrogen-to-air
heat exchanger.

d.  The criticality problem is elirninated through proper con-
trol of the physical geometry of the cask.

14.2.8. Fuel and Waste Storage System

"Criticality in new and spent fuel storage shall be pre-vented by physical systems or processes. Such means as geometrically
safe configurations will be emphasized over procedural controls.
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"Reliable heat rer:noval systems shall be designed to
prevent any damage to the fuel in the storage facilities that could result
in the release of radioactivity to plant operating areas or to public en-
virons.

"Shielding for radiation protection shall be provided in
the design of the spent fuel and waste storage facilities, as required to
meet the requirements of 10 CFR 20."

Answer

1.     Criticality  of fuel assemblies  in the spent fuel storage  drum s

is prevented by rnaintaining the assemblies in a critically safe geometric

configuration and by the presence of neutron-absorbing material in the

storage drum.

2.   New fuel is maintained in a critically safe, sealed container

until its insertion into the fuel transfer machine.

3.  The fuel storage drums are located in the reactor vessel at

an elevation that ensures that all assemblies are under sodium at all

times. Thus, cooling and shielding are provided for the stored assern-

blie s.

14.2.9. Plant Effluents

"The facility design shall provide for maintaining con-
trol over the plant radioactive effluents, whether gaseous, liquid, or
solid.     The appr opriate holdup capacity  will be provided for retaining
gaseous, liquid, or solid effluents, particularly where unfavorable en-
vironmental conditions can be expected to require operational limita-

tions upon the release of radioactive effluents to the environment.  In

all cases, the design for radioactivity control shall be justified (1) on
the basis of 10 CFR 20 guidelines for normal operations and for any
transient situation that might reasonably be anticipated, (2) on the basis
of 10 CFR 100 dose level guidelines for potential reactor accidents of
very low probability of occurrence, except that reduction of the recorn-
mended dose levels may be required where high population densities can
be affected by the radioactive effluents. An environrnental monitoring
prograrn shall be rnaintained to confirm that excessive effluent releases
have not occurred. "

Answer

1.  The radioactive waste system collects, segregates, pro-

cesses, and disposes of radioactive solids, liquids, and gases in such

a manner as to ensure cornpliance with 10 CFR 20 guidelines.

2.  Liquid and solid wastes are processed in a batch manner for

off-site disposal. Gaseous wastes released to the environment are
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monitored and discharged with suitable dilution to ensure tolerable ac-
tivity levels on the site and at the site boundary.

3.  The gaseous waste system stores the gas accumulated during
operation. The contents of the delay tanks is sampled, and a release
rate is established consistent with the prevailing environmental candi-
tions. In-line monitoring will provide a continuous check  on the release

of activity.

4. Permanently installed area detectors and the plant vent de-
tectors are used to monitor the discharge levels to the environment.
In addition, portable monitors are available on site for supplemental
surveys, if necessary.

5. Radiation detectors monitor the residual gases prior to their
discharge to the p].ant vents and the environment.

14.3. Fault Tree Analysis

A preliminary fault tree analysis diagram for the 1000-MWe

LMFBR reference concept was completed as part of the plant safety

analysis. The symbols used in the fault tree analysis are defined with
,,

the diagrarn on drawing A20512F. ' The fault tree, as drawn, defines
the fault combinations and sequences required for an abnormal release
of radioactive material to the environment. The ultimate objective of

any safety program is to ensure that there is no undue risk to the health

and safety of the public. No attempt has been made to establish the

most probable paths to an exposure  or a material release, since failure
rates and other data for most of the system components are unknown at

the  pre sent  time.
In all cases, at least two failures are required in the protection

system to permit any one malfunction to propagate through the system
and release radioactive material. At least two failures in the protection
system are also required to permit any one malfunction to propagate

through the system and cause core melting, in all cases except those in
which the malfunction is local core failure. No protection action prevents

-----

 B&W drawing A20512F is placed at the end of this section.
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local damage in the event of complete flow blockage to a given subassem-

bly.  However, the core design and the protection systems guard against

the  propagation  of a failure to adjacent subassemblie s,   and  thus  the y

maintain the local nature  of the failure. The various events have not

been analyzed to determine the consequences of each path on the diagram.

Operator error or malfunction as an initiating event is worth noting be-

cause of the frequency with which it occurs in the fault tree. The neces-

sity of preventing operator error is already accepted in the operating

procedures for nuclear power plants. It should be noted that the use of
direct digital computer control for the plant will reduce the operator er-

ror significantly, since the operator will be able to intervene at the

point where he can comprehend the control requirements. The accep-

tance of digital-computer-evaluated safety actions will permit the protec-

tion system to function more efficiently. The digital 6omputer can ab-

sorb more input data from plant detectors, assimilate it in a useful form,

and take appropriate protection actions.
In order to simplify the fault tree, an input is indicated by a tri-

angle, and an output is indicated by a square. The character of each of

these input-output functions is given in Table 14-1.

Table  14- 1. Input-Output Number Notation
for Fault Tree

1. Intermediate coolant to IHX abnormal.

2.  Abnormal core thermal conditions.

3. Subassembly cladding failure.

4.  Turbine trip.
5. Steam relief valve malfunction.

6.  Reheater tube failure.

7. Steam generator tube failure.

8. Dump valve malfunction.

9.  Power to flow scram.

10.   Primary pump coupling failure.

11. Abnormal subassembly thermal conditions.

12. Thermocouple scram failure.

13. Plug release.
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14.4. Reactor Parameters

The safety criteria presented in the introduction form the basis
for a series of reactor safety calculations, the primary purpose of which
was to evaluate the ability of the safety system to protect the core for
large, though credible, reactivity insertions.  Care has been taken to
ensure an adequate degree of conservatism in the analytical models for
these safety calculations; in some cases, the degree of conservatism

may be extreme because of uncertainties in some parameters. Contin-
ued effort in research and development should permit a reduction in the
conservatism by providing better correlations for the analytical analysis.

The geometry, composition, and physical characteristics of the

reference core will not be discussed here, since they are described in

great detail in the core system description (see section 4). The pertinent
reactivity parameters for the reference design are listed in Table 14-2.
These parameters are basically those required for the detailed analytical
model used in FORE-II, and any departure from these parameters will
be specifically noted in the subsequent discussions.

Table 14-2. Reactivity Coefficients and Other Parameters

Parameter Value

C OK\Core radial expansion
coefficient   <R 8.ji,) -0.532

1  6KICore axial expansion coefficient  H gi:i  -0.158

Doppler coefficient # 1*}, core full dense -0.00470

1 dKIDoppler coefficient   T Ei-T j· core void -0.00176

Coolant density coefficient  p
6.K\.
6pj

Axial Core and axial
section blankets voided

1 0.00067
2          -0.00174
3          -0.00736
4                     -0.00995
5                     -0.00736
6         -0.00174
7           0.00067

Total -0.02681

Linear expansion coefficient  --  ·- :1 . F-1 0.0000104
CL OT)

B                                               0.00364eff

2*, Bsec 0.290
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The techniques and assumptions used to calculate the coefficients

presented in Table 14-2 are described in detail in the core system de-

scription (Volume 2, section 4) with the exception of the coolant density

coefficient, p(6K/6p). The axial dependence of the coolant density coef-

ficient was determined by segmenting the reactor into seven axial nodes-

five for the core region and one for each axial blanket. The sectional

worths were determined from the section volume average of the axial

sodium point worth distribution as evaluated from perturbation theory.

The methods used to arrive at the coolant point worth distribution are

also presented in section 4. The agreement between the perturbation

theory and diffusion theory 6Kcalculation is quite good.

For the reactor excursion runs using the modified WEAK EXPLO-

SIONS code, it was assumed in the safety analysis calculations that the

radial power distribution and the radial fuel self-worth distribution could

be adequately described by a sixth-order polynomial of the following form:

y  =  al + a.2x + a.3XZ + a.4X3 + a.5X4 + a.6XS + a.7 X6

We can generate polynomials of this form, in fact, that closely approxi-

mate the actual distributions by using a weighted, least-squares-fitting

technique.1 For the reference design, the coefficients for the radial
' fuel self-worth distribution are given in Table 14-3.

Table 14-3. Constants for Self-Worth Distribution

Polynomial Fit

Constant, units Value

al' constant, OK/cm3 0.66244 X 10-8

az '  coefficient of r, 6K/cm4 -0.5 8 4 5 2   x    1 0-  10

a3 '  coefficient of rz, OK/cm5 0.42387 X 10-11

a4 '  coefficient of r3, OK/cm6 -0.11777 x 10-12

as' coefficient of r.1, OK/cm7 +0.14144 X 10-14

a6 ' coefficient of r5, 6K/cm8 -0.7 4 2 0 4   X    1 0-  17

a7 ' coefficient of r6, .6K/crng 0.13679 x 10-19
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14.-5. Credible Accident Analysis

The principal purpose of this section is to describe the dynamic
response of the reactor under accident conditions and to determine that

the core protection system and the overall reactor design are adequate

to maintain the basic core integrity. No attempt has been made to evalu-

ate operating incidents caused by minor equipment malfunctions or er-

rors in judgment, since such incidents are normally implicit in the reac-
tor design margins. The functional requirements  of the core protection

system are described, along with definitions of pertinent control param-
eters. It should be noted that the control parameters for the safety sys-
tem incorporate significant degrees of conservatism and in no way rep-
resent minimum functional requirements for the core protection system.

The FORE II computer code was used to evaluate the reactor

transient response to accident conditions. The input description is

based on the analytical model used in FORE II, even though this analyti-
cal model does not correspond in every respect to reality. Where dif-

ferences exist, the analytical model is conservative.

Three scram trips are available in the FORE II code: (1) power
level, (2) high core outlet temperature, and (3) high fuel temperature.

Other scrams which are produced in external systems must be included

in the reactivity driving function.  Only two of the internal scrams were

normally set, since there are no detectors available now for the fuel;
these were set at (1) a power level that exceeds  111% of full operating

power and (2) a coolant outlet temperature that exceeds 1200 F.  Cer-

tain departures have been made from this scram representation, and

they are specifically noted in the discussions that follow.

14. 5.1·. Reactivity Insertion Representation

The reactivity control system includes two types of
control rods-the safety rods (seven rods with a total worth of 0.015 6k)

are positioned with the bottom of the rod at the upper core axial blanket

interface at all times during operation.  Of the remaining 18 shim-regu-

lating rods,  9 are also normally out of the core during operation, since

their function is to provide the extra worth required if the core is voided.
The worth of this group is approximately 0.02 6k. The remaining rods

may be partially or fully inserted; hence, they might not contribute
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significantly to the scram reactivity. The reactivity control system is

described in detail in section 5, Volume 2.

The description of the negative reactivity insertion

following a reactor scram trip was simplified for the analytical studies

performed with FORE II .  The worth of the rods driven into the core

was taken to be 0.030 6k, which is somewhat conservative, since it does

not take into account all of the available rod worth. The insertion rate

was constant at 50 cm/sec, and the insertion was started after a 300

msec time delay between production of the scram trip condition and the

time the rod motion was started. This 300-msec time delay is derived
from two sources:  (1) 150 msec elapses from the production of a trip

condition until the magnetic coupling is broken and the brake applied,

and (2) 150 msec is allowed for the rod to accelerate to 50 cm/sec.  Up

to this point, the model has been highly conservative. The model used
a linear rod worth curve, however, which is not necessarily conserva-

tive.  Thus, it was necessary todetermine that the negative reactivity

insertion rate for the real scram was indeed more rapid than the model

used in the analysis. These rates are presented for cornparison in Fig-

ure 14-la. Itisclear that the model used isconservative. A c9mpari-

son is also made in Figure  14- 1b between the linear rod worth, which

was used in Figure  14- la as a function of position,  with that calculated

using both one-dimensional diffusion theory and perturbation theory.

14.5.2. Reactivity Insertion Analyses

Although the major emphasis in the safety analysis of

the reference design 1000-MWe LMFBR has been placed on evaluating

the results of real, foreseeable accidents, dome effort has been made

to predict the behavior of the reactor system for arbitrary transient con-

ditions. The conditions are termed arbitrary because they have not

been identified with specific initiating events. The study of system re-

sponse to these reactivity insertions is useful in defining acceptable con-

trol parameters for the safety system, since they can be used for sensi-
tivity-type analyses of various parameters. The study of the reactor

response was also useful in defining acceptable control parameters for

the safety system.  In a sense, these studies provide data on transient

conditions which can reasonably be assumed to represent an upper limit

for credible accidents, such as rod withdrawal, etc.
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Most of the parametric work done in this area was done
for the preliminary reference core without BeO. Since these results have
an important bearing on the final values of some control parameters, a
brief description of the preliminary reference core and pertinent results

is presented in Appendix 14-B.
The reactor response to a ramp insertion of $2/sec

was  studied for verification of the final reference core. A normal scram,
as defined in the introduction to this section, was initiated upon detection
of an 11% overpower condition. The maximum power of 8150 MWt oc-
curred 0.360 second after the ramp was initiated. The maximum fuel
temperature in the peak channel (maximum powered channel),  3760 F,
occurred at 0.52 second, while the maximum coolant temperature of 1140
F occurred at 0.60 second. All transients peaked well below limiting con-
ditions. The results are presented graphically in Figures 14-2 and 14-3.
Other higher reactivity insertions are discussed to some extent in section
14. 6. 1.
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Figure 14-la. Rod Acceleration Curve - Reactivity Vs Time
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Figure 14-lb. Rod Worth as a Function of Percent Insertion
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Figure 14-2.  $2/sec Ramp, Normal Scram - Power Vs Time
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Figure 14-3.  $2/sec Ramp, Normal Scram - Maximum
Fuel and Coolant Temperatures Vs Time
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14.5.3. Equipment Malfunction or Failure

Particular attention has been given to examining the

consequences of equipment malfunctions or failures that could result in

seriously abnormal operating conditions.  It is especially important

that the design and operation of the safety system be such that no single

failure or malfunction can jeopardize the integrity of the reactor.  In

order to evaluate the effectiveness of the safety system for this broad

category of accident conditions, a number of calculations have been per-

formed. The results of these calculations are discussed in this section.

14.5.3.1. Loss of Electrical Power

The loss of electrical power to the reactor

plant in no way alters the ability of the safety system to scrarn the reac-

tor and remove decay heat from the core. The primary pump pony
motors and their eddy-current couplings are on the guaranteed non-

interruptible power supply. The emergency core cooling systems are

on the diesel-backed, guaranteed but interruptible power supply.
The most obvious consequence of a loss of

electrical power is the loss of primary pumping power. In evaluating

the reactor response to a flow coastdown, it was assumed that a normal
scram was initiated upon detection of electrical power loss.  The flow

decay curve for a uniform, six-pump flow coastdown is presented in

Figure 14-4; it is based on the projected characteristics of the pump

and includes momentum from motor, coupling, and impeller in the coast-

down. The results indicate an outlet coolant temperature rise of less

than 1 F, since the scram is faster than the flow coastdown rate. Thus,

flow coastdown from full power leads to virtually no coolant temperature

rise before fuel cooling begins.
It was shown, for the preliminary refer-

ence core without BeO, that failure to detect a loss of pumping power

will not lead to coolant boiling, since a high coolant outlet temperature

trip set at 1200 F will scram the reactor. The results of such a coast-

down are reviewed in Appendix 14-B.

Power/Flow Ratio for Coastdown Accident

In the event of loss or interruption of power to one or more primary
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Figure 14-4. Flow Decay Curve - Flow Vs Time After
Loss of Pumping Power
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pumps, it is desirable to employ a fast setback to avoid a scram, since

a scram may have detrimental effects on reactor lifetime.  A few cases

were  studied to determine whether a power /flow scram  can be avoided

by a setback. The results of the calculations are presented in Figures
14-5 and 14-6.

The number of rods used in the fast set-

back and the delay time in the control system before insertion begins
were varied to develop the setback requirements.

The normal rod speed, 1·5 inches per min-
ute, was used in the parametric study of the delay time (the time lapse
between loss of pumping power and first motion of the rods).  In all
cases a six-pump coastdown was used.  It is interesting to note that,
for a 200-msec delay after loss of pumping power followed by a fast set-

back, the power level reached 50% of its initial value more rapidly than
did a fast setback with no flow coastdown. The principal reason for this

behavior is the slower fuel cooling and consequent smaller positive

Doppler feedback in the case with the flow coastdown and 200-msec de-

lay. It appears that neither a 3-rod setback with a 200-msec delay nor
an 18-rod setback will avoid a power-to-flow scram for loss of all six

pumps. However, for less than a six-pump coastdown, the power-to-

flow scram can be avoided.  As is shown in Figure 14-6, a 25-rod set-

back is'more than sufficient, even for the six-pump coastdown.

14.5.3.2. Control Assembly Motor Bearing
Seizure

The speed and direction of motion of each

control assembly is governed by the action of two synchronous motors

operating through a planetary gear mechanism.  In the event of complete

seizure of the secondary drive mechanism between the flywheel and the

planetary gear, the control assembly would be driven from the core at

a maximum rate of 30 inches /second.    In the calculational model,  the

rod was withdrawn at the maximum rate, starting with the reactor at

full power for a total of 150 msec, after which the protection system

disengaged the magnetic clutch, and the rod decelerated and fell at 0.8 g

back into the core. ' This study did not investigate the possibility of elimi-

nating the rapid withdrawal by permitting sudden acceleration to break the

magnetic connection between the rod and the drive units. The analysis of
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this malfunction is presented in Figure 14-7.  It can be seen that the
11% overpower trip point was reached, and that a normal scram fol-
lowed (300-msec delay).  At the time the scram begins, the subject

control assembly has returned to a full-in position. The temperature

increases in the peak channel were very small; the maximum fuel tem-

perature increase was 20 F, while the outlet coolant temperature in-

creased only 4 F.
It is possible to conceive of a situation in

which three control assemblies could be withdrawn continuously at the
normal shim speed of 15 inches per minute. The transient thus pro-
duced is not nearly as severe as that produced by the seizure of the sec-

ondary motor drive just described. The ability of the protection system
to safely terminate the latter transient ensures its ability to terminate the

transient that is produced by continuous withdrawal of three shim rods.

14. 5. 3. 3. Partial Voiding

Earlier LMFBR designs have been based

on the criterion that there be a zero or negative reactivity change when
the core and axial blankets are voided. The trade-off study comparing
spoiled and unspoiled geometries (Volume 4) indicates that such a cri-

terion and low fuel costs are mutually exclusive. By properly designing
the reactor vessel, the primary coolant system and the engineered safety

features, the probability of voiding the reactor becomes very small.

The principal mechanisms of voiding are drainage and boiling.

Drainage is not possible with the integral

pot arrangement used in the reference design.  Even in the event of ves-

sel rupture, the annular volume between the reactor tank and the concrete

vessel is small enough to maintain the coolant level above the core, the
primary pumps, and the IHX inlets.  The core protection system and the

engineered safety features prevent widespread boiling during all con-
ceivable malfunctions. Local boiling, however, cannot be prevented

following the blockage of one subassembly, but since each subassembly
is canned to prevent cross propagation to other subassemblies,  the void
will not propogate.  Loss of pumping power to the primary pumps will
result in a power/flow scram which has been shown to be safely termi-

nated. Analyses show that the fuel and sodium temperatures peak at far
below the maximum allowable levels.
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Figure 14-5. 25-Rod Fast Setback - Power Vs Time
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Figure 14-6. Fast Setback - Power/Flow Vs Time
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Figure 14-7. Rod Withdrawal at Full Power - Power
Vs Time
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A sudden power increase can result only
from reactivity insertion.  Even if all the shim rods are inadvertently
withdrawn at their maximum rate,  the ramp reactivity insertion rate is

less than that used to demonstrate the adequacy of the core protection

system, $2/sec ramp. A second mechanism is voiding by flow blockage
or gas bubbles introduced into the core. The introduction of large gas
bubbles in the pool primary system is eliminated in the reference design.
Since the reactor coolant system contains six independently pumped loops,
the simultaneous blockage  of more than one  loop is not credible, because
their intakes are widely spaced in the reactor vessel. Since the blockage
of only one loop does not lead to an extremely large coolant temperature
rise,  we must examine the entrance to the individual fuel assembly.

The grid plate .is designed to prevent the
blockage of coolant flow to a subassembly by a flat object. However,  for
the purposes of the safety analysis, it is assumed that one fuel subassern-
bly can be blocked by a properly shaped object. The simultaneous block-

age of more than one subassembly is not considered credible.   The cool-

ant ternperature in the blocked subassembly would rise rapidly, depend-
ing on the degree of blockage,  and the rate of void formation would de-
pend on the degree of liquid superheat before boiling begins. However,
fast void formation is not anticipated, since the vapor pressure is rela-
tively  low  even  at  300  F supe rheat, about  55  psig. The subassembly  can
is designed so that very large degrees of superheat are required before
the energy of the expanding sodium vapor bubble is great enough to dam-
age the subassembly can. Considering the cladding materials proposed
for the reference plant, it is reasonable to assume that the fuel in the

blocked subassembly will be damaged by the time the void begins to form.
Since the six adjacent fuel subassemblies maintain normal flow, the so-
dium from these subassemblies, even at the exit, will remain about 500

F subcooled.   Thus,  the void will not propagate radially beyond the blocked

subassernbly.

As an added degree of conservatism in the

safety analysis, however, the void is assumed to spread immediately to
the six subassemblies adjacent to the voiding assembly. The reactivity
insertion associated with the voiding of seven subassemblies, rather than

one,  provides a more stringent test of the protection system.
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Analyses were performed to determine

the reactivity effect of complete voiding  of the seven most reactive  fue 1

subassemblies. The total reactivity insertion resulting from the void -

ing of the seven subassemblies was conservatively taken to be 0.0027 6k,

which is a factor of two above the calculated values. Voiding was as-

sumed to occur in 0.010 second, which is highly conservative, since it

is about the period of time required to void a subassembly when molten

fuel from the pins is injected into the coolant. The accident was followed

by a normal scram initiated by detection of an 11% overpower condition.

The results of the void accident are presented in Figures 14-8 and 14-9.

The maximum power of 9400 MW occurs at 0.012 second. The maximum

fuel temperature (center line pin, central core segment) in the peak chan-

nel, 4000 F, occurs 0.5 second after the void begins to form.  (The cool-
ant outlet temperature rise in the average channel is approximately 60 F.

The voided elements are probably destroyed during this transient period.

However, the voiding of the seven most reactive elements produces a re-

activity insertion which does not jeopardize the integrity of the remainder

o f  the  c ore.  )

14.5.3.4. Loss of Flow From One Primary Pump

 

The integral pot design for the 1000-MWe

LMFBR has significant advantages in the primary coolant system. First,

it  contains six primary coolant pumps, which take suction from  the  inte -

gral pot and deposit the fluid into the core vessel where the flow is mixed.

After passing through the core, the coolant returns to the pot through any

one of six IHXs. Even though there is a one-to-one correspondence be-

tween pumps and IHXs,  no one  pump can be identified with one particu-

lar heat exchanger.
There are many situations that could re-

sult in the loss of flow from one primary pump.  Two are considered in
this subsection:  (1) the double-ended failure of the pipe between the

pump and the core vessel, and (2) a failure as if the suction to the pump

were blocked. The asymptotic core flow from the five operating pumps

differs considerably for the two cases-20,000 lb/sec and 24,500 lb/sec,
respectively. These compare with the normal flow at full power of

25,738 lb/sec. Figure 14-10 gives a graphical illustration of the flow

and its distribution.
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Figure 14-8. Void Accident, Seven Assemblies Void -
Power Vs Time
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Figure 14-9. Void Accident, Seven Assemblies Void -
Maximum Fuel Temperature Vs Time
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-    I.

In order to observe the complete transient,
no scram setpoints are incorporated in the analysis that used FORE II.
In both cases, fuel heating and radial expansion reactivity feedback

turned the excursion around. The principal re sults are tabulated in

Table 14-4 and are shown graphically in Figures 14-11 and 14-12.  In
neither case was the transient continued until the steady-state thermal

conditions were established.

14. 5. 3. 5. Loading Accident

The design of the 1000-MWe LMFBR is

such that an accidental misloading of a fuel assembly is not credible.

This is primarily due to the fact that the control assemblies must be

in the core and disconnected from their drives while refueling opera-

tions are underway. Operation of the refueling mechanism  is  not phys -

ically possible until the drives are detached from the control assemblies.

The design of the control assemblies is such that they cannot be ejected
from the core by hydraulic pressure, even at flows normally associated

with full power operation.  Such an accident would require many simul-
taneous, independent, undetected errors, if it were possible at all.  For
this reason, loading accidents have not been analyzed.

Table 14-4. Temperatures and Flows Following a
Pump Loop Malfunction

Double-ended
Parameter failure Purnp blockage

Average pin temp, F 130

Surface of fuel (initial/max) 1303/1350 1303/1312
Core outlet (initial/max) 1100/1186 1100/1112

Power level, MWt (initial/peak) 2450/2453 2450/2474

Flow, lb/sec (initial/asymptotic) 25,738/20,000 25,738/24,500
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Figure 14-11. Temperature Transient - Double-Ended Break
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Figure 14-12. Double-Ended Break at Nozzle - Power
Vs Time
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14.6. Design Basis Accident Analysis

The design for most of the plant is based on a chosen set of nor-
mal operating conditions, along with the conditions existing during shut-
down and the conditions existing along the chosen path between shutdown

and normal operating conditions. However, there are certain aspects
of the design for which the design basis is the desire to provide for the

safety of the public and the plant personnel during and following severe

accidents. For these reasons, the design requirements for the reactor

cavity, including the cover structure and the reactor building, are set
by the requirement that the containment withstand any energy released
as a result of a nuclear burst, energy transfer from fuel to coolant, and
the decay of fission and activation products. The design requirements

must contain significant margins for conservatism.
This section discusses in some detail the nature of a number of

severe accidents and their effects on the plant and the environment.  It
is seldom possible to satisfactorily define a series of initiating events

for accidents of this nature.  In the discussions that follow, no attempt
will be made to establish the events leading to the nuclear excursion;
however, in some instances it will be pointed out rather clearly that the

normally considered design basis accident for fast oxide reactors can-
not be attained.  It is included here to establish that the public and the
plant personnel are protected even for this accident, since it is realized
that the safety requirements are often legislated by regulatory bodies
and need not be possible in nature.

This section is broken down into several subsections to consider
the analysis of the energy release mechanisms which establish the de-

sign of the reactor cavity, the boundary of which forms the energy-

absorbing barrier and the sodium barrier. Since there are a number of

seals for components and plugs in the reactor cover structure, the reac-
tor cavity barrier cannot be considered as the plutonium, fission product,
and activation product barrier.  Thus the reactor building becomes the
containment barrier for these radioactive materials.

The design requirements that the reactor cavity be capable of
containing the primary sodium, and that the intermediate system be con-

tained, were set before adequate sodium fire analyses could be performed.
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The requirements have not changed. However, analyses have been per-
formed to establish the' effects of a sodium release on the reactor build-

ing  de sign.

14. 6. 1. Energy Production for Large Reactivity
Insertions

The energy release to the coolant following the melting

of a significant segment of the core is felt to be the most realistic eval-

uation for the requirements of the energy and sodium barriers. Since

no source for a large, positive, reactivity insertion could be determined

analytically, several ramps were assumed  as the reactivity driving  func -

tion, starting from steady state at full power.  The FORE II code was

used as the calculational tool for the resulting nuclear excursion and the

analysis of the core thermal condition at the time of the release of molten

fuel to the coolant. The analysis did not include the axial blankets, since

the most detailed thermal analysis possible was desired in the core.  Thus,

the reactivity coefficients were different from those given in subsection

14.4. The clad failure was assumed to occur when the clad was contacted

with molten fuel. During the nuclear excursion the stored energy of the

core increased until the molten fuel contacted the cladding.  At this point

in time, the molten fuel in the core was released to the coolant associated

with the pin length that contained the molten fuel.

1

The nuclear excursion was stopped with cladding fail-
ure,  and a hydrodynamic calculation was made, assuming that all of the

molten fuel was released instantaneously to the sodium in the coolant

channels associated with the molten fuel. The pressure generated by

the sodium coolant owing to the release of the molten fuel was relieved

upward and caused the sodium above the core to be propelled toward the

cover structure. The maximum pressure was approximately 100 psig

on the cover structure; the pressure buildup is presented graphically in

Figure 14-13.
A $60/sec rarnp was used to establish an upper limit

to the fraction of the core which could be molten and released to the cool-

ant, since the time response of the power level to $60/sec is so fast that
the thermal energy transfer from the fuel through the clad to the coolant

is very small.  Thus, it would appear to form an upper limit to any pro-

cesses of reactivity insertion for a core filled with sodium, based on the
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Figure  14- 13. Molten Fuel-Sodium Interaction - Cover
Gas Pressure and Sodium-Fuel Bubble
Radius as a Function of Time
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failure criteria indicated above.  If the rate of reactivity insertion is de-

creased significantly, the percentage of the core which is molten at the

time when pin failure occurs is reduced as the heat transfer becomes

more significant. At about $4/sec to $5/sec, the protection system will

be able to maintain the integrity of the fuel, but some central melting of

the peak pins will occur. It should be emphasized that we have found no

credible accident that even approaches these lower rates for a period of

time long enough for the total reactivity insertion to approach one dollar.
Thus, if we considered only those accidents which are credible even

though of a low probability, the design requirements of our reference

concept would be fixed by the normal operation design requirements for

the reactor vessel. However, the design requirements of the cover

structure for the reference concept design have been conse.rvatively set

to contain the energy release of 15,000 MW/sec associated with the $60/

sec ramp insertion.  For this ramp, approximately 14% of the fuel was

m olten.

14.6.2. Nuclear Excursion for Drained Core

In the analysis   of fast reactors for licensing,    one  typ e

of accident has always been considered when establishing the design re-

quirements for containment structures. This accident has its origin in

the following facts:  (1) the core fuel is not assembled in its most reac-

tive arrangement, (2) criticality can be achieved without any coolant in

the core, and (3) the reactor core has a negative coolant density coeffi-
cient. The design of the energy barrier requires a prediction of the

magnitude of the energy released in an accident during which the core

is disassembled due to the vapor pressure of the fuel.

In the following analyses and discussions   of  this   typ e

of accident, it is assumed that the coolant has been permanently re-

moved from the core while the reactor is at full power.

14.6.2.1. Reactivity Addition Upon Core
Collapse

A simple one-dimensional, diffusion-theory

calculation was performed to determine the criticality status of the ref-

erence core before and after collapse.  For this calculation, it was as-

sumed that the fuel began melting and ran into the cooler lower axial
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blanket, where, after completely filling the vacant sodium spaces.  it
froze. The remainder of the molten fuel collected in a pool above the
lower axial blanket.  When the melting was complete, the upper axial
blanket collapsed as a unit onto the surface of the pool of molten fuel.
It was further assumed that core melting was complete and that the ra-
dial blanket remained intact. To obtain an upper limit for the multipli-
cation of the final configuration, zero radial buckling was used in the
axial calculation. All molten fuel was compacted to 100% of theoretical
density, and no control material was present in the final configuration.

Initial K 1.025

Final K 1.054   max

6K 0.029

Approximately $8 of reactivity is added as
a result of the collapse of the drained core.  If it is assumed that the
core materials accelerate at 1 g to final configuration, then the rate of

reactivity insertion is about $40/sec. The insertion rate does not take
into account the effect of any resisting force on the spatial dependency
of the melting processes, and hence, it is very conservative.

The probability of this type of accident oc-
curring in the reference design is extremely small owing to the nature
of the design,  i. e., the fuel pins are supported from the top. Should
failure of the cladding occur because of melting, the lower part of the
core would fall away from the upper part.

14.6.2.2. Energy Release From Disassembly

In a reactor meltdown accident which in-
volves the formation of a secondary critical assembly, we can postulate
a sequence of events that leads to explosive disassembly of the core.

The disassembly of the core is caused by high pressures developed in
the fuel during the course of the power excursion unitiated when the fuel
moves from its original configuration to one of higher reactivity.  It is

usually assumed, in the analysis of such accidents, that the reactivity
rises above prompt critical and causes a power excursion to develop.
The disassembly pressures remain small until the temperature becomes
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high enough to produce high saturated vapor pressures in the fuel.  By
the time the disassembly pressures become significant, the reactor is

usually on an extremely short exponential period, and disassembly oc-

curs with potentially large energy releases. In order to predict the

magnitude of the energy generated as a result of a meltdown accident,

modified Bethe-Tait calculations were performed using the WEAK EX-

PLOSIONS code.
This code requires that the reactor core

material be homogenized into one uniform sphere. Since the densities

inthe zones of the reference core are essentially the same, the use of
an equal volume spherical core will overestimate the energy release

and will tend to give a conservative estimate of the energy release.
In the WEAK EXPLOSIONS code,  the  only

factor (other than fuel movement) operating to limit the power at which

disassembly occurs is the Doppler coefficient, hence this coefficient is

of central importance in the meltdown analysis. Since the reactor was

assumed to be operating at full power when the excursion was initiated,
the Doppler feedback began at that point. The sensitivity of the energy

release to the magnitude of the Doppler coefficient was investigated for

a broad range of values. The change in the Doppler temperature coef-

ficient was considered to be proportional to T-1. The results of the cal-

culations of energy release for a ramp reactivity insertion of $50/sec

are shown as a function of the magnitude of the Doppler coefficient in

Figure  14- 14. The dependence of the energy release on the magnitude

of the Doppler coefficient is somewhat weaker than might have been ex-

pected. The primary cause of this behavior is the relative fIatness of

the power and fuel self-worth distributions.  As a result of the flattened

distributions, a large fraction of the core will experience energy densities

sufficient to produce pressures high enough to cause disassembly.  It

would be desirable to have very large pressures generated in a very small

volume of the core in order to produce disassembly with the smallest pos-

sible explosive energy release. Power flattening, of course, produces

the opposite effect. Similar results have been reported elsewhere. 2
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Figure 14-14. Energy Genciration - Core Collapse
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14.6.3. Sodium Fires

In reactors that use sodium as a coolant, it is neces-

sary to examine the influence of sodium on- the design of containment

structures. Although the energy boundary is designed to prevent pri-

mary sodium release to the reactor building, and all intermediate loops
are doubly contained within the reactor building, we must examine the

effects to determine whether the containment structure could be jeopar-
dized and radioactive material could be released to the environment.

Such fires constitute the greatest threat to personnel, plant, and environ-
rnent. The fires examined fall into two categories-reactor vessel fires

and reactor building fires. The computational model is based on the re-

action rates between the furface of a stagnant pool of sodium and the

available oxygen; heat transfer to the structure and the atmosphere by

radiation, conduction, and convection are considered. The reaction

rates are based on experimantal data and are described as a function of

oxygen concentration.
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R=HC
C

where R = sodium burning rate, lb/hr-ft2
C = oxygen concentration, lb/ft 3

H  = reaction rate constant
c   (function of flame ternperature)

The geometry used in the cell fire claculations is presented in Figure
14- 15.

Reactor vessel fires (cell 1 fires) were examined as

a function of the area of the opening (A ) between the reactor vessel and
reactor building (cell 2). Reactor building fires were investigated for

(1) expulsion of sodium from the reactor vessel, and (2) pools of stag-

nant sodium at the charge face. The principle results of the reactor

vessel fires are tabulated in Table  14- 5 as a function of the size of the

opening (plug removed) between the reactor vessel and the reactor build-

ing.  The air in the reactor building, the building itself, and all the
structures inside it were initially at 80 F. The argon atmosphere, the

sodium in the reactor vessel, the vessel itself, and all the structures

inside the vessel were initially at 1100 F. The slight increase inthe

density of argon, as compared with air, at the same temperature was

not sufficient to offset the higher argon temperature; thus, natural cir-

culation currents are set up fairly rapidly.
  The two types of reactor building fires were started

using the same initial conditions. Both fires assumed that the entire

cover structure was covered with burning sodium. They differed by

considering a spray ejection into the reactor building of 500 pounds of
sodium at 110OF. It should bepointed out that, inthe case of the sodium

explusion, the effects of the spray fire are calculated first and used as

initial conditions for the pool fire.  This has the .effect of raising the
initial temperature and lowering the initial oxygen concentration for the

pool fire. The temperature and pressure transients for a reactor build-
ing fire with sodium explusion are plotted in Figure  14- 16. The results

of these two analyses are tabulated in Table 14-6.
These analyses show that, even though some small

sodium fires may be permitted  in the reactor building,  the  de sign
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Figure 14-15. Geometry for Sodium Fire Calculation
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requirement that the plugs be retained was a good choice.  When re-

moved, even the smallest plug in the cover structure produced a fire

which raised the containment temperature approximately 100 degrees.

In addition, the analyses showed that, even though the system is de-

signed to contain all the sodium, reasonable quantities could be ejected

into the reactor building without exceeding the design conditions.

Table  14- 5. Maximum Temperatures and Pressure
Buildup During a Reactor Vessel Fire

A , ft2 .(Ti)rnax' F  (TT)max' F (AP2)rrtax , psig
H

1.069 (rod drive removed) 1100 163.7 3.2

23.34 (pump plug removed) 1138 295.4 5.5

52.38 (IHX plug removed) 1100 376 7.6

2124.0 1100 548.6 11.9

where
(Ti) = maximum temperature in reactor vessel, F

rnax
( TZ) = maximum temperature in reactor building, F

rnax
(AP2) = maximum increase in pressure in the reactor

Inax
building, psig

Table  14- 6. Reactor Building Maximum Temperature
and Pressure During a Sodium Fire

To, F  Ts' F  (T)max' F .(AP) , psig
Case max

No sodium expulsion 80.0 80.0 554.7 12.3

500-lb sodium expulsion 80.0 183.9 553.0 14.1

where T  = initial containment temperature0

Ts = containment vessel temperature when Na pool
begins burning (after Na expulsion), F

T     = maximum containment vessel temperature, F
max

P      = maximum containment vessel pressure increase,
max

psig
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Figure 14-16. Spray Fire in Reactor Building -Cell 2 Temperature and Pressure
Increase Vs Time
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14.6.4. Design Basis for Environmental Requirements
on Reactor Building

In general, federal restrictions on radiation dose

levels resulting from major accidents are not to be regarded as accept-
able dose levels but as a guide in comparing one plant site with another.

The acceptability of the calculated dose, as compared with the  10 CFR
100 dose level guidelines, appears to be a function of the probability of
the accident.  It is also observed that the AEC restrictions on perrnis-
sible dose levels are becoming more stringent all the time.  Two per-
missible dose levels are selected for comparison, considering protec-
tion of the general public. The first is a site evaluation condition taken

from 10 CFR 100, and the second is based on guideline for fuel restric-

tions that might be imposed for accidents that are considered exceedingly

improbable. The guidelines for direct dose level restriction are more in

line with those set down in 10 CFR 20 for exposure of individuals in re-

stricted areas per calendar quarter. The permissible thyroid dose se-
lected is chosen primarily for comparison. The permissible dose crite-

ria for the general public are as follows:

1. Site acceptability - At the exclusion radius (taken

to be 600 meters, same as for DUKE site) whole body direct dose shall
be limited to 25 Rem or thyroid dose to 300 Rem integrated over the
first 2 hours following the accident.

2. Credible accident - At the exclusion radius whole

body direct dose shall not exceed 3 Rem or thyroid dose 25 Rem inte-

grated over the first 2 hours following the accident.

Two additional sets of criteria were selected consider-
ing protection of plant personnel in a shielded control room (outside the

containment building) and protection of workers performing maintenance

operations during days 5 through 30 following the accident. Limited-

and extended-exposure criteria were chosen. The limited-exposure

permissible direct dose level is the once-in-a-lifetime emergency dose.
The extended-exposure permissible direct dose level is the maximum

permissible quarterly dose for workers in restricted areas. (The plant

personnel and maintenance workers would be protected from inhalation

of radiation; therefore, no inhalation criteria have been set. )
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The time periods chosen are meant to represent situa-

tions which are the most conservative for limited and extended access.

The 8-hour level was chosen for plant personnel, since operators in the

control room would have to remain in the control room immediately after

the accident to perform operations that could be mandatory to ensure no

further propagation of the accident or to mitigate the consequences of the

accident. For postaccident maintenance, the period from day 5 through

day 30 following the accident was selected on the basis of the levels of

exposure to individuals performing cleanup operations after it has been

determined that such operations are possible.

The criteria are as follows:

Plant Personnel

1. Limited access·- Whole body direct dose inside

the control room must be limited to 25 Rem integrated over the first 8

hours following the accident.

2. Extended access - Whole body direct dose inside

the control room must be limited to 3 Rem integrated over a 30-day

period following the accident.

Postaccident Maintenance

1. Limited access - Whole body direct dose must be

limited to 25 Rem integrated over days 5 through 30 following the acci-

dent immediately outside the containment building.

2. Extended access - Whole body direct dose must

be limited to 3 Rem integrated over days 5 through 30 following the acci-

dent immediately outside the containment building.

The analyses that determined the reactor building shielding requirements

are given in Volume 2, section 3, along with the methods used in the

evaluation.

14.6.5. Emergency Core Cooling Requirements

The emergency core cooling system and the backup

cooling system are discussed in other sections of this report (see Vol-

ume III, section 8). The basic heat removal requirements are given
)

here, based on a simplified model. This model permits the reactor
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coolant and internals to come to a temperature of 1300 F.  Thus the
heat removal requirements from the core have this base level, which

permits a delay before the backup system rnust be operational.  The

energy stored and produced  up  to any given time  can be found  by  inte -

grating the production rate and adding to this the stored energy, i. e.,

q = fission product decay heat + sodium-24 decay heat
+ stored energy + excursion energy

The stored and excursion energies are approximately 5 X 106 and 16 X
106 Btu, respectively. The fission product decay heat comes from two

types of operation: (1) long-term, steady-state operation (assumed to
be design power level), and (2) the excursion, which is short-lived.

 Fp = energy generated by fission product decay, Btu

= [0.18to.8 - 0.07t-0·2] x 106

t = time,  sec

The  sodium- 24 decay heat generation is obtained from the following ex-

pression:

-1.283 X 10-5t
q                =   3 6 9   X    1 0 5(1   - e ),  Btu
24Na

whe re q is the energy generated by 24Na decay. The combined energy
24Na

release becomes

q = [0.18too8 - 0.07t-o·2 + 36.9(1 - e )  +  2 1]  X   1 0 6  Btu
-1.283*10-st
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1.   Introduction

The rapid growth of nuclear power stations in the past few years
has resulted in the need for criteria by which different plants could be
compared. Such criteria have been prepared by the U. S. Atomic Energy
Commission ("General Design Criteria for Nuclear Power Plant Construc-
tion Permits" issued November 22, 1965, and July 10, 1967).

As the sodium-cooled fast breeder reactor economy develops, simi-
lar criteria will be required by the reactor manufacturers and the licens-
ing agencies to ensure uniformity in reactor quality requirements.  A set
of general design criteria has been prepared to serve as a design guide
for the 1000-MWe LMFBR design study. These design criteria, presented
in section 2, were prepared by first upgrading present-day water reactor
criteria ("General Design Criteria for Nuclear Power Plant Construction
Permits," July 10, 1967) tocover the features of an LMFBR and, second,
upgrading these LMFBR criteria to the anticipated 1980 state of the art.

In the interval from 1967 to 1980, changes in LMFBR technology are
anticipated to be primarily in the area of engineering development; basic
concept changes are not anticipated. Areas of development considered
are methods, codes and standards, and hardware.

The methods development is expected to permit much more sophisti-
cated analyses of reactor designs, especially the transient response.
While these methods will permit predictions of reactor response to be
made with much more confidence than is possible today, the methods are
not expected to result in design criteria changes.

By 1980, the codes and standards used for design, fabrication, in-
spection, and materials specification are expected to be highly developed.
Experience gained in the preparation of codes for water reactors and the
operating experience gained in the next 10 years should permit those codes
applicable to an LMFBR to be more highly developed in 1980 than the pres-
ent-day codes for water reactors.

2. General Design Criteria

2.1. Overall Plant Requirements

2.1.1. Quality Standards

Those systems and components of reactor facilities
which are essential to the prevention of accidents that could affect the
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public health and safety or to the mitigation of their' consequences shall

be identified and then designed, fabricated, and erected to quality stan-
dards that reflect the importance of the safety function to be performed.

Generally recognized codes or standards on design, materials, fabrica-

tion, and inspection shall be used.

2.1.2. Performance Standards

Those systems and components of reactor facilities

which are essential to the prevention of accidents that could affect the

public health and safety or to mitigation of their consequences shall be

designed, fabricated, and erected to performance standards that will

enable the facility to withstand, without loss  of the capability to protect

the public over the plant life, those forces that might be imposed by
natural phenomena such as earthquakes, tornadoes, flooding conditions,

winds, ice, and other local site effects. The design bases soestablished

shall reflect (1) appropriate consideration of the most severe combina-

tion of these natural phenomena that have been recorded for the site and

the surrounding area and (2) an appropriate margin for withstanding

forces greater than those recorded to allow for uncertainties in the his-

i torical data and their suitability as a basis for design.

2.1.3. Fire Protection

1

The reactor facility shall be designed (1) to minimize

the probability of such events as fires and explosions and (2) to mini-

mize the potential effects of such events on safety. Noncombustible

and fire-resistant materials shall be used wherever practical through-

out the facility, particularly in areas containing critical portions of the

facility such as the containment, control room, and components of en-

gineered safety features.

The design and arrangement of plant equipment con-

taining metallic sodium shall be such that equipment failure and the pos-

sible subsequent sodium fire will not propagate additional failures that

would further endanger the plant.

2.1.4. Shared Systems

Reactor facilities shall not share systems or compo-

nents unless it is shown that safety is not impaired by the sharing.
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2.1.5.   Redundancy

If the reactor facility has redundant systems,  such
as multiple primary coolant loops, then the systems may be considered

independent if it can be demonstrated that the independence is not com-
promised in an unusual transient situation.

Multiple failures re sulting  from a single event shall
be treated as a single failure.

2.2.  Protection by Multiple Fission-Product
Barriers

2.2.1.   Reactor Core

The reactor core shall be designed to function through-
out its desigri lifetime without exceeding acceptable fuel and cladding dam-
age limits.  The core design, together with reliable process and decay
heat removal systems, shall provide for this capability under all expected
conditions of normal operation; appropriate margins will be allowed for
uncertainties and for transient situations that can be anticipated, includ-
ing the effects of the loss of power to circulation pumps, tripping out of
a turbine-generator set, isolation of the reactor from its primary heat

sink, and loss of all off-site power. (The transient situation shall be
assumed to involve complete loss unless redundancy can be demon-
strated. )  The core shall be designed to reduce to a very low level the

probability of fuel subassembly blockage by regular shaped objects,  i. e.,
by flat plates or by segments of conically shaped objects.

The prompt power coefficient shall be negative under
all credible circumstances. Local power coefficients shall be such that
the reactivity control system will be capable of ensuring the stability of
the power distributions under all credible situations.

The core design, together with reliable controls,
shall ensure that power transients and/or oscillations that could cause

fuel damage in excess of acceptable limits are not possible.
The core shall be designed so that, in the event of

sodium loss from the most reactive fuel element, the result is a'reactiv-

ity insertion of less than one dollar.
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2.2.2.   Reactor and Intermediate Coolant
Boundarie s

The coolant boundaries shall be designed and con-

structed so that they have a very low probability of gross rupture or

significant unc ontrolled leakage through the design lifetime   of the reac-

tor.

The design shall provide for the detection of leakage

from the reactor and intermediate coolant boundaries.

2.2.3.   Containment

Containment shall be provided for all radioactive

materials and for plutonium in sufficient quantities to compromise the

health and safety of the public. Containment structures shall be de-

signed to sustain the initial effects of gross equipment failures without

the loss of their required integrity, and, together with such other engi-

neered safety features as may be necessary, to retain, for as long as

the situation requires, the functional capability to protect the public.

2.3. Nuclear and Radiation Controls

2.3.1.   Control Room

The facility shall have a control room from which

actions to maintain the safe operational status of the plant can be con-

trolled. Adequate radiation protection shall be provided to permit ac-

cess, even under accident conditions, to the equipment in the control

room or other areas as necessary to shut down and maintain safe con-

trol of the facility without exposing personnel to radiation in excess of

10 CFR 20 limits. Adequate physical protection shall be provided to

permit access, even under accidentconditions, toequipment inthe con-

trol roorn or other areas as necessary to shut down and maintain safe

control of the facility. This physical protection shall be provided against

plant missiles and natural phenomena  such as earthquakes, tornadoes,

flooding conditions, wind, ice, and other local site effects. The design

bases shall reflect (1) appropriate consideration of the most severe com-

bination of these natural phenomena that have been recorded for the site

and the surrounding area and (2) an appropriate margin for withstanding

forces greater than those recorded to allow for uncertainties in the his-

torical data and their suitability as a basis for design.
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2.3.2.   Instrumentation and Controls

Instrumentation and controls shall be provided as re-
quired to monitor and maintain variables within the prescribed operating
ranges. The design shall provide for monitoring and maintaining control
over the fission process throughout core life and for monitoring all con-
ditions that can reasonably be anticipated to cause variations in the reac-

tivity of the core.
Core protection systems, together with associated

equipment, shall act automatically to prevent or to suppress conditions
that could result in exceeding the acceptable fuel damage limits.  The
protection action shall go to completion.

Protection systems shall be provided for monitoring
the containment atmosphere, the facility effluent discharge paths,  and
the facility environs for radioactivity that could be released from normal
operations, from anticipated transients, or from accident conditions.

2.4.  Reliability and Testability of Protection
Systems

Protection systems shall be designed for high functional reli-

ability and in- service testability commensurate with the safety functions

to be performed.

2.5. Reactivity Control

The reactivity control system shall be capable of sustaining

any single malfunction, such as the unplanned continuous withdrawal of
a control rod, without causing a reactivity transient that could result in

exceeding acceptable fuel damage   lim its.
Limits, which include considerable margin, shall be placed on

the maximum reactivity worth of control rods or elements and on the
rates at which reactivity can be increased.   This will ensure that the po-
tential effects of a sudden or large change of reactivity cannot disrupt the
core, its support structures, or other vessel internals enough to impair
the effectiveness of emergency core cooling.

2.6. Reactor Coolant Boundary

The reactor coolant boundary shall be designed to minimize the

probability of rapidly propagating failures. Consideration shall be given
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(1) tothe state of material stress under static and transient loadings,

(2) to the quality control specified for materials and component fabrica-

tion to limit flaw sizes, and (3) to the provisions for the control of ser-

vice temperature and irradiation effects that may require operational

restrictions.

The reactor coolant system shall be designed to permit access

to critical areas of the reactor coolant boundary for inspection, testing,

and surveillance by appropriate means to assess the structural and leak-

tight integrity of the boundary components during their service lifetime.

2.7. Engineered Safety Features

2.7.1. General

The facility shall have engineered safety features to

back up the safety features built into the core design, the reactor coolant

boundary, and their protection systerns.  As a minimum, such engineered

safety features shall be designed to cope with any accident up to and in-

cluding the design basis accident.

All engineered safety features shall provide  high func -

tional reliability and ready te stability. In determining the suitability of

a facility, the degree of reliance on and acceptance .of the inherent and

engineered safety afforded by the systems, including engineered safety

features, will be influenced by the known and demonstrated performance

capability and reliability of the systems,  and by the extent to which the

operability of such systems can be tested and inspected (where appropri-

ate) during the life of the plant.
An alternate power system shall be provided with ade -

quate independence, redundancy, capacity, and testability to permit the

required functioning of the engineered safety features, assuming that a

single component in the system fails.
The engineered safety features shall be protected

against thermal effects, dynamic effects, and rnissiles that might result

from plant equipment failures. Engineered features, such as emergency

core cooling and containment heat removal systems, shall provide suffi-

cient performance capability to accommodate the partial loss of installed

capacity and still fulfill the required safety function.   As a minimum,  the

engineered safety features shall provide this required safety function
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assuming the failure of a single component, such as a pump, valve, or
the like.

The engineered safety features shall be designed to
avoid any action that might accentuate the adverse after-effects of an
accident.

The performance of the engineered safety features
and the condition of the reactor shall be monitored by instrumentation

during and after an accident.

2.7.2.   Emergency Core Cooling Systems

The emergency core cooling systems remove decay
heat from the reactor core after an accident that results in the loss of
the normal heat removal path.  Loss of the normal heat removal path
may occur by either loss of the heat sink or loss of access to the heat
sink.

At least two heat removal mechanisms, preferably
of different design principles and each capable of accomplishing emer-
gency core cooling, shall be provided.  The heat removal mechanisms
and the core shall be designed to prevent damage to the fuel and cladding
that would interfere with the emergency core cooling function.

The heat removal mechanisms shall be capable   of  ful -
filling their functions in any situation wherein the normal path of heat re-
moval is compromised.

The heat removal mechanisms shall share neither
active components nor other features or components unless it can be
demonstrated that (1) it can be readily ascertained during reactor op-
eration that the shared feature or component is capable of performing
its required function, (2) failure of the shared feature or component will
not initiate a design basis accident, and (3) the ability of the shared fea-
ture or component to perform its required function is not impaired by
the same effects of the design basis accident and is not lost during the
entire period during which this function is required following the accident.

Wherever possible, the design shall provide for physi-
cal inspection of all critical parts of the heat removal mechaisms, includ-
ing those parts within the reactor vessel. Any exception shall be justified.
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The design shall provide for periodic testing of the

delivery capability of the heat removal mechanisms at a location as close

to the core as is practical.
Provisions shall be included for testing, under condi-

tions as close as practical to design condition,. the full operational se-

quence that would bring the emergency heat removal mechanisms into

action, including the transfer to alternate power sourc·es.

2.7.3. Containment

2.7.3.1. Reactor Building

The function of the reactor building is to

contain, without failure,  all of the material and the energy released by

any accident up to and including the design basis accident. The reactor

building shall be designed to provide sufficient biological shielding and

retention of radioactive materials and plutonium to meet the require-

ments of 10 CFR 100.
The reactor building, including its access

openings and penetrations and any necessary heat removal systems, shall

be designed to accommodate any energy release, pressures, and temper-

atures that result from any accident (up to and including the design basis
accident) without exceeding the leakage limits for radioactive material

and plutonium; this provision includes a considerable margin for the ef-

fects that could occur as a consequence of failure of the emergency core

cooling system.
The reactor design shall provide sufficient

inert barriers around all liquid sodium systems within the reactor build-

ing to ensure that a sodium fire resulting from any accident (up to and

including the design basis accident) will not produce temperatures  and /

or pressures in excess of the reactor building design limits.

The principal load-carrying components of

ferritic materials exposed to the external environment shall be selected

so that their temperatures, under normal operating and testing conditions,
are not less than 30 F above the nil ductility transition (NDT) ternperature.

Penetrations that require closure for the

containment function shall be protected by redundant valving and associ-

ated apparatus.
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Where active heat removal systems would
be needed under accident conditions to prevent the containment pressure
and temperature from exceeding the design pressure and temperature,
at least two systems, preferably of different principles and each with
full capacity, shall be provided.

Water or equipment containing water or
other hydrogen compounds shall be excluded from the reactor building,
unless it can be demonstrated that the material can neither (1) endanger
the  integrity of the reactor building if it reacts chemically with sodium,
nor (2) result in a significant reactivity insertion.

The reactor building design shall provide
for integrated leakage rate testing at' design pressure after erection and
installation of all penetrations is complete. The leakage rate shall be
measured over a sufficient period of time to verify its conformance with

required performance. The design shall provide for the testing of pene-
trations having resilient seals or expansion bellows and for the demon-
stration of leak-tightness at design pressure at any time. The design
shall provide for the testing of the functional operability of valves and
associated apparatus essential to the containment function to establish
that no failure has occurred and to determine that valve leakage does
not exceed acceptable limits.

The design shall provide for testing the
functional operability of personnel locks and equipment locks or passage-
ways with valves and associated apparatus essential to the containment
function to establish that no failure has occurred and to determine that

the leakage does not exceed acceptable limits.

2.7.3.2. Auxiliary Containment

The function of the auxiliary containments

is to prevent the undue release of fission products from equipment 10-
cated outside the reactor containment. "Undue release" is defined as
any release of radioactive nuclides to the environment that exceeds the
limits of 10 CFR 20.

The nature of the auxiliary containrnents
shall be determined by the physical form and the quantity of the contained
ratioactive material. For example, equipment that contains radioactive
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liquids may be contained in cells or containers large enough to contain

all credible leakage. Penetrations of any auxiliary containment-for ex-

ample, drains or vents-shall be designed so that positive isolation de-

vices prohibit the unexpected release of any contained radioactive ma-

terial. The auxiliary containments shall be cooled as necessary to pre-

vent their exceeding the design pressure and/or temperature.

2.8.   Fuel and Waste Storage System

Criticality in new and spent fuel storage shall be prevented by

physical systems or processes. Such means as geometrically safe con-

figurations will be emphasized over procedural controls.

Reliable heat removal systems shall be designed to prevent

any damage to the fuel in the storage facilities that could result in the

release of radioactivity to plant operating areas or to public environs.
Shielding for radiation protection shall be provided  in the  de -

sign of the spent fuel and waste storage facilities, as required tb meet

the requirements of 10 CFR 20.

2. 9. Plant Effluents

The facility design shall provide for maintaining control  ove r

the plant radioactive effluents, whether gaseous, liquid, or solid.  The

appropriate holdup capacity will be provided for retaining gaseous, liq-

uid, or solid effluents, particularly where unfavorable environmental

conditions can be expected to require operational limitations upon the

release of radioactive effluents to the environment. In all cases, the

design for radioactivity control shall be justified (1) on the basis of 10

CFR 20 guidelines for normal operations and for any transient situation

that might reasonably be anticipated, (2) on the basis of 10 CFR 100 dose

level guidelines for potential reactor accidents of very low probability of

occurrence, except that reduction of the recommended dose levels may
be required where high population densities can be affected by the radio-

active effluents. An environmental monitoring program shall be main-
tained to confirm that excessive effluent releases have not occurred.

3.  Discussion

The criteria presented in section 2 are briefly discussed here to

illustrate how the 1980 criteria compare with the July 10, 1967, criteria.
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Even though the 1967 criteria have been subjected to considerable crit-
icism, they dorepresent several years of development,   and  thus,   the y
were considered to be the best available starting point for the develop-
ment of the criteria for an LMFBR. Only those criteria which repre-
sent significant changes are discussed herein.

3.1. Overall Plant Requirements

The quality and performance standards required of the 1980
LMFBR will be much more strict than those now applied to water reac-
tors. These requirements will reflect a significant period of operating
experience with large water reactors.

Fire protection in a reactor cooled with liquid sodium presents
a new design restraint. Features must be built into the LMFBR to make
the probability of a sodium fire extremely low, and in the unlikely event
of a sodium fire, to limit the extent of the  fire  and the affected equipment.
The use of fire breaks and/or fire extinguishing systerns is indicated.

3.2.  Protection by Multiple Fission Product
Barriers

The major departure from present-day thinking for the 1980
criteria is the amount of reactivity associated with sodium voiding-it
may be much greater than is now practical.  By 1980, calculational
models and rnethods which have experimental verification should be
available to predict with great certainty the sodium void reactivity and
its effect on core operation. Also, models and methods which accurately
describe the movement of fuel in solid or molten states should be avail-
able. These tools should permit the design and analysis of the transient
response of design features which will limit the consequences of a so-
diurn voiding accident. Research and development programs in the area
of instrumentation should produce instruments that give adequate warning
of the approach to sodium boiling conditions so that remedial action may
be taken before the onset of boiling.    Thus,  it was concluded that the  re-
activity problems associated with sodium voiding can be controlled in the
1980 criteria, provided the reactor does not become prompt critical.

3. 3. Nuclear and Radiation Controls

These criteria are essentially unchanged from those of July
10, 1967.
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3.4.   Reliability and Testability of Protection
Systerns

These criteria are essentially unchanged from those of July

10, 1967.

3.5. Reactivity Control

These criteria specify that only one reactivity control and

safety system is required in the 1980 LMFBR.  This is a depature from

present-day criteria, which require two systems. The requirement for

a second shutdown system results from consideration of (1) shutdown re-

activity requirements,  and  (2) the time response  of the shutdown reactiv-

ity.
The reactivity requirements for an LMFBR are quite different

than those for a thermal reactor. The reactivity requirements for PWR

and LMFBR plants are contrasted below.

AK/K %

LMFBR PWR

Cold-hot <1 3-4

0 -  100%  powe r <1 4-5

Burnup effects <3      16

Total <5 23 - 25

Inaddition tothese, xenon and samarium reactivity effects are not pres-

ent in an LMFBR because of the high energy spectrum; thus, the delayed

reactivity insertion requirements do not exist.

If a second shutdown system were required for the LMFBR,
the requirements for reliability, the time response of reactivity inser-
tion, and the position of safety control elements would be the same.

Thus, any event that could make one system unavailable  in the core

would have the same effect on both systems. The results obtained from

the use of two different systems can be obtained by providing multiple

sources for driving the rods into the core. For instance, control rod

drives which provide powered and inertial follow-up to a gravity drop

have been proposed for the follow-on reference design. The inertial
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follow is provided, since the motors are continuously operating, and it
is not a matter of trying to start a motor.

To  account  for a local fault which would prevent insertion  unde r

any circumstances, such as a stuck rod, the large number of units in the
shutdown system and the excess shutdown reactivity would guarantee ade-
quate shutdown.    In the event  of a local fault,   such  as a stuck  rod,  the

large number of units in the shutdown system and the stuck rod criteria
would permit adequate shutdown.

3.6. Reactor Coolant Boundary

These criteria are essentially the same as those of July 10,
1967, except for changes to reflect the use of austenitic materials and
low pressure, instead of ferritic materials and high pressure.

3.7. Engineered Safety Features

The functional requirements of the 1980 criteria are essentially
identical to those of the 1967 criteria. The containment requirernents
have been changed to reflect the presence of liquid sodium and the possi-
bility of a sudden energy release during the design basis accident.  The
1980 criteria require sufficient inert barriers between liquid sodium and
the atmosphere to prevent a sodium fire.

System information in the control room to ensure proper op-
eration of the engineered safeguards during and after any accident, up to
and including the design basis accident, is required.

3.8.  Fuel and Waste Storage Systems

No changes from the criteria of July 10,  1967.

3. 9. Plant Effluents

The 1967 criteria have been augmented by the requirement for
an environmental monitoring program to confirm the adequacy of effluent
control features.
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APPENDIX 14-B

Analyses for Preliminary Reference Core
Without BeO
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1. Introduction

The characteristics of several preliminary core designs were
studied during the evolution of the final reference design. Among the
cores studied before the reference design was finalized was the prelimi-

nary reference core in which BeO was used as a fixed moderator.  The
results of these preliminary studies indicated that a fixed moderator
was not necessary to ensure the integrity of the core during credible

accident conditions; for that reason, it was decided that the final refer-
ence design would not contain a fixed moderator. The inclusion of the

fixed moderator did not significantly affect the design requirements of
the reactor protection system. Since it became necessary to complete
a parametric survey of control parameters before the reactivity coeffi-

cients for the final reference designs were available, reactivity coeffi-

cients were estimated for a core having the geometry of the preliminary
reference core but without BeO fixed moderator. The estimates were

based on the conclusions of the "Spoiled Vs Unspoiled Core Trade-Off

Studies. " The resulting core was referred to as the preliminary refer-

ence core without BeO.

The major effort in the parametric studies was made with the reac-

tivity coefficie-nts of the preliminary reference core without BeO modera-

tor; the results of this parameter study had a major influence on the op-
timization of control parameters for the reference design safety system.

Once the .reactivity coefficients were known for the reference design,
certain pertinent calculations were performed to compare and adjust

control parameters. Because of its importance in indicating control

parameter trends, the preliminary reference core is described in the

following tables. 20
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Table  14-B- 1. LMFBR Preliminary Reference Core
Description

Radial Axial Radial Axial
Core blanket blanket reflector reflector

Outer diameter, in. 120.03 144.08 120.03 167.70 120.03

Height, in. 37.42 37.42             12 37.42 11.81

Volume, liters 6938.7 -- 4450.4 4380 4380.2

No. of fuel assemblies 288 138 288         --          --

Fuel pin OD, in. 0.290 0.510 0.290

Fuel pin pitch, in. 0.340 0.542 0.340                  --

Clad thickness, in. 0.010 0.018 0.010        --

Assembly pitch, in. 6.461 6.461 6.461                 --                     --
Area/assembly, in.2 36.152 36.152 36.152       --          --

Fuel, % dense 85       90       85          --         --

BeO, % dense              80           --          --          --            --

B4C, % dense 80         --      80          --          --

Steel, type 304 SS 304 SS 304 SS 304 SS 304 SS

Avg temp, F
Fuel 2500 2000 2000  --
Sodiunn 975 975 975 975 975

Volume Fractions

Fuel Na Steel BeO 84C                                                  ·i

Core zone 1 0.4157 0.3752 0.1519 0.0461 0.0111

Core zone 2 0.4405 0.3439 0.1506 0.0488 0.0062                               .:

Core zone 3 0.4472 0.3482 0.1502 0.0495 0.0049

Radial blanket 0.6199 0.2141 0.1660       --          --

Axial blanket (avg) 0.4824 0.3356 0.1597       --        0.0223

Radial reflector -- 0.5000 0.5000       --          __

Axial reflector -- 0.3356 0.1597       --          --

Type of loading - 3-cycle reload: 96 elements in zone 1
84 elements in zone 2

108 elements in zone 3

1/3 of integral control rods assumed in core.

Enrichments and Burnup(a)

EC)L
BOL (=790 days)

Radial core zone 1 0.10046 0.12288
Radial core zone 2 0.11602 0.12617
Radial core zone 3 0.14264 0.14079
Core average 0.12317 0.13064

BOL: El:EZ:E3 = 1:1.08:1.33
EOL: El:E2:E3= 1:1.03:1.15

Burnup

Lifetime, days =790
MWD/T 69,300
gm fissile/MWD 1.05 (assumed)

ca,E . Imass (239pu + 24'pui 

Lmass (total U + Pu)] core
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Table 14-B-2. Reactivity Parameters(a)

Parameter ' Value

Core radial expansion coefficient, R(dK/dR) -0.4487

Core axial expansion coefficient, H(dK/dH) -0.1214

Doppler coefficient, full dense core, T(dK/dT) -0.0050

Coolant density coefficient, p(dK/dp)
Axial sections 1 and 7 0.000765
Axial s ections  2  and 6 -0.000545
Axial sections 3 and 5 -0.00768
Axial section 4 -0.01343

Linear expansion coefficient/F 0.0000104

Scram delay, msec Variable

(a)It is evident, upon comparing the table above with the
table of reactivity parameters in section 13.4, that
the estimated values agree quite well with the calcu-
lated values.

2. Parametric Analysis Results

The dynamic response of the reactor was investigated for param-
eters of rod velocity, scram delay time, and reactivity insertion rates.

In all cases a scram was initiated by detection of a 25% overpower condi-

tion; all ramps are assumed to terminate when the rods enter the core.

The tabulation below lists the variable parameters for the 12 cases

studied.

Rod speed, Delay  tim e, Reactivity ramp,
cm/sec rnsec $/sec

100
50 250 0.75

400 2.00

100
100 250 0.75

400 2.00

The  results of interest for these 12 cases are presented below:
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P (AT ) (aTc )max'Rod speed, Delay time, max       t 1,          f max'
cnn/sec msec MWt sec        F           F

Reactivity ramp - $2/sec, 25% overpower scram

50 100 3,239 0.360              21                        5

50 250 8,149 0.360 135           15

50 400 30,540 0.510 609 179

100 100 3,998 0.208 25                            5

100 250 8,142 0.359 109           31

100 400 30,380 0.511 464 143

Reactivity ramp - $0.75/sec, 25% overpower scram

50 100 3,239 0.360                 21                            5

50 250 3,905 0.511              68                      15

50 400 4,884 0.662 129           36
100 100 3,239 0.360       21             5

100 250 3,905 0.511        68            15

100 400 4,881 0.663               94                       26

whe re P maximum powermax
tl = time peak power is reached

(aTf )max = maximum change in center line fuel tem-
perature based on average channel

(a Tc)max
= maximum change in outlet coolant tem-

perature based on average channel

It can easily be seen from the tabulated results that the variable that

has the maximum effect is scram delay time.  For a given reactivity in-

sertion rate, rod speed has little effect.  In view of these preliminary

results, the delay time and rod velocity for the reference core analysis

were fixed at 300 msec and 50 cm/sec, respectively. The overpower

margin was  11% in the reference design which is considerably less than

the 25% used in this section.

Calculations were also performed to determine the transient cool-

ant temperature behavior during a coolant coastdown from full flow at

power.  It was conservatively assumed that a scram was initiated by

coolant outlet temperature in excess of a fixed limit. Results were ob-

tained for the peak and average channel for scram initiation temperatures

of 1200 to 1250 F.  In all cases the scram delay time was 250 msec.  The

flow decay curve used in this analysis was shown in Figure 14-4;  the re-

sults of this study are presentedgraphically in Figure 14-B-1. Itcan be
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seen that failure to scrarn until high outlet temperature is reached in
no way jeopardizes the core, since sodium boiling temperature is never
approached and the change in the fuel temperature is even less than that
of the coolant.

Figure 14-B-1. Maximum Coolant Temperature Vs Time
After Loss of Pumping Power
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APPENDIX 14-C

Calculational Methods and Models
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The computer codes described below are those used in the safety
analysis.

1.         FIR E

   This is a modified version of the Atomics International SOFIRE code.

Like SOFIRE, it is a Fortran IV program that calculates the pressure
and temperature conditions within a building that contains a stagnant pool
of burning sodiurn. The burning  rate of sodium is described  as  a func -
tion of oxygen concentration. Heat released by the burning sodium is
transferred to the sodium and the reactor vessel or reactor building
structures by radiation, conduction, and convection.  The FIRE code

has an option to calculate the effects of sodium fires initiated by a pres-
surized spray; this segment of the code uses available experimental data.

The most common reaction encountered in using liquid sodium is its

interaction with air and possibly with water. The potential hazards of

gross sodium leakage from a high-temperature sodium system into air  
results from the liberation of the combustion energy and reaction prod-
ucts  from  the re sulting fire. Although the probability is remote  that  a

system failure would lead to a sodium spill, such accidents must be con-
sidered in the safety analysis of sodium-cooled nuclear power plants.
Knowledge of the combustion characteristics of liquid sodium is utilized

to predict the consequences of sodium spills and leakage,  and to deter-

mine the engineered safety features required to eliminate the cause or
control the effects of such occurrances.

Sodium rnay be released from a systern as a result of a spill, leak,
or rupture. The reaction rate and effects will depend on the rnode  of
release, prevailing environmental conditions, and physical character-

istics of the area into which the release occurs.   For the purpose of

defining the potential air reactions and effects,  it is convenient to con-

sider two conditions: (1) reaction at the surface  of a pool of sodium,
and (2) reaction associated with a spray-type release.  In an enclosed

system, the energy release  rate by a burning pool to the surrounding
atmosphere would cause a very slow increase in pressure. However,
inthe case of aspray-type release, pressure rises and peaks atacon-

*, siderably higher rate. Under given temperature conditions,  the  rate  of

reaction is a function of the sodium surface, which is a function of spray

particle size.
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1. 1. Pool Fires

When a pool of liquid sodium burns in air, the combustion re-

action is characterized by a very low flame region and a dense cloud of

white oxide smoke. At temperatures above 1200 to 1300 F the sodium

pool appears reddish in color, with wispy flames on the surface.  The

minirnurn ternperature at which a pool of sodium will ignite depends on

the characteristics of the particular system involved. The ignition tem-

perature is a function of such variables as the surface mass ratio, sur-

face conditions, metal purity, absolute humidity, temperature of the  sur-

rounding atmosphere,  and the velocity of the air over the surface.

A SOFIRE code is under developrnent at AI to calculate the so-

dium burning rate and the energy and oxygen transport in a reactor build-

ing.  A preliminary issue of thiscode, obtained frorn AIandmodified

slightly for use on the Philco 2000-211, was renamed FIRE.  The pool-

burning segment of FIRE calculates the temperatures, pressures, flows,
and oxygen concentration in the reactor building during a sodium  fire.

A large number of sodiurn fire tests have been conducted at various in-
stallations todeterrnine approximate burning rates.3-9 The quantities

of sodiurn burned have ranged from grams to several thousand pounds,

with large variations in pool diameter and depth, initial sodiurn temper-

ature, and amount of container insulation.   In a majority of the experi-

ments, a systematic variation of pararneters was not attempted, the

technique for evaluating burning rate was limited, and a detailed tem-

perature measurement was not obtairied.  It was not surprising to find

that the sodium burning rates reported range from 1 to 17 lbm/ftz-hr.
The energy release per unit of sodiurn consumed depends on

the relative abundance of the sodium and oxygen. For excess sodium

the reaction is as follows:

4Na + 02 + 2Na20                                       (1)

AH = -4100 Btu/lb Na (2)
25 °C

For excess oxygen, the reaction is

14-C-3



2Na + 02 -+ Na202        '                               (3)

aH = -4850 Btu/lb Na                        (4)25 °C

Since the burning of a pool occurs very near its surface, the oxidation
for pool burning is assurned to be an excess sodiurn reaction. 10  The
exothermic heat of reaction of 4100 Btu/lbm of sodium consumed is
built into the model.

The rate of the sodium-air reaction is controlled by the con-
centration of oxygen in the fire zone. The model used in the code is as
follows:

R = Hc C                                       (5)
whe r e R  = reaction rate, 1bm /ftz-hr

C  = oxygen concentration,  1bm /ft3

Hc = proportionality constant, ft/hr

There are some indications from earlier data that the sodium-air re-
action is controlled by the diffusion mechanism in the gas that transports
the oxygen tothe flame.  If this isthe case, then the model should in-
corporate the effects on molecular diffusion, such as temperature of the

gas above the flame in the reactor building. Yevick suggested the fol-
lowing equation as a model. 11

R   =  Hc C   4Tg-                                                                                        (6)

where Tg is the gas temperature. The constant of proportionality must
be evaluated from experimental data. The suggested range for the re-
action for pool burning in air  is  5 to 101bm /hr-ft2. These results were
observed in a series of experiments conducted in insulated containers
with areas greater than 1 square foot.5,6 The experimental studies have
shown that the reaction will continue until almost all of the oxygen is de-

pleted from the gas  (0.1 to 0.2 vol %), even though ignition may not occur
unless the oxygen concentration is above 4 to 5 vol %. 12
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1.2. Spray Fires

Several investigations have been reported involving combus-

tion of sodium discharged in the  form  of a spray into a chamber. 1, 11-13

The peak pressure change for the spray fire in air was 38 psig for
14Mangold and Tidba1113  and 78 to 85 psig for Humphreys. Pressure

changes recorded as a function of time indicate that the sodium ignited

as soon as it entered the container.

Calculations have been carried out for equilibrium conditions

insodium-air mixtures byminimizing the free energy. 15,16 A compari-

son of these results  with the experimental pressures observed  by  Hum -

phreys shows  that  all the calculated value s  are  high. A subroutine  in-

corporated into the FIRE program evaluates the pressure, temperature,

and oxygen concentration based on Humphreys' experimental results.

This subroutine predicts the maxirnum pressure and temperature mea-

sured in Humphreys' experiments, and exceeds the measured values for

other sodium-to-oxygen ratios. The effect of the spray fire appears as

a change in the initial conditions for the pool burning that may follow.

2.  FORE II

FORE II is a coupled, thermal-hydraulics, point-kinetics digital I. ,

computer code designed to calculate reactor parameters under steady-

state conditions or as functions of time during transients. 17  The tran-
sients may result from a programmed reactivity insertion or a power

change. Variable inlet coolant flow rates and temperatures are con-
sidered.  The code calculates the reactor power, the individual reac-

tivity feedbacks and temperature of coolant, cladding, fuel, structure,

and additional material for up to seven axial positions in three channel

types which represent radial reactor zones.  The heat of fussion ac-

cornpanying fuel melting, the liquid metal void reactivity,  and the spatial

and time variations of the fuel-cladding gap coefficient due to changes in

gap size are considered. The programming language is Fortran IV.

Considerable difficulties have been experienced with the FORE II

computer programs received from the Argonne Code Center. Early in

the safety analysis of the reference core, it became evident that FORE II

was calculating erroneous fuel temperatures.  This was corrected in the

original issue from the ANL Code Center, and a second release was
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requested from ANL when it became known that a new version had been re-
leased to the code center by General Electric for distribution, since there
were other corrections that improved the feedback by using the most
recent temperatures. Unfortunately, the second release contains errors

in the reactivity calculations which have not been located. The second
release incorporated a new subroutine,  REAC, and somewhere  in the

shuffle an error was introduced into the reactivity calculation.  It is

anticipated that General Electric will release a third version within a
few months.

In the meantime, in order to fulfill the requirements for the safety

analysis, corrections are being made to the first version of FORE II

(released by the ANL Code Center). The feedback calculation now uses

the most recent temperature and density values.  This was accomplished
by relocating a segment of the subroutine FEEB so that the total reac-

tivity calculation now follows the feedback calculations.    The  FEEB  sub-

routine was modified so that it will calculate the density feedback for the

coolant and structure when there is no additional material present.  At
least three problems that still exist with our modified first release have

not been located or corrected:

1.  The calculation of the fuel conductivity for
the steady- state condition.

2.  The Doppler feedback calculation when only
the average channel temperatures are used.

3.  The restart from a wrapup.

The first problem can cause an unstable steady-state transient.  No

scheme has been derived to eliminate this; thus, we have used fuel con-

ductivities that were constant with respect to temperature. The second

problem was faced by incorporating the peak pin in the calculations by
choosing the weight functions properly to eliminate any effects.  The
third problem causes no error, but it does increase the required com-
puter time considerably. This problem essentially eliminated the study
of accidents that start from low power.

As a result of the errors in the released versions of FORE II, the

\
results must be interpreted with extreme caution.  It is anticipated that
more problem areas will be uncovered as the code is used and the re-

sults compared with those produced using other methods.
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3.  BANGO

BANGO is a preliminary version of a calculational technique to be

developed for studying the effect of molten fuel release to the sodium

coolant. The computational model assumes   that   (1) the released   fue 1

is intirn ately mixed  with the coolant  in  the same region  of  the  core,

(2) the pressure is relieved by upward motion of sodium , (3) heat is

transferred frorn the sodium bubble to the surrounding coolant at a rate

governed by h(Btu/hr-ftz- °F) = 22,000 - 36,000/AT,  (4) the gas above
the sodium pool is compressed and exerts a counterpressure,  and (5)

the cone of sodium above the bubble is accelerated upward.

4. WEAK EXPLOSIONS

The WEAK EXPLOSIONS program performs a coupled neutronics-

hydrodynamics calculation for a spherical homogeneous reactor core

with a given composition to obtain the time-dependent energy release
; 18that  results  from the insertion of reactivity at a given rate. The neu-

tronics calculation uses a point model having a power distribution and

material worth fixed by polynomials in the radius. The kinetics and

hydrodynamics equations are coupled and solved by the Milne method

at specified time intervals. The equation of state of the core material

is in the exponential form,  and the Doppler effect is taken into account

by using the E-n law model. The power excursion is initiated by a linear
reactivity increase.

Several other codes used in the course of this analysis are described

elsewhere. 19 Included are the DHRG 3-SIZZLE one-dimensional diffusion-
theory package and PERT, a perturbation-theory code.

The fuel self-worth and reactor power distributions were described

as sixth-order polynomials in the radius. These polynomials are weighted,

least-square fits of the distributions determined from one-dimensional

diffusion and perturbation calculations. The polynomial fits are given

below:

Power Distribution

P(r) = 0.3888 x 103 - 2.1674r + 0.19235rz - 0.62716 x 10-zr3

+0.87048 x 10-4r4 - 0.52621 x 10-6r5 + 0.11311 X 10-8r6
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Fuel Worth Distribution

W(r) = 0.66244 X 10-8 - 0.58452 X 10-lor +0.42387 X 10-llr2
- 0.11777 X 10-12r3 + 0.14144 X 10-14r4 - 0.74204 X 10-17rs

+ 0.13679 X 10-19r6

In the analyses presented in this report, 6K Doppler is assumed to
be proportional to T-1. The Doppler feedback was started at equilibrium
power in all cases.

The equation of state used in the calculations is based on a core fuel
density of 3.5 grn/crnf A weighted, least-square fit of the curve shown
in Figure  14-C- 121 was made and used to relate inverse energy to pres-
sure.
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Figure 14-C-1. High-Range Pressure Vs Internal Energy,
Using AHT Critical Constants
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