
12.0 SAFETY EVALUATION

12.1 CORE AND COOLANT BOUNDARY PROTECTION EVALUATION 

12.1.1 PLANT ABNORMALITIES AND TRANSIENTS CONSIDERED 

During the detailed design of the plant, potential accidents will be ana

lyzed to verify that the safeguards and safety margins embodied in the design 

are adequate to prevent hazardous conditions from arising in any of the ways 

which can be credibly conceived for this plant. Such analyses are relatively 

rigorous and require the use of data which are developed only after engineer

ing of the reactor core and related systems has progressed to an advanced 

stage. Experience with designs of this type, however, permits certain con

clusions to be made as to the mechanism of the accident, the criteria which 

will be applied in engineering the pertinent safeguards, and the feasibility of 

providing a system which will reliably conform to these criteria. The dis

cussion in the following, paragraphs, making use of this experience, describes 

the limits which can be placed on the consequences of each accident with due 

credit for safeguards.  

Accidents are divided into two categories, i.e., reactivity and mechanical.  

Reactivity accidents are those in which an abnormal insertion of reactivity oc

curs by any of several means associated with malfunction or misoperation of 

the Reactor Control and Protection System. Mechanical accidents are those 

whose occurrence is caused by a component failure interfering in some me

chanical or electrical way with the operation of the reactor.  

The reactivity accidents which are to be considered include: 

a) Startup 

b) Rod cluster withdrawal at power 

c) Boron removal and cold water transients 

d) Dropped control rod cluster 

e) Control rod ejection 

f) Fuel loading 

Mechanical accidents which are to be considered will include: 

a) Loss of coolant (rupture) 

b) Loss of coolant flow (pumps) 

c) Main steam line rupture 
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d) Fuel handling 

e) Loss of load 

f) Waste disposal system break 

Consideration of miscellaneous system equipment failures or malfunction 

will include such items as: 

a) Control rod clusters and drive mechanisms 

b) Reactor coolant pumps 

c) Piping and valves 

d) Steam generators 

e) Feedwater 

f) Condenser vacuum 

g) Instrument air 

h) Fuel handling equipment 

12.1.2 IDENTIFICATION OF POSSIBLE CAUSES AND PREVENTIVE 
FEATURES 

12.1.2.1 Reactivity Accidents 

a) Startup Accident 

Reactivity is added at a prescribed and controlled rate in bringing 

the reactor from a shutdown condition to a low power level during startup 

by withdrawal of control rod clusters. Although the initial startup pro

cedure uses the method of boron dilution, the normal startup is with rod 

cluster withdrawal. Rod cluster motion can cause much faster changes 

in reactivity than that which would be provided by changes in boron con

centration.  

Should the rate of reactivity addition be excessive, an abnormally 

high rate of increase in neutron flux would initiate an alarm in the con

trol room. If corrective action is not taken to reduce the startup rate, 

an automatic "cluster -stop" signal deac tivates the cycling mechanism on 

the cluster drive control, causing cluster withdrawal to cease. Should 

this signal fail, trip relays would open automatically on a "high startup 

rate" signal from the intermediate range channels. Trip relays would 

open also when the nuclear power level detected by any two of four power 

range channels exceeds a preset fractional power limit established for 

startup. With only the power range trip (the last trip to occur), the 

startup accident is terminated with no departure from nucleate boiling 

(DNB).
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The maximum possible number of rod clusters which can be moved 

and their maximum withdrawal speed is established by design. This in

formation and the maximum incremental rod cluster reactivity worth, will 

be used in an analog simulation study to verify that the protection afforded 

by the "startup rate" and the "fractional power" trip settings is adequate 

to terminate the transient safely. Protection in this case is adequate if 

DNB is not reached, thus ensuring that no fuel damage or fission product 

release will result. A practical combination of limiting rod cluster speed 

and trip set point will be selected.  

b) Rod Cluster Withdrawal at Power 

If control rod clusters are improperly withdrawn when the reactor is 

operating in the power range, an approach to an unsafe operating condition 

can result. Protection is first provided by "automatic cluster" stops from 

intermediate and power range channels when indicated power exceeds a 

preset limit. Should this device fail to limit the transient, an "overpower" 

signal from any two of four power range channels will cause automatic 

trip. Additional protection is independently provided by an automatic trip 

that is actuated when a combination of measured parameters indicates less 

than adequate subcooling of the outlet coolant. This trip will terminate the 

transient in time to prevent DNB. This conclusion will be verified for a 

range of reactivity insertion rates, including the maximum rate, by analog 

simulation methods.  

c) Boron Removal and Cold Water Transients 

Reduction of boric acid concentration by any process is a means of 

reactivity insertion. When this occurs by operation of the reactor makeup 

control while the reactor is critical, the protection described in the pre

ceding cases for cluster withdrawal is applicable. The maximum reactivity 

insertion rates attainable by the charging and letdown operation are much 

less than by rod cluster motion, hence the protection is adequate.  

When reactivity is added by reducing boric acid concentration or by 

lowering the reactor coolant temperature while the reactor is shut down, 

the margin of shutdown is reduced. Since the rate of change of keff at

tainable under these circumstances is quite slow, there is time for cor

rective action to be taken before criticality can be achieved.  

Because there are no isolation or check valves in the reactor coolant 

loops, there is no possibility that excessive changes in boric acid concen

tration could occur as a result of starting a reactor coolant pump.
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Under certain abnormal conditions, the charging pumps could intro

duce cold water into the reactor. However the rate at which reactivity 

changes can occur during operation of the charging pumps is far less 

than that possible with control rod cluster motion. Therefore, the re

actor protection system is capable of providing adequate protection.  

If either the boric acid flow or the demineralized water flow de

viates from the control set point during reactor coolant boration, "1dilu

tion"1 or "normal leakage makeup," alarms will warn the operator to de

activate the makeup system manually. Should a condition ever arise when 

reactor coolant boron is changing without the operator's knowledge, "con

trol group position" indication is a positive means of detecting any sig

nificant change when the reactor is critical. Subcritical count rate from 

the "source range" detectors would warn of an undetected. malfunction in 

the subcritical condition. Section 7.3 has a more detailed description of 

the Nuclear Instrumentation.  

d) Dropped Control Rod Cluster Accident 

If a control rod cluster is accidentally released by its mechanism 

and falls into the core, it will depress the neutron flux in its immediate 

vicinity. This will result in a suddenly reduced reactor power level 

sensed by one or more of the nuclear monitors. The control system will 

then initiate a turbine load reduction and block automatic rod withdrawal.  

As backup, the "control rod cluster position" indicators will also sense 

and indicate the rod cluster drop. Criteria for design of these counter

measures will be based on preserving a safe margin against DNB; hence, 
no fuel damage or fission product release to the coolant system will re

sult from a dropped control rod cluster.  

e) Control Rod. Ejection Accident 

The reactor protection system provided for the pressurized water 

reactor is capable of terminating any credible reactivity excursion without 

DNB. Thus, even if control rod clusters having maximum reactivity worth 

are driven out of the core at the maximum speed, there would be no 

significant temperature rise in the cladding above coolant temperature 

and no zirconium water reaction. The only conceivable way of exceeding 

the maximum reactivity insertion rate for which the protection system 

prevents DNB is for a rupture of a control rod mechanism housing to 

occur. Such a rupture is not considered credible for the following 

reasons:
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1. Each housing is proof tested to 6,300 psi prior to operation.  

2. Stress levels in the housing are not affected by system transients 

at power or by thermal movements of the coolant loops. The hous

ings are restrained by cross-bracing at the top end, so that moments 

induced by design earthquake accelerations can be accepted within the 

allowable primary working stress range specified by the ASME Code, 

Section III for Class A components. The design further assures that 

failure would not occur with accelerations from the maximum con

ceivable earthquake.  

3. The housing is constructed of Type 304 stainless steel which 

shows excellent notch toughness at all temperatures that will be en

countered during the operation of the plant. A significant margin of 

strength in the inelastic range is thus provided and gives additional 

assurance that gross failure of the housing will not occur.  

If a rupture of a control rod mechanism housing were to occur, the 

resulting loss of coolant would be small compared with the hypothetical ac

cident for which the containment is designed. The pressure and tempera

ture effects associated with the maximum amount of reactivity which can 

be added by an ejected control rod cluster will not increase the loss of 

coolant due to the housing rupture. The maximum permissible reactivity 

insertion by an ejected control rod cluster is established by an analysis 

in which the worst conditions of energy addition to the core and coolant 

are determined. By application of computer codes, the spatial distribution 

of. excess energy in the fuel, due to the transient, is determined and the 

resulting fuel temperature distribution and heat transfer to the coolant are 

calculated. If necessary, automatic and administrative controls will be 

provided to limit the amount of reactivity which could be inserted as a re

sult of this accident.  

e) Fuel Loading 

Reactivity accidents are prevented by control of the boric acid con

centration in the refueling water. The safety margin is extremely large; 

ensuring that the reactor core assembly remains subcritical even in the 

extremely unlikely event of all control rods being accidentally removed in 

the cold condition. In other areas where fuel is either in transfer or 

storage additional safety is ensured by appropriate spacing between fuel 

assemblies.

12-5



12.1.2.2 Mechanical Accidents 

a) Loss-of-Coolant Accident (Rupture) 

A loss-of-coolant accident may result from a rupture of the reactor 

coolant system or of any line connected to that system up to the first 

closed valve. Ruptures of small cross section will cause expulsion of 

coolant at a rate which can be accommodated by the charging pumps.  

Should such an accident occur, these pumps would maintain an operational 

level of water in the pressurizer, permitting the operator to execute an 

orderly shutdown. A moderate quantity of coolant containing such radio

active impurities as would normally be present in the coolant, would be 

released to the containment.  

Should a larger break occur, loss of system pressure and pressur

izer liquid level will cause reactor trip and initiation of safety injection.  

These countermeasures will limit the consequences of the accident in two 

ways: 

1. Reactor trip, supplemented by borated water injection will cause 

rapid reduction of the nuclear power to a residual level correspond

ing to delayed fissions and fission product decay.  

2. Injection of borated water ensures sufficient flooding of the core 

to prevent excessive heating.  

The design criteria for the safety injection system are presented in 

Chapter 6 along with a description of the system.  

The zirconium-water reaction following a loss of coolant accident is 

considered in order to evaluate the adequacy of the containment. Present 

analyses are based on the zirconium water reaction characteristics given 
(aer1 ) (2) (3) 

by BkrEpstein , and Lustman . With respect to the PWR systems, 

the analyses support the following conclusions: 

1) Following a loss-of-coolant accident, with operation of engineered 

safeguards systems, there is insignificant zirconium-water reaction.  

2) No new engineered safeguards are required because of zirconium

water reactions. The engineered safeguards currently used for re

actors such as the safety injection system and containment cooling 

systems provide adequate protection.  
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3) The heat release to the containment from a zirconium-water 

reaction is considered in the containment design analysis. Allow

ance is made in the containment design to accommodate reaction 

heat released from the core (together with core decay heat) by 

safety injection flow and burning in the containment of hydrogen 

produced. Because the hydrogen is generated at a reaction tem

perature in excess of 1800OF which is much higher than the spon

taneous ignition temperature, the hydrogen will burn as soon as it 

contacts air in the containment.  

4) Even in the event of failure of all external sources of power to 

the station, emergency on-site power is available to assure adequate 

operation of engineered safeguards under all conditions. With power 

available, the engineered safeguards will perform their functions of 

(a) pumping water to cool the core and terminate zirconium-water 

reaction, and (b) operating the containment air recirculation cooling 

or spray systems as required to assure an acceptable post-blow

down pressure transient.  

b) Loss-of-Coolant Flow (Pumps) 

The reactor is tripped if flow is below a preset limit in one loop or 

when power is lost to one reactor coolant pump when operating above a 

preset power level.  

Simultaneous loss of electrical power to two or more reactor coolant 

pumps at full power is a more severe loss-of-coolant flow condition. In 

these cases, however, reactor trip together with flow sustained by the 

inertia of the coolant and rotating pump parts will be sufficient to pre

vent fuel failure and overpressure. Detailed analysis of this type of 

accident will be performed during the design phase to verify system 

performance and clad conditions for various loss-of-flow accidents.  

c) Main Steam Line Rupture 

A break in the steam piping between the steam generator and the 

turbine will not constitute an environmental hazard because the steam is 

not radioactive. The accident requires protective action, however, because 

the reactor control system, sensing the loss of steam pressure as an in

crease in load, will tend to increase reactor power. If the increase is 

not excessive, an appropriate manual shutdown procedure can be executed.  

If reactor power exceeds the overpower setpoint, automatic trip will occur.
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Core protection is provided in the same manner as for reactivity 

insertion accidents by the combination of overpower and low pressure.  

trips. Because of the large increase in extraction of heat from the re

actor coolant system, coolant temperature is decreased in cases of very 

large breaks, and when the moderator coefficient is most negative (end of 

core life), this results in a reduction of the shutdown reactivity margin 

after trip. The safety injection system, actuated by the "low level-low 

pressure" coincidence trip in this accident, would compensate by boron 

addition for the temperature effect on reactivity in all foreseeable cases.  

Only in the extreme case, where the combined effects of a stuck RCC 

assembly, largest steam line rupture, and the most adverse reactivity 

coefficients are imposed, would the possibility of a momentary return to 

criticality exist. The probability of compounding a large steam break 

with all of the other conditions for criticality is considered negligible.  

Limited core damage for this condition would therefore be accepted.  

d) Fuel Handling 

The reactor is refueled with the Reactor Coolant System at atmos

pheric pressure and the reactor head removed. Hazards to be considered 

under these conditions are those which could arise from lack of adequate 

shielding during fuel handling, release of radioactive gases, or a limited 

reactivity excursion. The latter has been covered under Reactivity Acci

dents in this chapter.  

Necessary shielding during all fuel handling operations is ensured by 

designing the fuel transfer equipment and facilities such that a fuel ele

ment is always immersed in water to a sufficient depth to maintain ade

quate protection of the personnel. Immersion of spent fuel in water also 

minimizes the risk of exposing personnel to radioactive gases. Fission 

products released from any defective fuel before refueling operations 

commence will have been reduced to an acceptable level by the Chemical 

and Volume Control System. The low temperature of the fuel during 

handling precludes further significant evolution of gases from the pellets 

themselves. Halogen release is greatly minimized due to relatively low 

volatility at these temperatures. The strong tendency for iodine in vapor 

and particulate form to be scrubbed out of the bubbles of gas during their 

ascent to the surface of the water also alleviates the inhalation hazard.  

The chance of a fuel element becoming defective during handling oper

ations is very remote but should it occur, the release to the atmosphere
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above the refueling water would be very small. Monitoring equipment 

would be in continuous use to ensure that personnel do not receive more 

than the permitted dose.  

f) Loss of Load 

The loss of external load is defined as a disturbance on the elec

trical distribution system (e.g., an abnormal increase in network frequency) 

or opening of the main breakers from the generator which fails to cause 

a turbine trip but causes load to be rapidly reduced by the normal speed 

control of the turbine governor. The resulting transient imposed on the 

nuclear plant is identical to that described below for the turbine trip.  

The protective devices are also the same with the exception of a reactor 

trip signal normally resulting from stop valve trip which would not occur 

for the case of a rapid governor controlled load runback.  

Turbine trip from a full load condition results in a rapid increase 

in steam generator shell side pressure and in reactor coolant temperature.  

Steam is dumped to the condenser to control the secondary pressure rise.  

Should this fail, secondary safety valves would open for overpressure pro

tection, and the reactor control would attempt to meet this load demand 

at an elevated coolant temperature. In order to protect the core from 

DNB in this case, a trip on two out of three high pressurizer pressure 

signals is provided. Pressurizer safety valves are sized to protect the 

reactor coolant system against overpressure in this accident. In both 

load rejection cases, no credit is taken for the automatic steam dump as 

a means of reducing coolant temperature when sizing the pressurizer 

safety valves.  

g) Waste Disposal System Accidents 

Accidents in the waste disposal system may involve rupture of sys

tem pipe lines, volume control and gas decay tanks, and pump leakages.  

Spillage or leakage of any fluids will be retained within the auxiliary 

building containing the waste disposal system.  

IAccumulation of any released fluids is accomplished through the 

building floor drains which flow by gravity into a drain tank. The ventila

tion system will remove any gaseous radioactivity and discharge it via the 

plant vent.  

The main sources of gaseous radioactivity in the waste disposal sys

tem are in the waste holdup and gas decay tanks which are situated in 

concrete shield cubicles.
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An analysis of both gaseous and liquid discharges resulting from an 

accident in the waste disposal system are expected to show that personnel 

in the vicinity of this system will not be exposed to unsafe levels of ra

diation dosage.  

Normal discharges of radioactive gaseous wastes from the plant to 

the environment are made via a vent system located on top of the reactor 

containment. A preliminary evaluation has been performed to estimate 

the maximum off-site exposures which might result from the expected 

maximum releases from the plant.  

The evaluation assumed an elevated release but a conservative model 

was used to incorporate the effects of down draft in the building wake in 

reducing the large dispersion normally associated with elevated stack 

releases. The results of the evaluation in Chapter 11 have shown that 

even under the most adverse conditions, the maximum expected off-site 

concentrations are below the limits of 10 CFR 20.  

12.1.2.3 Miscellaneous Failures and Malfunctions 

a) Control Rod Clusters and Drive Mechanisms 

If a Control rod cluster or its drive mechanism should become stuck 

in a fully or partially withdrawn position, the operator would become 

aware of the malfunction by observing position indication in the control 

room when a group containing that rod cluster is moved. The reactor 

would then be shut down in an orderly manner and the condition cor

rected. Such occurrences are expected to be extremely rare based on 

operation and test experience to date. In addition a periodic rod cluster 

exercise program can be performed to verify their operability without 

affecting normal reactor operation. To guard against the remote possi

bility of a stuck rod cluster condition existing at a time when emergency 

shutdown is required, trip is defined for analytical purposes as the inser

tion of all rod clusters except the most reactive cluster, which is as

sumed to remain stuck in the fully withdrawn position. Thus, all reactor 

protection criteria are met presupposing th e worst stuck rod condition.  

In summary, reactor protection is designed to prevent cladding dam

age in all credible reactivity accidents. The most probable modes of 

failure in each channel results in a signal calling for the protective trip.  

Coincidence of two out of three (or two out of four) signals is required 

where single channel malfunction is liable to cause spurious trips. A

12-10



minimum of one unsafe condition in the protection system itself coincident 

with one stuck control cluster is always permissible as contingent failures 

and will not cause violation of the protection criteria.  

b) Reactor Coolant Pumps 

The pumps employ a controlled leakage seal assembly to restrict 

leakage along the pump shaft, as well as a secondary seal which directs 

the controlled leakage out of the pump and which minimizes the leakage 

of vapor from the pump into the containment atmosphere.  

The controlled leakage seal is not a friction type aimed at achieving 

zero leakage but is free running with some small leakage through the 

primary seal accepted. This leakage is collected and removed from the 

pump with very little escape of either liquid or vapor to the reactor con

tainment. The water normally passing through the seal is comparatively 

cool, crud free, uncontaminated reactor coolant supplied to the pump by 

an auxiliary system.  

The seals are so designed that in an emergency they can operate 

with the full system pressure across their faces in both the rotating or 

stationary state. Naturally, their life under these conditions will be re

duced, but their function will then be to permit limited operation or an 

orderly shutdown without gross leakage.  

The effect of loss of pump power on the reactor system has been 

previously described in Section 12.1.2, Loss-of-Coolant Flow Accident.  

c) Piping and Valves 

Whenever possible, piping and valves, except root valves and their 

connections to the coolant piping, will be run in the annular space between 

the crane support wall and the containment wall, and thus will be com

pletely outside the area occupied by the primary equipment and the reactor 

coolant loops.  

Special precautions will be taken with the pressurizer relief valves 

(which must be located above the operating floor) to protect these valves 

from mechanical damage.  

Valves necessary for operation under accident conditions will be 

specified and selected so that they will not be rendered inoperative by 

the temperature and pressure conditions existing at the time of an acci

dent. Organic material used for electrical insulation and other uses, such 

as valve stem paclking, will be selected so that prolonged exposure to high 

temperatures will not cause excessive deterioration.
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Piping external to the containment running between the containment 

and the auxiliary building and the waste disposal tank area will be run 

below grade in concrete trenches. Where necessary because of radiation 

level, manual valves in radioactive lines will be operated by extension 

stems run through shield walls.  

The containment isolation philosophy is given in detail in Chapter 5.  

d) Steam Generator Defects 

If volatile radioactive materials get into the secondary system, some 

of them are released via the condenser air ejector to the plant vent sys

tem. The only source of radioactive gases in the secondary system is 

any leakage of reactor coolant into the secondary coolant. Although it is 

unlikely, the possibility of a rupture of a tube in the steam generator is 

considered.  

For the evaluation of this accident during the plant design phase, a 

double-ended rupture of a steam generator tube will be studied. The 

transport of radioactive impurities from the reactor coolant through the 

steam separating equipment, the steam lines, turbine and condenser will 

be analyzed to arrive at the maximum levels of contamination which might 

be encountered at the air ejector. Experience with previous analyses of 

this type indicates that the resulting release would cause no significant 

hazard to the public.  

If the radioactivity in the effluent from the air ejector and the steam 

generator blowdown rise above a safe level, alarms are sounded. In re

sponse to the alarms, the operator initiates a normal plant shutdown. As 

the radioactivity in the steam is principally volatile, it does not present a 

contamination problem in the steam systems. Also, the accumulated radio

activity in the condenser hot well for the period of the accident does not 

interfere with maintenance.  

e) Feedwater Loss 

A complete loss of feedwater flow to all steam generators could 

occur if power is lost to the condensate pumps. If no protective action 

is taken, the secondary side of the steam generators would be emptied in 

a very short period of time assuming full power generation in the reactor..  

Protection against core damage is provided by a low feedwater flow 

trip actuated by a difference in steam and feedwater flow from any of the 

other steam generators.I
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In the event of a loss of feedwater flow, a protective circuit is also 

actuated to provide emergency feed flow from the condensate storage 

using a steam driven pump in sufficient time to prevent excessive tem

peratures in the reactor coolant system resulting from continued addition 

of core residual heat. The core residual heat will provide the steam 

supply for this pump. Additional protection against core damage is given 

by the variable low pressure trip which would trip because of increasing 

coolant temperatures as heat transfer to the secondary system is lost.  

Loss of feedwater flow to one steam generator, such as could occur with 

the failure of a single feedwater control, does not result in any hazard to 

the core and the operator would take manual action from several alarm 

actions (low steam generator level, low feedwater flow vs steam flow) to 

protect the steam generator.  

Protective circuits to prevent overpressurization consists of: 

1. Loss of feedwater supply trip 

2. Variable low pressure trip 

3. Fixed pressurizer high pressure trip 

4. Actuation of emergency feedwater system 

Feedwater flow sufficient to handle residual heat generation (5 to 10% 

of full load flow) will be restored before the reactor coolant system pres

sure increases to the relief valves set point which would cause loss of 

coolant through the valves.  

f) Condenser Vacuum Loss 

Vacuum loss in the main condensers may be precipitated by loss of 

circulating water flow or by mechanical failures which may permit air to 

enter the condensate system. Should the vacuum loss be small, a reduc

tion in turbine load may be necessary, with a corresponding decrease in 

reactor loading, until corrective action is taken to minimize the vacuum 

loss. A large vacuum loss will cause the turbine to trip automatically 

when a preset limit has been reached. The resulting effect of turbine 

trip on plant operation has been described previously. For this condition, 

the automatic steam dump to the condenser is blocked and the secondary 

safety valves would provide the necessary heat release.  

g) Loss of Instrument Control Air 

Loss of the instrument air supply under accident conditions will not 

impair or endanger the safety aspects of the nuclear plant. Control air 

is used only to operate certain valves in the reactor systems, and these 

valves are designed to fail safe on loss of motive power.  
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Two independent air supply systems are provided. Failure of one 

system causes automatic operation of the other. In addition, a stored 

supply is provided inside the containment for use on a temporary basis 

should both systems fail.  

h) Fuel Handling Equipment 

1. Transfer System 

This system provides for underwater transfer of the fuel as

semblies and control rod clusters from the reactor by means of a 

manipulator crane, fuel transfer carriage, and spent fuel hoist to 

the spent fuel storage pit. In the spent fuel storage pit, a second 

fuel handling device removes the individual spent fuel assemblies 

from the transfer carriage and places them in the spent fuel storage 

racks. They remain in the storage racks for a sufficient time to 

allow decay to a level which permits shipment to a reprocessing 

plant. Before fuel assemblies containing reuseable control rod 

clusters leave the reactor cavity, they are placed in the control rod 

cluster changing fixture where the control rod clusters are removed 

for insertion into fresh assemblies. The spent control rod clusters 

are transferred within a spent fuel assembly where they remain when 

the assemblies are placed in the storage racks.  

The following handling accidents will be evaluated: 

i) A fuel assembly becomes stuck inside reactor vessel.  

ii) A fuel assembly or control rod cluster is dropped onto 

the floor of the reactor cavity or spent fuel pit.  

iii) A fuel assembly becomes stuck in the penetration valve.  

iv) A fuel assembly becomes stuck in the transfer carriage 

or the carriage becomes stuck.  

v) A fuel assembly is dropped onto the bottom of the transfer 

tank under the carriage.  

Since all of the operations are under water and since there is 

always ample cooling for the fuel assembly, regardless of the acci

dent postulated, there is no danger of overheating of the fuel. Fur

ther, since such circulation is always naturally available, it is possi

ble to prevent excessive local accumulations of activity in the water 

resulting from defective fuel.
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If the spent fuel assembly or RCC assembly were to come loose 

from the manipulator crane or spent fuel hoist,' it would be easy to 

see the lost item through the water and retrieve it remotely.  

The simplicity of the system and the ability to establish the 

water level in the spent fuel storage pit outside the containment at 

the same level as inside tends to prevent accidents from misopera

tion or human error.  

2. Spent Fuel Storage Pit 

The spent fuel storage area is sized for the normal storage of 

one and one-third complete core and associated control rod clusters.  

The fuel and control rod cluster are arranged to prevent criticality.  

The holders are strong enough to withstand the postulated maximum 

earthquake with the fuel or control clusters in place. If an accident 

were to damage the cooling system, the heat capacity of the water 

affords ample time for countermeasures. Even if an entire day were 

to elapse, no serious condition would arise.  

Radioactivity is removed from the water by means of an ion 

exchanger built into the cooling water recirculating system. Any 

radioactivity which escapes into the atmosphere above the pit is 

carried off by the ventilating system.  

If the spent fuel shipping cask fell into the spent fuel pit during 

transfer of fuel, the stainless steel liner of the concrete might be 

punctured. Spent fuel pit water then might gradually seep through the 

concrete. Any water leaking from the spent fuel pit would flow to

ward the river but since the water is kept at a relatively low activity 

level, no contamination of the river would result.  

If the fuel assemblies or control rods were to be accidentally 

dropped during transfer of fuel, no damage that could release fission 

products is expected to occur.
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12.2 STANDBY SAFEGUARDS ANALYSIS

12.2.1 SITUATIONS ANALYZED 

For accidents which cause the reactor core and coolant boundaries to be 

breached, the engineered safeguards systems provided for this plant will be 

called upon to limit the consequences of such accidents. Analyses have been 

performed for a loss of coolant accidents covering a range of break sizes, 

operating conditions, malfunctions and assumed delays in safety injection. The 

containment pressure transients and off-site inhalation and whole body doses 

for these accidents are evaluated. The results of these evaluations show that 

with the expected performance of engineered safeguards, containment integrity 

is maintained and the off-site exposures to the public do not exceed the guide 

lines of 1OCFR2O. With only partial effectiveness of the engineered safeguards 

systems, public exposures will be well below the guide line of 1OCFR100.  

12.2.2 IDENTIFICATION OF CAUSES AND SEQUENCE OF EVENTS 

To assess the adequacy of the containment structural design and to eval

uate the degree of public protection provided by the engineered safeguards.  

systems, analyses were performed to describe the transient condition inside 

the containment following a range of postulated loss of coolant accidents. The 

analysis is based on mathematical models which reflect the phenomena occurring 

within the Reactor Coolant System, the reactor core and the containment during 

and after a loss of coolant accident. Conservative approaches and parameter 

values have been assumed for these mathematical models. Where applicable, 

the sensitivity of the results to such variables as component failure, and even 

failure of a complete safeguards system will be evaluated to demonstrate that 

an adequate margin of protection against loss of containment integrity is pro

vided.  

12.2.2.1 Method of Analysis 

The containment pressure is determined by the transient interaction of an 

energy source (consisting of the initial reactor coolant stored energy, the re

actor core residual and sensible heat and sensible heat from various hot Re

actor Coolant System metal components) with an energy sink (consisting of the 

containment structure and dynamic engineering safeguards). The source and 

sink terms are described in the following paragraphs.
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a) Coolant Blowdown Transient 

Blowdown of the reactor coolant causes a containment pressure rise 

due to the large stored energy content of the high temperature, high pres

sure reactor coolant. The rate of mass and energy addition to the con

tainment is dependent upon the location and size of the assumed break.  

The total energy involved is dependent on steady-state reactor conditions 

as well as location and size of the rupture and safety injection flow (i.e., 

determines extent of zirconium-water reaction).  

The digital computer code, LOGO, is employed to calculate the 

transient depressurization of the Reactor Coolant System as well as the 

mass and enthalpy flux through the break at any time. The conservation 

equations of continuity and energy are written for the Reactor Coolant 

System, together with critical flow momentum relationships for the dis

charge flow rate, appropriate equations of state, and initial and boundary 

conditions. There are two distinct phases in the discharge process.  

Phase I: Discharge of subcooled water through the break results 

in a rapid system depressurization to saturation pressure. During the 

period of subcooled blowdown, the reactor trip is initiated by low pres 

surizer pressure. Prior to the trip, full reactor power is added to the 

coolant but this heat is removed by forced convection heat transfer in 

the steam generator tubes. After the reactor trip is completed, with an 

allowance for trip delay, core residual heat (delayed neutron residual 

fission plus fission and capture product decay) and sensible heat are 

transferred to the coolant. Sensible heat includes the heat stored in both 

the core and ,oore structures, and a portion of the thick metal in the re

actor vessel.  

Phase II: Further expansion of the coolant water through the rupture 

results in a change to flashing two-phase flow after a very short time, 

and discharge of coolant into the containment is restricted by choking 

flow. Energy is added to the coolant by the core and by cooling of metal 

parts which are above saturation temperature, and is removed by loss of 

coolant and by heat transfer to the steam generator secondary water.  

When the reactor coolant water level falls below the steam generator. tube 

inlet level, all heat removed from the coolant is by way of the break into 

the containment.  

Discharge of the homogeneous steam-water mixture continues to add 

mass and energy to the containment until almost no water remains in the
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system. Because of the high blowdown rate for a complete severance of 

a large reactor coolant pipe, the rapid steam evolution results in transport 

of large quantities of entrained liquid. A distinct interface may not exist 

as the core becomes uncovered. When the calculated liquid entrainment 

is less than i%, steam flow is assumed to exist. The computer calcula

tion shows that very little water will remain in the bottom of the reactor ves

sel because of the rapid blowdown.  

b) Core Thermal Transient and Chemical Reaction 

Safety injection is actuated by coincident pressurizer low pressure 

and low water level signals. Until the injection water effectively cools the 

core, most of the reactor residual heat generation goes to raise the tem

perature of the core, internals structure, and reactor vessel. If the 

zircaloy cladding temperature in any portion of the core exceeds the 

threshold at which a significant rate of reaction occurs, additional energy 

is produced and stored inside the reactor vessel.  

A digital computer program, LOCTA-R, is used to evaluate the core 

thermal transient. The code predicts pellet and clad temperatures and extent 

of zirconium water-reaction as functions of time. The mathematical model 

applies the conservation of ener gy equation to a unit length of fuel rod. Three 

radial fuel pellet nodes and one clad node are employed.  

Heat sources considered include residual heat generation in the fuel, 

and reaction heat generated in the clad. Heat transfer between the fuel 

pellet and cladding is specified by means of a gap film coefficient. Axial 

heat conduction in the fuel and clad is neglected. A time dependent 

coolant-clad film coefficient and coolant temperature are specified using 

computer code results obtained from the coolant blowdown analysis in 

order to account for heat transfer between cladding and coolant. Physical 

properties (e.g., thermal conductivity and specific heat of the fuel, clad, 

and oxide film) are varied as functions of temperature and extent of 

cladding reaction.  

The zirconium-water reaction energy transient is accounted for by 

use of the parabolic rate equation and a specified heat of reaction. When 

clad temperature reaches 1800OF as a result of residual heat generation, 

the zirconium-water reaction is initiated. Unless the steam evolution rate 

exceeds the maximum possible consumption rate established by the para-
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bolic rate equation*, all steam evolved is considered to contribute to the 

core stored heat by reacting with zirconium. In addition, one hundred 

percent of the zirconium surface is considered available for reaction.  

Point-wise results from this code include the average fuel pellet and 

clad temperature, integrated residual and reaction heat, and percent zirco

nium-water reaction as a function of time. By summing the calculations 

for various points in the core (after proper weighting to account for initial 

core power distribution), the total core values are established.  

The energy addition to the containment during this portion of the 

transient is primarily a result of the burning of the hydrogen generated 

by the zirconium-water reaction. The released hydrogen gas, which is 

well above the spontaneous ignition temperature, migrates to the contain

ment vessel as it is produced. The hydrogen-oxygen reaction is the only 

significant source of energy reaching the containment from the zirconium

water reaction between the time that blowdown is complete and safety 

injection starts.  

Only a fraction of the total zirconium mass available for reaction 

will be consumed, because the Safety Injection System is actuated in a 

very short time and the core temperature rise does not progress to a 

great extent. The most severe case occurs for a circumferential sever

ance of a reactor coolant pipe. Blowdown is completed before safety in

jection flow to the core starts. thus, this case results in the longest 

period for core heating. For smaller breaks with longer blowdown times, 

safety injection flow will begin to reach the core before the reactor vessel 

empties. In addition, a longer blowdown time allows more stored and 

residual heat to be carried out into the containment with the coolant dis 

charge and therefore the cladding temperature transient is less severe.  

c) Energy from Flashing Safety Injection Coolant 

During the coolant blowdown phase, the pressurizer low pressure 

signals cause reactor trip and in conjunction with low pressurizer water 

level signals, actuate safety injection. The delay in opening the injection 

flow paths and starting injection pumps may result in a short period of 

core heating for the larger breaks.  

Residual heat generation and any zirconium-water reaction heat con

tinue to increase the stored energy in the core and reactor vessel until 

borated safety injection water reaches the vessel via connections in the 

*Defined in reference (1)
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hot and cold leg piping. A considerable portion of the initial safety injec

tion flow is flashed to steam as it comes in contact with the hot core, 

vessel, and internals structure. This steam flows into the containment 

through the break.  

Eventually, after the core has been covered and the vessel filled 

with safety injection water, the residual heat generation rate and stored 

energy release rate are not sufficient to cause further boiling. The 

safety injection water continues to absorb the residual heat and stored 

heat, but remains a liquid as it spills out of the break into the contain

ment.  

Once the core is covered by the injected water and the Reactor 

Coolant System is depressurized, long-term cooling of the core is ac

complished by terminating injection from the refueling water storage tank 

and switching to the recirculation mode of operation. Spilled borated 

water is drawn from the containment sump, passed through a heat ex

changer, and returned into the reactor vessel by the residual heat re

moval pumps.  

The final energy source is stored heat in hot components which are 

not touched by the safety injection flow because they are located above the 

break location. Examples include the vessel head, pressurizer, and steam 

generators. Treatment of these energy sources in the transient is covered 

in the next section.  

d) Containment Pressure and Temperature Transients 

Calculation of containment pressure and temperature transients is 

accomplished by use of the digital computer code, COCO. The analytical 

model is restricted to the containment volume and structure. Transient 

phenomena within the reactor coolant system affect containment conditions 

by means of convective mass and energy transport through the pipe break.  

For analytical rigor and convenience, the containment air-steam-water 

mixture is separated into two systems. The first system consists of the 

air-steam phase, while the second is the water phase. Sufficient relation

ships to solve the problem are provided by the equations of conservation 

of mass and energy as applied to each system, together with appropriate 

equations of state and boundary conditions. As thermodynamic conditions 

may vary during the transient, the equiations have been derived for all
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possible cases of superheated or saturated steam, and subcooled or sat

urated water. Switching between states is handled automatically by the 

code. The following are the major assumptions made in the analysis: 

1) Discharge mass and energy flow rates through the reactor 

coolant system break are established from the coolant blowdown 

and core thermal transient analysis (described in the preceding 

paragraphs).  

2) At the break point, the discharge flow separates into steam and 

water phases. The saturated water phase is at the total contain

ment pressure, while the steam phase is at the partial pressure of 

the steam in the containment.  

3) Homogeneous mixing is assumed. The steam-air mixture and 

the water phase have uniform properties. More specifically, thermal 

equilibrium between the air and steam is assumed. This does not 

imply thermal equilibrium between the steam-air mixture and the 

water phase.  

4) Air is taken as an ideal gas, while compressed water and steam 

tables are employed for water and steam thermodynamic properties.  

During the transient, there is energy transfer from the steam-air 

and water systems to the containment structure and equipment within the 

shell.  

Provision is made in the containment analysis for heat transfer 

through, and heat storage in, both interior and exterior walls. Every 

wall is divided into a large number of nodes. For each node, a conser 

vation of energy equation expressed in finite difference form accounts for 

transient conduction into and out of the node as well as temperature rise 

of the node. The film heat transfer coefficients between the containment 

contents and a wall surface may be specified either as a function of time 

or temperature difference. For this study, test values obtained by 

Kolflat( 4 ) were used to set inner surface film coefficients for condensing 

steam. Initial values of 620 and 240 BTU/hr-ft 2 -OF were assumed for 

condensation on steel and concrete, respectively, as recommended in the 

proposed ASA Section N-6.7, Proposed Design And Pressure Decay Re

quirements. The coefficients were then linearly decreased with time to a 

value of 40 BTU/hr-ft 2 -OF at the end of the blowdown.
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The latter value is typical of steady state heat transfer coefficients 

for steam condensing through a stagnant surface air layer where the ratio 

of air to steam is high. The former values are reasonable since the ini

tial blowdown will produce large amounts of steam in the containment to

gether with high turbulence. Thus the ratio of air to steam will be low 

and a turbulent boundary layer will exist leading to a high film coefficient 

of heat transfer. The assumed reduction in film coefficient is conserva

tive since, as predicted by Jacob and demonstrated by Uchida, et al. (6, the 

film coefficient will be a function of the ratio of air to steam in the containment 

which will not be reduced significantly until pressure reduction due to steam con

densation occurs.  

Provision is made in the computer analysis for several engineered 

safeguards including ventilation fan coolers, internal spray, and recircula

tion of sump water. The heat removal capacity of the fan coolers for 

high-humidity accident conditions is based on a conservative estimate 

from previous similar applications. The heat removal from the contain

ment steam-air phase by internal spray is determined by allowing the 

spray water temperature to rise to the steam-air temperature. This 

procedure has been experimentally verified(5 ).  

Finally, hot metal surfaces not cooled by safety injection water are 

simulated as hot walls. in contact with the containment steam-air mixture.  

A small film heat transfer coefficient is employed to reflect actual con

ditions since these surfaces are covered by stagnant steam inside the 

reactor coolant system.  

12.2.2.2 Selection of Gases for Analysis 

Although it was expected that complete severance of the reactor coolant 

piping would be the worst case, several smaller breaks were analyzed as well, 

in order to verify that the worst case had been chosen. Past experience has 

shown that the double-ended rupture of the 29-inch I.D. piping near the reactor 

vessel outlet nozzle causes the largest initial containment pressure rise due to 

lack of time to transfer heat to the containment sinks. For smaller breaks, 

the initial discharge carries more residual heat and stored heat into the con

tainment due to longer blowdown times, but more heat is absorbed by the sinks.  

To show that the containment pressure does not exceed safe limits for 

any size break smaller than the 29-inch rupture, several additional cases were 

analyzed. These include:
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a) A break area of 2 square feet. (Smaller than the double-ended 29

inch break but much larger than the severance of the largest connecting 

line.) 

b) A break area of 0.72 square feet; equivalent to that which would re

sult from severance of the 14-inch pressurizer surge line.  

c) A break area of 0.07 square feet which is equivalent to severance of 

a 4-inch connecting line.  

In addition to the above cases, the sensitivity of the pressure transient 

to the operation of engineered safeguards was evaluated by analyzing a case 

w here no engineered safeguards function following the hypothetical (rupture of 

the 29-inch pipe) accident. This condition has a negligible probability of oc

currence in view of the provisions of an automatically starting diesel power 

supply, and the redundancy of equipment provided for the emergency power 

supply and for the engineered safeguards required to respond actively following 

a loss-of-coolant accident.  

The reactor coolant pipe rupture was first analyzed on the basis that 

electrical power from external sources was available and all components of the 

Safety Injection System, Containment Spray and containment ventilation fan cool

ers operate. Normal delays associated with instrument and relay time lags, 

the time required to open flow paths, and to bring pumps to operating speed* 

are considered in the analysis.  

In addition, to demonstrate the adequacy of the containment even in the 

event that all the external sources of power to the station fail, analyses were 

made for all break sizes under the more severe condition that only the safe

guards driven by two of the three emergency diesel generators function.  

To further demonstrate the margin which exists in the design of the con

tainment and safeguards systems the containment transient analysis for the 

29-inch reactor coolant pipe break was expanded to include delays in initiation 

of the safety injection equipment for arbitrary time delays up to 10 minutes.  

In addition, component malfunctions were assumed.  

Finally, cases were selected for analysis where, in addition to delays in 

initiation of safety injection and assumed component malfunctions, it was also 

assumed that hydrogen gas released by the metal-water reaction accumulated in 

the containment (rather than igniting spontaneously), and then burned to further 

raise the pressure peaks for each of the arbitrary cases selected for delayed 

initiation of safety injection. Again, the purpose of these studies was to dem

onstrate an adequate margin of protection against loss of coolant under highly
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improbable circumstances. Considering the redundancy of components and the 

backup systems provided, the results presented in the following section show 

that ample margin does exist.  

12.2.3 ANALYSIS OF CONTAINMENT PRESSURE TRANSIENTS 

12.2.3.1 Summary 

The results of the transient analyses are shown in the pressure-time 

curves presented in ,Figures 12-1, 12-2, 12-3, and 12-4.  

The trends established in these analyses have shown that: 

1) The highest post-accident pressure peaks occur when the engineered 

safeguards operate at partial effectiveness on emergency diesel power.  

2) The 29-inch double-ended rupture results in the highest post-accident 

peak pressure. Characteristically, lower peak pressures result from 

smaller break sizes.  

3) Even for the cases where delayed initiation of safety injection and 

delayed burning of the hydrogen produced from the zironium-water reaction 

are assumed, the post-accident pressure peak obtained shows ample 

margin.  

12.2.3.2 Containment Pressure Transient for a Reactor Coolant Pipe Break 

The cases of the pressure transient for the 29-inch I.D. double-ended 

break were analyzed for various degrees of operation of the engineered safe

guards. The resulting pressure transient curves are compared in Figures 12-1 

and 12-3.  

Curve A in Figure 12-1 presents the pressure transient with full auxiliary 

electric power available from the normal outside sources. In this case, the 

following engineered safeguards operate: 

1) Three high head safety injection pumps 

2) Two low head residual heat removal pumps 

3) Five ventilation fan cooling units 

4) Two containment spray pumps 

5) -Three service water pumps 

Reactor Coolant System blowdown is essentially completed at 12 seconds, 

at which time the containment pressure has reached an initial peak of 39.5 

psig. Continued heat absorption by the steel and concrete in the containment 

and internal structure leads to a slight decrease from the peak pressure. At 

10 seconds, the safety injection flow of borated water from the refueling water
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storage tank is injected into the vessel. For the reactor coolant pipe break, 
the assumption is also made that the injection lines feeding into the affected 

loop spill all of their flow through the pipe break. As cool water fills the 

vessel, a portion of the flow boils (due to core stored heat, residual heat gen

eration, and stored heat in the core structure and vessel), and flows into the 

containment. The heat sinks more than compensate for the heat addition and 

no increase in containment pressure is experienced. The prompt injection and 

core cooldown limit the amount of zirconium-water to about 1% of the core 

total.  

After 290 seconds, the rate of residual heat generation plus stored heat 

release is not sufficient to raise the safety injection water temperature to the 

saturation point. Hence, the flow to the containment remains subcooled and 

has little influence on containment pressure. The containment pressure then 

decreases as steam is condensed by the action of the fan coolers and contain

ment spray, as well as by continued energy absorption of the concrete and 

internal structure.  

Curve B on Figure 12-1 shows the results of the analyses performed on 

the assumption that no safety injection flow, ventilation cooling or containment 

spray occur.  

During the first ten seconds of this assumed loss-of-coolant accident the 

containment pressure transient is essentially the same as described with safety 

injection and ventilation and spray cooling. An initial pressure peak occurs 

at approximately 12 seconds which is approximately 1 psi higher than shown for 

Case A. The difference is attributable to the heat removed by the ventilation 

fan cooling units. The zirconium-water reaction starts approximately twenty 

seconds after the accident and is assumed to proceed according to the generally 

accepted parabolic rate equation. It is conservatively assumed that s ufficient 

water is available to carry on this reaction until the zirconium oxide produced 

reaches its melting temperature of 48000 F. The clad and oxide are assumed 

to fall off at this temperature and drop into water in the bottom of the reactor 

vessel where an additional 10 per cent of the unreacted cladding is assumed to 

react. A total of 33% of the core cladding mass is reacted in this case.  

The hydrogen released by this reaction burns as it enters the containment 

and this results in a gradual rise in the containment pressure. After about 

1300 seconds the heat released to the containment is exceeded by the heat 

transfer to the containment structures and the pressure begins to decrease.
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12.2.3.3 Containment Pressure Transient for Smaller Pipe Breaks 

To provide a basis for comparison, the results of pressure transient 

analyses for the reactor coolant pipe break (Curve C), a two square foot 

rupture, (Curve D), a rupture of the pressurizer surge line, (Curve E), and a 

four-inch line severance, (Curve F), are shown on Figure 12-2. These results 

show that the containment pressure remains well below safe limits for any 

break. All of these cases were studied for the same conditions, which are: 

1) Partially effective safeguards operating from the emergency diesel 

power supply.  

2) One low-head, residual heat removal pump effective after a delay 

when reactor coolant pressure falls below the pump shutoff head but no 

less than 20 seconds (the estimated starting time delay with only diesel 

power).  

3) One high-head safety injection pump effective after 50 seconds delay 

(the estimated starting time delay with only diesel power).  

4) Four of the five ventilation fan cooling units.  

5) One containment spray pump effective after 45 seconds delay (the 

estimated starting time delay with only diesel power).  

6) One service water pump.  

The containment pressure transient for a reactor coolant pipe break 

resulting from these conditions is shown by Curve C on Figure 12-2.  

Because of the lower safety injection flow rate, the extent of the zirconium

water reaction is greater than with full auxiliary electric power (4.7% of the 

total core mass as contrasted with 1%). The second pressure peak, which re

sults from the greater amount of metal-water reaction and residual heat gen

erated in the time required to cover and cool the core, occurs at approximately 

420 seconds and is no higher than the first peak of 40 psig.  

For an assumed rupture opening of two square feet, the pressure transient 

resulting from these conditions is depicted on Curve D of Figure 12-2. A 

longer time is required to reach the first pressure peak because of the in

creased blowdown time, and the peak is slightly higher than that obtained for 

a reactor coolant pipe break.  

Although there is more heat absorption by the containment structure, this 

is offset by the additional residual and stored heat transported into the con.

tainment during the lengthened blowdown. Another consequence of additional
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core cooling during the lengthened blowdown is that the zirconium-water re

action begins just before the safety injection flow becomes effective, hence the 

second pressure peak at 350 seconds is lower than in the case of a 29-inch 

reactor coolant pipe break.  

The containment pressure transient for an assumed 14-inch nominal pipe 

size surge line break is shown by Curve E on Figure 12-2. The accident is 

analy zed under the same conditions 'as in the two previous cases.  

During the. initial blowdown, the pressurizer empties in 4 seconds while 

the pressure peaks at 350 seconds. Because of the longer blowdown time, 
the core remains covered longer and core heating is insufficient to start a 

zirconium-water reaction before safety injection flow again covers the core.  

The pressure peak of 40 psig occurs at 350 seconds when the safety injection 

flow has cooled the core and vessel enough so that boiling has stopped. Heat 

absorption by the containment structure, spray and fan coolers continues to 

reduce the pressure.  

For the nominal four-inch line break analysis, the same engineered 
safeguards are assumed to operate as in the cases above. Because of the 

small break size, the initial and second pressure peaks have merged as 
shown by Curve F of Figure 12-2. As a consequence of the long blowdown 

period, safety injection is able to cool the core and prevent any zirconium-water 

reaction while heat absorption by the containment structure, fan coolers and 
spray reduces the peak pressure to less than 25 psig. From the trend exhi

bited by the break sizes studied, it may be concluded that a break size smaller 

than 4 inches nominal pipe size presents no problem in the containment design.  

12.2.3.4 Containment Pressure Transient for Delays in Starting Safety Injection 

.The sensitivity of the second pressure peak for the 29-inch I.D. double

ended reactor coolant pipe break was studied for arbitrary delays in starting 

safety injection, but for only normal delays associated with starting other 

engineered safeguards on diesel power. Otherwise, the same conditions were 

assumed as in the previous comparisons of containment pressure for various 

assumed break sizes.  

Between the end of blowdown and the start of injection, core residual 

heat is stored in the core and vessel. The rise in core temperature initiates 

a progressive zirconium-water reaction, and the heat of reaction is also 

stored in the core. High temperature hydrogen migrates to the containment 

air-steam atmosphere where it burns. The energy absorption capacity of the
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containment structure and engineered safeguards is greater than the energy 

addition of the burning hydrogen, hence pressure falls until boil-off of safety 

injection water begins.  

Pressure peaks for delays in starting safety injection of 2, 5 and 10 

minutes are shown in Figure 12-3 as Curves G, H and I respectively. An in

spection of the locus of peaks shows that a maximum pressure would occur for 

a delay of between 2 and 5 minutes and would be less than 46 psig, which dem

onstrates ample margin.  

12.2.3.5 Containment Pressure Transient for Delays in Starting Safety Injection 
and in Igniting Hydrogen 

A further sensitivity study shown in Figure 12-4 depicts the results of 

superimposing delayed burning of accumulated hydrogen at the instant the pres

sure peaks from delayed initiation of safety injection. While the hydrogen is 

generated at a temperature of at least 1800 0 F, which is well above the spon

taneous ignition temperature for hydrogen in air this further conservative as

sumption was chosen to demonstrate the margin in containment design.  

Curves J, K, L and M show the results of this analysis, using the same 

conditions as in the delayed safety injection cases, for delays of 2, 5, 10 and 

15 minutes, respectively. In general, pressure falls more rapidly prior to 

the initiation of injection than in the cases covered by Figure 12-3. The dif

ference is due to hydrogen burning as it is produced in the curves shown in 

Figure 12-3 while in Figure 12-4 hydrogen is assumed to accumulate in the 

containment without burning during this period. Again, inspection of the locus 

of peaks shows that a maximum pressure of approximately 56 psig is expected 

with a delay of somewhatmore than 15 minutes.  

12.2.3.6 Conclusions 

From the analytical results presented above, it is concluded that adequate 

margin exists in the containment design even for the worst loss-of-coolant ac

cident hypothesized. Study of a spectrum of break sizes has shown ample 

margin exists between the containment design and the peak transient pressure 

calculated. Furthermore, there is sufficient redundancy in the engineered 

safeguards and reliable on-site emergency power to operate the safeguards.  

A study of the sensitivity of the results to delays in initiating safety 

injection and to delays. in initiating safety injection with burning of accumulated 

hydrogen assumed to occur at the peak has shown that adequate containment 

margin exists for this hypothetical situation.
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Finally, it has been shown that the engineered safeguards' are adequately 

sized to rapidly reduce containment pressure following the most severe loss

of-coolant accident.  

12.2.4 EFFECTIVENESS OF STANDBY SAFEGUARDS 

12.2.4.1 Introduction 

Chapters 5 and 6 describe the protective systems and features of the unit 

which are specifically designed to limit the consequences of the major loss of 

coolant accident. The capacity of these safeguards is evaluated in terms of the 

reduction in off-site radiation exposure which is achieved, relative to the ex

posure which would result if the safeguards were not provided. The reference 

case where no safeguards are employed is evaluated using the fission product 

release and transport model described in TID-14844( 6 ). This model has been 

employed conventionally in the evaluation of core meltdown release phenomena 

where no reduction in consequences is attributed to emergency core cooling, 

containment air clean up and depressurization systems or special leakage pre

vention features. In the following discussion, the expected reduction factors 

obtained with each safeguard feature are derived and a comparison is made 

on the basis of both complete and minimum availability against the reduction 

factors needed for conformance to 1OCFRlOO.  

The features of the safeguards evaluated are: 

a. Isolation Valve Seal Water System 

b. Safety Injection System 

c. Containment Recirculation Air Filters 

d. Containment Spray 

e. Penetration and Weld. Channel Pressurization System 

12.2.4.2 Expected Performance of Safeguards 

In the event of a. major loss of coolant accident resulting in rapid depres

surization of the reactor and exposure of the core to a steam atmosphere, the 

combined effects of the safeguards features of the unit would limit the radia

tion dose to persons exposed for two hours outside the site boundary to a 

maximum dose of approximately 1 Rem to the thyroid and 10-4 Rem to the 

whole body. This conclusion is derived from the following physical and mathe

matical bases:
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a) A loss of coolant results from the complete, double-ended severance 

of the reactor coolant loop at that point resulting in the earliest uncover

ing of the fuel. Although a break of this description is of little more than 

a theoretical possibility, it is used as a physical model to define the upper 

limit of pipe rupture consequences. The analysis of the coolant pressure

volume transient follows the method described in Section 12.2.2.  

b) The fuel temperature increases after core uncovering resulting in 

cladding failure in extensive regions of the core. Release of the inventory 

of volatile fission, products in the pellet-cladding gaps of all fuel rods is 

conservatively assumed to occur during the interval of core uncovering.  

The dose -equivalent quantity of radio iodine isotopes thus released is cal

culated to be 3%/ of the equilibrium core inventory.  

c) As fuel cladding temperatures rise above the threshold of zirconium

water reaction, the additional heat input from the reaction is included in 

the transient calculation; the analysis follows the method described in 

Section 12.2.2. The remainder of the iodine contained in the U02 is as

sumed to be liberated as the local U0 2 temperature reaches 25000F. The 

tendency of the liberated iodine to form compounds of limited volatility 

(iodides of Fe, U, Cs, etc.), and to condense and deposit in the cooler 

regions of the reactor system is represented by a 50% retention factor, 

consistent with the TED-14844 model. The iodine not retained is dispersed 

to the containment atmosphere as liberated.  

d) The Safety Injection System, actuated by coincident low pressure and 

low water level conditions which are reached within 1 second of the break, 

deliver borated water to the reactor by means of 2 high-head and 3 low

head injector pumps powered by the external electrical grid. Reflooding 

of the core requires a maximum of 285 seconds at which time fuel tem

peratures are rapidly lowered and further reaction and fission product 

release are effectively stopped. The integrated release of iodine from 

ruptured cladding and fuel regions above 2500OF up to the time of ref lood

ing is calculated to be about 10%/ of the core inventory. The correspond

ing quantity escaping deposition in the reactor system is 5%.  

e) The fission products other than iodine released during this period and 

escaping retention in the reactor systems are calculated on the basis of
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100% noble gas, 50% bromine, and 1% other elements. The source of this 

release is also considered to be the fuel regions exceeding 25000F in the 

transient.  

f) The whole body dose resulting from dispersion of the combined fission 

product sources in the shielded containment was calculated, and is approx

imately 10 per cent of the values shown on Figure 11-5.  

g) The potential inhalation dose from containment leakage was calculated 

based on effective isolation of the potential leakage paths one minute after 

the occurrence of the accident. This assumption is justified by the fol

lowing facts: 

L. It is not credible that leakage should occur through the steel 

liner plate, except where the integrity of the plate may have been 

interrupted in the joining of adjacent plates or in the placement of 

closures and penetrations.  

ii. All welds joining the liner plates and at penetrations are backed 

by a closed channel containing gas at a pressure higher than the con

tainment pressure.  

iii. Closures and penetrations themselves employ a double-sealed 

plenum design in which leakage is blocked by a plenum pressure 

higher than the containment pressure.  

iv. The remaining leakage path, i.e. through pipelines which may 

communicate with the containment atmosphere, are automatically 

blocked by valve actuation, and a water-leg seal is established inside 

each line within one minute. As described in Section 5.2, the 

Isolation Valve Seal Water System precludes the possibility of leak

age through the interior of isolated pipelines, escaping through im

perfect valve seats and stem packing.  

h) A containment leak rate, through unblocked paths, of 0.1% of the con

tained volume per day is assumed to persist during the one minute period 

prior to isolation and seal water injection. The radioactive content of 

this leakage is primarily the fission products released from the pellet

cladding gap (item 2) since the amount of U0 2 above the 2500OF release 

temperature is negligible at the time leakage is terminated.  

i) The total leakage occurring in this event is calculated to be about 

2.7 dose-equivalent curies of iodine 131, and some noble gas and other 

fission products (originating in the gap and reactor coolant) which are 

much less important radiologically than the iodine.
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j) The inhalation dose incurred by a person in two hours at the site 

bo undary is determined using the site meteorological dispersion model 

given later in this section. Exposure to the plume during its period of 

passage results in a maximum thyroid dose to an adult of 1 Rem, which 

is approximately equal to the yearly dose due to exposure to 10CFR20 

limits of 1-131. The corresponding dose at the low population zone radius 

is about 0.5 Rem for the one-minute exposure.  

A similar evaluation following the TID-14844 release model with an as 

sumed continuous leak rate of 0.1% per day (i.e. no termination of leakage) 

would result in a two-hour exposure factor 120 times higher by virtue of the 

extended leakage time alone. By terminating the leak before gross release of 

iodine from the core is obtained, the Isolation Valve Seal Water System and 

other leak preventive features provide an additional dose reduction factor of 

25/3 on the iodine source. The combined factor is approximately .1000 for the 

two hour dose. The same reasoning yields a reduction factor of 5900 for 

exposure during the duration of the accident.  

12.2.4.3 Effect of Assuming Limited Capability of Safeguards 

In the following section, various situations are analyzed in which safe

guards, performance is less than that which would be expected in the event of 

an accident. The evaluation shows that reliance is not placed on such factors 

as (1) the continuity of outside power sources, (2) immediate actuation of 

the Isolation Valve Seal Water System, (3) continuous pressurization of 

all welds and penetrations in the containment liner, and (4) termination 

of fission product release by operation of the Safety Injection System. In the 

latter regard, it is required to show conformance to the dose limits of 

10CFR100 assuming unlimited complete meltdown of the core. The limits of 

10CFR100 are met in this case with either (a) partial operation of the post

accident air filters alone, or (b) partial operation of the post-accident sprays 

alone. Thus either the filters or the sprays serve individually as an adequate 

backup for both double containment and for safety injection in meeting the reg

ulatory site limits.  

12.2.4..4 Loss of Outside Sources of Power 

In the event that power is not available from the external grid immediately 

following the accident, emergency diesel generator sets would automatically
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start, permitting operation of safeguards components as described in Chapter 6.  

The effect of loss of outside power on the performance of the safeguards func

tions is not severe. Even if only two of the three emergency generators are 

operated, pressure is maintained on the weld and penetration channels, and the 

Isolation Valve Seal Water System operates normally. The available capacity 

of the Safety Injection System is limited to one high head and one low head 

pump. Even though thus limited, the injection flow is sufficient to reflood the 

core and terminate release after 430 seconds, in which time the iodine source 

transported to the containment is calculated to be one-fourth of the corres

ponding source in the TIID-14844 model.  

As described in Chapter 5, minimum containment heat removal require

ments are satisfied by the operation of air coolers or sprays driven by the 

available emergency power. The associated reduction in leakage source con

centration which is obtained with the air filters or sprays is only slightly 

limited by the use of emergency power: four fan-filter units and one of the 

two spray pumps can be operated simultaneously. In the discussion of the 

effectiveness of these systems which follows, this case and more restrictive 

cases will be covered.  

12.2.4.5 Delay in Establishing Leak Prevention Means 

If it is postulated that pressurization of weld channels and penetrations 

is lost at the time of the accident, or that the Isolation Valve Seal Water Sys

tem does not function in a leaking line, the other safeguards afford a substan

tial time period in which to take corrective action before the resulting doses 

approach 10CFR100 limits.  

This evaluation is performed in Section 12.2.4.7. It shows that the 

IOCFR100 site limits are met (a) with four out of five air filters alone, or 

(b) with one out of two spray pumps alone; in each case minimum contain

ment cooling to prevent overstress, and a gross containment leak rate of 

0.1%1 per day are assumed. Thus there are three independent means of 

achieving sufficient dose reduction. Restoration of the leak prevention sys

tems at any time would bring about a further dose reduction whose magnitude 

is dependent on the delay time.
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12.2.4.6 Failure to Limit Core Meltdown

If the effect of safety injection is neglected the fission product source in 

the containment can be represented by the TID- 14844 release model for com

plete core meltdown. To limit the consequences of such an event, two sys

tems are available to trap the more significant air -trans mis sable isotopes 

and thus reduce the consequences of potential leakage. The containment air 

recirculation filters are automatically placed in operation after the accident 

to process the air passing through the fan-cooler units which are normally 

operating. Containment spray is automatically initiated at the time of the ac

cident.  

The dose reduction effect of the filters is calculated as follows.  

A. Filter Effectiveness 

Fully operable, i.e. with five fan-filter units running, the system 

processes 7.5 containment volumes per hour. Assuming the entering air 

to carry iodine at its containment -averaged concentration, and that the 

filter units retain 90% of the inorganic and 70% of the organic iodine in 

each pass through the filter unit, the average reduction factor in the in

itial two-hour dose period is 13.5. When averaged over the full term of 

the accident, the corresponding dose reduction factor is 37.8. If it is as

sumed that only four of the five fans are operating, the throughput is 

6.0 containment volumes per hour, and the dose reduction factors are 10.7 

in two hours and 30 over the full term. These figures are based on 0.2% 

of the core iodine issuing in the organic form, and subsequent buildup at 

the rate of 0.05% per hour by desorption.  

The conservatism of the assumptions underlying these performance 

factors is supported by the following bases: 

(1) Iodine issuing from the coolant system rupture is expected to be 

predominantly in the form of iodides owing to the strong reducing in

fluence of molten cladding and hydrogen liberated from the reaction 

of cladding with steam. Stable iodides will tend to agglomerate as 

particles, adsorb on other particles, condense on cool surfaces, or 

dissolve in condensing water vapor. A deposition factor of 0.50 is 

assumed, consistent with the TID-14844 model, to account for the
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early removal of iodine by condensation and deposition effects.  

(2) Of the remaining airborne iodine, it is assumed that elemental 

iodine (02) formed by air-oxidation of iodides, and methyl iodide 

(CHAI formed by reaction with trace organics will determine the 

efficiency of the removal process. Solid particulates and vapors 

such as HI are more readily trapped than these two forms.  

(3) Both 12 and CH31 are assumed to penetrate the moisture sep

arator and absolute filter banks without holdup.  

(4) The 12 vapor entering the activated charcoal filter bed is re

tained with high efficiency. In the absence of channeling or other 

mechanical defects retention of 99.9 + % of the entering 12 has been 

demonstrated in numerous published tests(7, 8, 9). The affinity 

of activated charcoal derives from a chemical type bond which is not 

weakened at the prevailing conditions of temperature (-~2600 F) and 

moisture (100% relative humidity).  

(5) The absence of mechanical defects will be tested in place peri

odically by introducing a freon or iodine vapor aerosol upstream of 

each charcoal filter bank and sampling the effluent.  

(6) The CH31 vapor entering the charcoal filter-bed, while itself only 

weakly adsorbed at the prevailing conditions, will undergo isotopic 

exchange with non-radioactive 12 impregnated in the charcoal prior 

to installation. The use of impregnated charcoal to trap radioiodine 

introduced as CH3 1 has been studied recently at ORNL '5 . Pub

lished results of these studies indicate that exchange efficiencies as 

high as 98% are obtainable at 168 0 F and 100% relative humidity with 

practical bed dimension (5 cm bed depth, and 0.25 sec. residence 

time). Using similar data obtained at room temperature as a basis 

for extrapolation, it is reasonable to predict exchange of 85% at the 

post- accident condition of about 260OF and 100% R.H., as shown in 

Figure 12-5. Measurements at the design condition will be made in 

the near future at ORNL. It is expected that these data will also 

confirm the conservatism of the assumption used in the analysis: 

i.e., that '70% of the radioactive iodine entering as CH3 1 is retained 

by the charcoal bed.
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(7) The ability of the impregnated charcoal to achieve the specified 

degree of exchange with C1131 will be tested periodically at design 

conditions with randomly selected filter modules. Such a test would 

employ tagged CH3I for example, to simulate the fission product com

pound. Performance would then be measured by the ratio of tagged to 

untagged CH3 1 in the effluent.  

(8) Two sources of C113 1 are considered: first, formation within the 

fuel during operation followed by direct release during the accident; 

and second, surface -activated reaction of sorbed iodine with trace 

organic materials on containment surfaces followed by desorption of 

the CH3 1 product.  

The assumption of 0.2% direct release of CH3 1 is believed to be 

highly pessimistic because of the tendency of the molecules to decom

pose under the influence of heat and radiation in the fuel. If 0.2% of 

the iodine were to exist in the fuel as CHAI the first-order rate 

constant for decomposition Of CH3 I molecules would have to be less 

than 500 times the radioactive decay constant for the isotope in 

question (that is, less than 5 x 10-4 sec-1 for the biologically dom

inant isotope 1-131). The thermal decomposition rate of CH 3 1 vapor 

exceeds this value even at the temperature of the coolest region of 

the fuel rod and without radiation(I 0 ). Radiolysis of CH3 1 in the high 

beta and gamma fluxes attained in the fuel would be expected to add 

substantially to the total decomposition rate. This assumption of 0.2% 

as the relative inventory of 1-13 1 as CH3 1 is therefore conservative.  

The rate of formation of CH3 1 by desorption from surfaces was 

estimated from experiments simulating the conditions for such a proc

ess. These experiments, performed at Zenith( 1 1 ), at Hanford( 1 2), and 

at Oak Ridge( 13 ) measured C113 1 formation in enclosures following 

release and deposition Of 12 in a moist air environment. The Zenith 

and Hanford data were attained in painted enclosures, while the ORNL 

data were obtained in stainless steel systems. The yields, when cor

rected for the surface to volume ratios of the respective surface 

materials in the Indian Point containment were in every case less 

than 0.005% of the iodine inventory converted to CH 3 1 per hour of 

exposure. For the present analysis, the assumed formation rate of 

0.05% per hour is therefore conservative.
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B. Effectiveness of Containment Spray 

An alternate and efficient means of immobilizing the inorganic 

vapor forms of iodine in the containment atmosphere is to wash the 

atmosphere with a spray of 1% by weight sodium thiosulfate (Na 2 

S203) solution in borated water. The spray nozzles are designed to 

give dispersion with a mean droplet diameter of less than 700/1.  

Assuming operation of both spray pumps, and a total droplet 

area per unit volume corresponding to gravity fall of 700gi droplets.  

Assuming an overall efficiency of 33% for gas-liquid contact, the re

moval rate of inorganic iodine vapor is calculated to be 18 hr-1 

The absorption kinetics model used to obtain this result in that given 

by Griffiths(1 4 ). With only one spray pump operating the rate is 

15 hr-1. No removal of CH3 1 is assumed, although some absorption 

would be expected to occur.  

Using these parameters and the assumed yields of CH3 1 de

scribed previously in the filter evaluation, an integrated average dose 

reduction factor of 24 is obtained for a two-hour exposure period with 

only one spray pump operating. The corresponding reduction factor 

for exposure during the full term of the accident is 84. With both 

spray pumps operating, the corresponding reduction factors are 28 and 

90, respectively. The long term reduction factors include the effect 

of an assumed pressure decrease to 3 psig after the first 24 hours, 

causing the leak rate to be 0.045% per day for the remainde r of the 

exposure, compared with 0.1% per day during the Ifirst day.  

12.2.4.7 Summary of Dose Reduction Effects of Safeguard Features 

The preceding discussion has indicated the effect of individual safeguard 

features in reducing the consequences of the major loss-of-,coolant accident.  

The following outline summarizes the inhalation dose reduction effect of these 

features in combinations representing complete and partial functioning.  

TABLE 12-1 
DOSE REDUCTION FACTORS, RELATIVE 

TO TID-14844 CALCULATION MODEL 

2 Hour Exposure Duration of Accident 

1. Safety Injection System 

a. all pumps operate, limiting 

release of iodine to contain

ment to 5% of core inventory. 10 10
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TABLE 12-1 (Continued) 

2 Hour Exposure Duration of Accident 

b. One high and one low head 

pump operate, limiting re-' 

lease of iodine to contain

ment to 12.5% of core in

ventory. 4* 4* 

2. Post Accident Filters 

a. All fans operate, removing 

90% of inorganic and 70% 

of organic iodines per pass 13.5 37.3 

b. Four out of five fans op

erate, removing 90% of in

organic and 70% of organic 

iodines per pass 10.7* 30* 

3. Post Accident Sprays 

a. Both spray pumps operate, 

absorbing inorganic iodines 

only 28 90 

b. One spray pump operates, 

absorbing inorganic iodines 

only 24* 84* 

4. Isolation Valve Seal Water 
System 

a. Terminates leakage in one 

minute 1000* 5900* 

Note that the reduction factor for safety injection operating with either 

spray or filters is simply the product of the factors for the individual systems.  

This is not strictly true for the case of filters and sprays acting simultaneously, 

however, because the dose contribution from organic iodine is not proportionately 

reduced. Moreover, the reduction factor obtained with the Isolation Valve Seal 

Water System cannot be combined with any of those obtained with the other 

systems, because the effects of the latter are not felt during the leakage period.  

*Indicates factors obtainable with loss of outside power and two out of three 
diesel generators operating.
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Applying the appropriate dose reduction factors to the TIID- 14844 leakage 

source, and calculating the downwind dispersion of the leakage plume with the 

site metorological model (Section 12.2.4.8), one obtains the following integrated 

thyroid doses at off-site locations: 

TABLE 12-2 
INTEGRATED THYROID DOSE 

2 Hr Exposure at 30 Day Exposure at 
520 Meters 1100 Meters (Min.  
(Min. Exclusion Low Population 
Radius) Zone Radius) 

1. Leakage Terminated in one 

minute by Isolation Valve 

Seal Water System 1.0 Rem 0.5 Rem 

2. Continuous leakage (at 0.1% per 

day at design pressure) with 

full operation of safety injection 

and post-accident filters 7. 4 Rem 7. 9 Rem 

3. Continuous leakage with full 

operation of safety injection and 

post-accident sprays 3.6 Rem 3.3 Rem 

4. Continuous leakage with no 

safety injection, but with post

accident filters only operating 

on emergency power .94 Rem 98 Rem 

5. Continuous leakage with no 

safety injection, but with post

accident sprays only operating 

on emergency power 42 Rem 35 Rem 

6. IOCFR100 limit 300 Rem 300 Rem 

12.2.4.8 Off-Site Dose Evaluation Model 

The following paragraphs present the model which has been used in 

evaluating off-site doses.  

The initial halogen source available in the core was determined using the 

following parameters: 

Isotope Saturation Inventory 

1-131 2.47 x 104 C/MWt 

1-132 3.74 x 104 C/MWt
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Isotope Saturation Inventory 

1-133 5.63 x 104 C/MWt 

1-134 6.47 x 104 C/MWt 

1-135 5.03 x 104 C/MWt 

A dose-equivalent inventory of 1-131 was calculated using the above in

ventories and the following TID 14844 dose-per-curies factors for the individual 

isotopes of iodine: 

Isotope Dose per Curie Inhaled

1-131 1.48 

1-132 5.35 

1-133 4.00 

1-134 2.50 

1-135 1.24 

A dose equivalent inventory of iodinE 

tained by multiplying the initial iodine 131 

that take into consideration the radioactivi 

the contribution of the tellurium isotopes.

x 106 rad 

x 104 rad 

x 105 rad 

x 104 rad 

x 105 rad 

131 as a function of time was ob

I inventory by the following factors, 

E decay of all the iodine isotopes and

Time Equivalence Factor 

0 1.880 

Aver. first 2 hrs 1.837 

Aver. next 22 hrs 1.472 

Aver. next 30 days .3423 

Using the above figures, an initial dose equivalent inventory of iodine 131 

of 1.26 x 108 curies is in the core at a power of 2758 MWt.  

The meteorological dispersion of the leakage from the containment has 

been calculated using the Sutton dispersion model and dispersion parameters 

measured at the Indian Point site. The Sutton model has been modified to 

account for additional dispersion of the leakage due to turbulence in the wake 

of the containment building. Conservative dispersion characteristics applicable 

to three time periods were selected and the doses calculated for each period.  

The Sutton equation for the dispersion of a point source at ground level 

gives the ground level plume concentration as a function of distance: 

X 2Qe Q y2 _2 

u CyCz x2 -n e 2x-2
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where Cy CZ and n are the dispersion parameters, u is the wind speed, y is 

the lateral distance from the plume center line, x is the downwind distance 

and Q is the point source release term.  

In order to take into account building dilution, the Sutton equation is ap

plied to a virtual point source upwind from the containment. The distance of 

this source from the building is obtained by the requirement that the dis

persion factors cry and az of the gaussian distribution obey the relationships: 

4ycr =VA 

4 z= VA

where A is the cross sectional area of the containment building. Thus cry 

and crz yield each a value for the distance; the geometric average of those 

values is the distance x0 upwind of the virtual source.  

1 

8/ A \ 2-n 
x = 

0 = Cy Cz/ 

The modified Sutton equation becomes: 
y 2 

2Q y 2 (x + Xo) n-2 
× =e Cy 

7T uCy Cz (x + x0 )2 -n 

The first and second periods of the dose calculation utilized this modified dis

persion formula, a building area of 2000 square meters, and the inversion para

meters assumed in TID 14844 which are conservative for the Indian Point site.  

Category Cy Cz  n u x o 

Inversion-I 0.4 mn/2 .07 mn/2 .5 1 m/sec 430 m 

The first period comprises the first two hours after the accident. The 

direction of the 1 meter per second wind is assumed to be constant throughout 

the period.  

The second period is the next 22 hours following the accident, during 

which the same inversion condition exists, but the average wind speed from the 

same direction is assumed to be 2 meters per second.  

The third period is from 24 hours after the accident to 31 days after the 

accident. During this period, the meteorological conditions are assumed to be 

randomly distributed among the categories listed on the next page: 
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Category Fraction 1/u Cz  Cy n 
i Fi ___ 

Lapse - L1  0.137 0.575 0.48 0.6 0.2 

Lapse - L2  0.061 0.191 0.43 0.53 0.3 

Neutral - N 0.378 0.358 0.39 0.47 0.4 

Inversion - I 0.424 0.493 0.07 0.40 0.5 

The parameters U, Cy, Cz, n for L 1 , L2 and N are those measured at 

the site, and those for I are again the TID 14844 assumptions. Because the 

winds are not expected to be from the same direction throughout the 30 day 

period, the dispersion formula was modified to account for long term varia

bility of the mean wind direction. The most adverse distribution was assumed 

to result in a maximum of 35 per cent of the winds blowing in one 200 sector.  

The dispersion formula used is: 

2f Fi n.  
(X/Q) 30 fl c 2 2z 

0 12 

This expression is obtained by integrating the Sutton equation from 

to + - in the y direction and then averaging the concentration over the desired 

sector, fi, for the appropriate fraction of the time, f. The other parameters 

have been defined with F i being the fraction of the time any particular weather 

category exists. As stated, p3 = 0.353 (2 tan 100) and f + 0.35.  

Based on the above data, the site dispersion factors are obtained.  

TABLE 12-3 
SITE DISPERSION FACTORS 

Distance (x/Q) 2 hours (X/Q) 22 hours (X/Q) 30 days 
(meters) (sec/m 3 ) (sec/m 3 ) (sec/m 3 ) 

400 9.51 x 10- 4  4.75 x 10- 4 1.03 x 10 - 4 

700 5.98 x 10 - 4  2.99 x 10- 4  3.87 x 10- 5 

1,000 4.20 x 10 - 4  2.10 x 10- 4  2.07 x 10- 5 

2,000 1.90 x 10- 4  9.50 x 10- 5 6.13 x 10-6 

4,000 7.68 x 10- 5  3.84 x 10- 5  1.82 x 10- 7 

7,000 3.55 x 10- 5  1.77 x 10 - 5  6.79 x 10- 7 

10,000 2.14 x 10- 5  1.07 x 10 - 5  3.63 x 10- 7 

20,000 7.78 x 10- 6  3.89 x 10-6 1.07 x 10- 7 

Adult breathing rates have been assumed in the dose calculations and are 

1.25 m 3 /hour for the first 2 hours, 0.795 m 3 /hour for the next 22 hours and 
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20 m 3 /day for the next 30 days. Using the models and assumptions outlined 

above the off-site doses were calculated using the following equations: 

2 Hour Period: 2  _2 

D2 = 2 x B 2 x L2x A2 x (X/Q) 2 x DCF 1 3 1 Q DRF 2 + flDRF 2 ) 

B 2 = Breathing rate for the 2 hour period 

L2 = Leak rate for the 2 hour period 

A2 = Average dose equivalent total inventory of 1131 over the 2 hour 
period 

(X/Q) 2 = Dispersion parameter for the 2 hour period 

DCF131 = Dose conversion factor for inhaled curies of 1131 

a2 = Fraction of core inventory as methyl iodide that is available 
for leakage at the beginning of the 2 hour period 

/12 = Fraction of core inventory as elemental iodine that is available 
for leakage at the beginning of the 2 hour period 

DRF2 = Dose reduction factor for iodine forms due to functioning of air 
clean up system during the two hour period.  

22 Hour Period: a 2 2  0 22 

D2 2 = 22 x B22 x L2 2 x A2 2 x (X/Q) 22 x DCF 1 3 1 (aDRF2  + ,DRF 2 

30 Day Period: 
23 0  1302 

D30 = 30 x B 3 0 x L30 x A30 x (x/Q)3 0 x DCF 1 3 1  RF30 + DRF30 

The terms for these last two periods are similar to those defined for the 

2 hour period.  

12.2.5 POPULATION CENTER CONSIDERATIONS.  

The preceeding discussion showed that engineered safeguards adequately 

protect persons at the site exclusion radius and at the low population zone 

radius from accidental exposure in excess of the limits for these distances set 

forth in 10CFR100. This regulation also requires that the reactor be so situ

ated that there is no population center (defined as a city of 25,000) having its 

nearest boundary closer than 1-1/3 times the low population zone radius. The 

nearest boundary of the population center (the town of Peekskill) lies at a min

imum distance of 1.4 km of the reactor which is 1-1/3 times the low population 

zone radius of 1.1 km.  

To illustrate further the population dose factors at this site, it can be 

shown that in no sector affected by a release at Indian Point would the popula

tion dose exceed the man-rem limit implicit in the population center provision 

of 10CFR100. The residents of a hypothetical town of 25,000 located at 1-1/3
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times the low population zone distance would receive an integrated thyroid dose 

of about 4x 106 man-rem from a cloud which gives the limiting dose of 300 
rem per man at the low population zone radius. The calculated man-rem dose 

due to passage of the same cloud into either of two highly populated 200 sec

tors from Indian Point are presented in the following tables. The South sec

tor, including parts of lower Westchester County and New York City would 

receive about 1.4 x 106 man-rem. The Northeast sector, which takes in the 

more proximate populated areas including Peekskill, receives only 0.86 x 106 

man-rem. Both sectors receive much less than the reference population group 

representing the regulatory guideline.  

In this evaluation, projected 1980 population figures were used. The sim

plifying assumption was made that cloud dosage varies as the -1.8 power of 

downwind distance.  

TABLE 12-4 
INDIAN POINT SITE 

POPULATION DISTRIBUTION 
AND INTEGRATED MAN-REM* 

South 200 Sector Through Manhattan 

Distance Population Man-Rem 
(miles) (1980) 

0-5 5200 119,200 

5-10 45,600 165,800 

10-15 50,320 77,300 

15-25 498,740 366,000 

25-35 1,488,435 345,300 

35-45 2,130,400 375,000 

45-55 1,380,110 168,400 

Total 5,598,805 1,617,000 

*Based on 300 Rem -c Dose at 1100 Meters
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TABLE 12-5 
INDIAN POINT SITE 

POPULATION DISTRIBUTION 
AND INTEGRATED MAN-REM* 

Northeast 200 Sector Through Peekskill 

Distance Population Man-Rem 
(miles) (1980) 

0-5 30,140 691,000 

5-10 7,250 26,400 

10-15 6,650 10,200 

15-25 24,650 18,100 

25-35 20,515 4,800 

35-45 15,375 2,700 

45-55 47,880 5,800 

Total 152,460 759,000 

*Based on 300 Rem - Dose at 1100 Meters 

12.2.6 Effects of Rainout after the Hypothetical Loss' of Coolant Accident 

An evaluation has been performed to determine the effects of rainout after 

the hypothetical accident. This evaluation has been done for two reservoirs 

within the five-mile radius which have limited alternate water supplies. They 

are the Campfield reservoir of the City of Peekskill and the Queensboro Lake 

which supplies the Bear Mountain park facilities.  

Campfield Reservoir Queensboro Lake 

Direction from site NE NW 

Distance from site 4,700 m 8,000 m 

Average area 44,500 m 2  150,000 m 2 

Average capacity 200,000 m 3  210,000 m 3 

Average depth 4.5 m 1.4 m 

Rainout has been considered for two typical weather conditions. The first 

covers the case of continuous rain lasting 24 hours with a rainfall of 0.05 inch 

per hour over an area including the reactor site and the reservoir; the second 

assumes a thunderstorm lasting one hour just above the reservoir and no rain 

between the site and the reservoir.  

Washout and maximum first day concentrations are computed first. Yearly 

average concentrations are then obtained on the basis of a 8.05 day half-life; 

they are compared with the Maximum Permissible Concentration of 10 CFR 20 

for 1131, 3 x 10 - 7 pc/ml.
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Dose calculations were then made, assuming: (1) that the washout was 

totally and uniformly mixed in the reservoir water during the first day; (2) that 

an individual with a 20 gram thyroid consumed 1200 ml/day of reservoir water 

and another with a 2 gram thyroid consumed 300 ml/day; (3) that 30% of the 

ingested 11 3 1 reached the thyroid.  

The yardstick by which these doses can be assessed is given in Report #5 

of the Federal Radiation Council which provides guidance as to the level of ex

posure at which protective measures should be taken. The Federal Radiation 

Council proposes that protective action against contamination resulting from a 

single release of 1131 need not be taken unless the thyroid dose is expected to 

exceed 1/10 of 10 CFR 100 guidelines in some individuals. The Council assumes 

that 1/10 of 10 CFR 100 will not be exceeded in any individuals if the per capita 

dose does not exceed 1/30 of 10 CFR 100. Thus, the yardstick to be used here 

is 10 rems.  

1. Continuous rain 

It is assumed that: 

a) a steady rain (.05 in/hr) persists for the first twenty-four hours 

after the accident.  

b) the wind direction remains in a fixed 200 sector for 24 consecutive 

hours. The hourly plume centerlines are uniformly distributed in 

the 200 sector. Wind speed is 1 m/sec. (5) 

c) the stability conditions are neutral.  

d) the rate of removal from the cloud -Lis 10 - 4 sec - 1 (see 

AECU-3066 Meteorology & Atomic Energy, Fig. 7.5).  

The average washout in curies per square meter resulting from these 

assumptions is: 

(570) _.Q X x 
Washout = - e u 

200 x u 

Q is the total number of curies released. Assuming that a leak rate 

of 0.1% per day exists for the first 1 minute and that the gap activity 

is immediately available for leakage, Q is equal to 1.4 curies of 1131 

The results are: 

Campfield Queensboro 

Washout (gc/m 2 ) 5.3 x 10- 2  2.2 x 10 - 2 

First day concentration (IL c/ml) 1.2 x 10 - 8 1.6 x 10 - 8
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Yearly aver. concentration (lic/ml) 

Yearly aver. concentration (MPC) 

Dose -20 gr thyroid (rem) 

Dose -2 gr thyroid (rem)

Campfield 

3.7 x 10-10 

1.23 x 10- 3 

3.8 x 10- 4 

9.7 x 10- 4

Queensboro 

5.0 x 10-10 

1.68 x 10- 3 

5.2 x 10- 4 

1.32 x 10- 3

For the case where the containment is assumed to be leaking at the rate 

of 0.1 percent of the contained volume per day, the total amount of iodine-131 

leaking in 24 hours, considering 4 of the fan-filter units operating, is approxi

mately 140 curies, the corresponding results are:

Washout (p c/m 2 ) 

First day concentration (lic/ml) 

Yearly avg. Concentration (gc/ml) 

Yearly avg. Concentration (MPC) 

Dose- 20 gr thyroid (rem) 

Dose- 2 gr thyroid (rem)

Campfield 

5.3 x 100 

1.2 x 10- 6 

3.7 x 10-8 

1.23 x 10-1 

3.8 x 10- 2 

9.7 x 10-2

Queensboro 

2.2 x 100 

1.6 x 10- 6 

5.0 x 10-8 

1.68 x 10- 2 

5.2 x 10- 2 

1.32 x 10-1

The consequences of a continuous rain after the accident would thus be well 

below the doses Et which the Federal Radiation Council recommends that pre

ventive measures be taken and the resulting yearly concentrations less or in 

the order of magnitude of the MPC of 10 CFR 20.
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2. Thunderstorm 

The following model is used: the thunderstorm extends over a three 

square mile area centered at the reservoir and lasts one hour.* All 

the iodine released during the first hour after the accident travel to 

and are entrained in the thunderstorm circulation.  

_.. is the rate of iodine removal from the cloud.  

Q = 1.4 curies of 1131 

-L = 2 x 10 - 4 sec - 1 

At 
Washout Q(e curies/m 2 

7. 77 x 106 

This formula yields:

Washout (pc/m 2 ) 
First day concentration (tic/ml) 

Yearly averg. concentration (Ac/ml) 

Yearly averg. concentration (MPC) 

Dose -20 gr thyroid (rem) 

Dose -2 gr thyroid (rem) 

The same conclusions can be drawn

Campfield Queensboro 

9.3 x 10- 2 9.3 x 10- 2 

2.1 x 10-8 6.6 x 10- 8 

6.5 x 10-10 2.1 x 10- 9 

2.2 x 10- 3  7.0 x 10- 3 

6.7 x 10- 4  2.2 x 10- 3 

1.7 x 10- 3  5.4 x 10- 3 

as for the continuous rain.

*See "Elements of Cloud Physics" by H. R. Byers (1965), Page 183-184 
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Azimuthal oscillations are those that circulate around the face of a cylin
drical core at a fixed radius. The angular position of the peak power varies 
with time. In a practical core design (which is not exactly cylindrical) the azi

muthal oscillations may take the form of power tilts between diagonal quadrants 
of the core. The peak power would shift from one quadrant to the diagonal 

quadrant as a function of time., 

Radial oscillations cause the power peak to move along a radius of the 
core. For example, during one phase, the power peak would occur at the cen
ter of the core; at a later time, the peak would occur near the outside of the 

core.  

It has been shown( 2 ) that for cores with no flux flattening, or with equal 
degrees of flux, flattening in the axial and radial directions, axial and azimuthal 

oscillations are equally probable when the core length to diameter ratio (L/D) 
is 0.91. The (L/D) ratio of the Indian Point II core is 1.08 making the proba
bility of axial slightly greater than for azimuthal oscillations. Furthermore, 
there should be less tendency for azimuthal oscillation than for axial oscillations, 
si nce the principal exciting mechanism (control rod motion) is non-symmetric 

in the axial. direction but is symmetric in the x-y plane. Equal probability of 
axial and radial oscillations occur when core length to diameter ratio (L/D) is 
0.55. Since the L/D ratio is 1.08, radial oscillations are unlikely.  

III. EFFECT OF MODERATOR COEFFICIENT ON SPATIAL STABILITY 

The general subject of the effect of reactivity coefficients on the spatial 
stability of pressurized water reactors has been discussed in reference( 3 ). In 
particular the understanding of the effect of positive moderator coefficients on 
spatial stability has been evaluated.  

It can be concluded from the results of reference( 3 ) and the results for 
this particular core presented below that the Doppler coefficient is sufficiently 

negative to damp out any potential spatial instabilities due to the moderator co
efficient. In addition, the effects of the neutron leakage increase the margin of 

stability.  

The manner in which a redistribution in power can add reactivity, includ
ing the effect of increased neutron leakage, has been demonstrated in the case 
of xenon poisoning by many authors. A threshold analysis similar to that 

(2) D. Randall and D. S. St. John, "Xenon Spatial Oscillations", NUCLEONICS, 
16, No. 3, 82 (1958).  

(3) R. J. French, et al, "Reactivity Coefficients in Westinghouse Pressurized 
Water Reactors" WCAP 285.8 (October, 1965) (included as Appendix B).  
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proposed by Randall and, St. John leads to an understanding of the factors in

volved in the potential initiation of spatial instabilities in power distribution 

because of a positive moderator coefficient. The criteria for stability against 

moderator coefficient induced instability using the notation of reference( 3 ) is: 

* M* (B~ 2- 2* for stability 
C+ PF M n 

pC = steady state reactivity held in coolant 

PF= steady state reactivity held in Doppler 

I This stability criterion is analogous to that developed by Randall and St. John 

for xenon oscillations. There it was shown that cores are stable to xenon os

cillations when 

axe f(P) + aVP <M n~- 2 

I The first term is the effective reactivity held in xenon; the second term is the 

reactivity held in the Doppler; the right side is the difference in leakage be

tween the high flux modes and the fundamental mode. In comparing the two 

equations, it is seen that the xenon driving force is simply replaced by the 

* moderator driving force.  

Extensive work at WAPD on xenon oscillations has shown that the Randall 

and St. John stability criterion agrees well with detailed diffusion -depletion cal

culations. Since many of the same assumptions have been made in the deriva
tion of moderator coefficient threshold as in Randall and St. John's equation, I good results are expected.  

The conclusion of this analysis is that if the sum of the reactivity in the 

* moderator (positive) above a constant inlet temperature plus the reactivity in 

fuel temperature (negative) above the constant inlet temperature is algebraically 

less than the required reactivity change to excite the first harmonic in power 

distribution, there will be no power redistribution and spatial stability will 

exsThe stability reactivity balance for the Indian Point II core is given in Table 1 
for the case of 2000 ppm boron in the core which will occur at the beginning of the 

first cycle. One percent in reactivity stability margin is equivalent to approximately I 1200 ppm additional boron in the coolant. It is concluded from the stability margins 
shown in Table 1 that the core is stable against moderator coefficient induced 
oscillations.  I In addition to the analyses performed to date, additional studies of xenon and 

moderator spatial stability will be performed in t he detail design phase.  I (3) R. J. French, et al, "Reactivity Coefficients in Westinghouse Pressurized 
Water Reactors" WOAP 2858 (October, 1965) (included as Appendix B).  
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TABLE 1 

STABILITY REACTIVITY BALANCE

k 2 aM2-- * k , 
C (a - B 8)(TC - Tin) PF* = a-- (T F

* 
T i n ) 

C C TF

a m 

(+.85xl0"4 -0.26x10" 4 )(570-543) 

+0.16%

a m 

(+1.Ox104-0)(596-535) 

+0.61%

TF 

(-1.3xi0 5)(1915-543) 

-1.78% 

TF 5 

(-1.0x10-5)(1915-900) 

-1.02%

M2(Bm 2 _ B2)** 

Azimuthal Axial 

56x2.8x10
4  56x2.0xl0

- 4 

1.57% 1.12% 

56xO.9x10
4  56xO.67x10

4 

0.50% 0.38%

Reactivity 
Margin to 

Divergence 
Azimuthal Axial 

3.19% 2.74%

Boron Concentration (ppm) 
Margin to 

Divergence 
Azimuthal A);ial 

3830 3290

0.91% 0.79%

Margin to Divergence = M2 AB - PC PB 

am = Moderator Temperature Coefficient 

a T = Doppler Coefficient

Component 

Nominal 

a) Factors 

b) Reactivity 

Conservative 

a) Factors 

b) Reactivity
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