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EXTENDED SUMMARY

I. THE ACCIDENT

At 4 a.m. on 28 March 1979, Unit 2 of the Three Mile Island Nuclear

Generating Station experienced a total interruption of boiler feedwater flow,

which, because of the small inventory of water in the boilers, led to a rapid

decrease in the reroval of heat from the reactor and consequently a rapid

increase in primary coolant pressure. The reactor tripped on high coolant

pressure, as it is designed to do, but not before a relief valve* on the

pressurizer opened, discharging coolant into a drain tank. The auxiliary

feedwater pumps had started automatically when the normal supply was interrupted

but no feedwater reached the boilers because isolating valves had been left

closed. When these valves were finally re-opened (after 8 minutes),

re-establishing boiler feedwater flow, the boilers had been dry for 6 minutes.

Following opening of the pressurizer relief valve, the pressure of the

primary coolant system dropped to the pressure at which the valve should have

reclosed, but it failed to do so. Pressure then continued to decrease until the

set point of the High Pressure Injection (HPI) system was reached. However,

operators, because of concern for the high liquid levels in the pressurizer

(which was normally used as an indicator of coolant level in the core) severely

reduced the HPI flow rate. They were unaware that they were faced with a small

loss of coolant accident (LOCA). They also did not appreciate that under these

conditions, voids (stean bubbles) could form in the core even though the

pressurizer remained full.

After 15 minutes, the tank into which the pressurizer relief valve was

draining had filled and it began discharging coolant to the reactor building

sump. Sump pumps then began pumping this water into the Auxiliary Building

(outside containment). These sump pumps were stopped by the operators after 30

* This valve was not one of the safety valves required by the pressure vessel

code. It was.there to keep the coolant pressure below the reactor trip level

for minor feedwater transients (which this was not) and had a set point

considerably ( 200 psi) below that of the code safety valves.
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minutes of operation.

Two of four reactor coolant pumps were shut off at 74 minutes and the last

two at 100 minutes due to their erratic behavior, probably caused by steam in

the reactor coolant system. The operators intention was, apparently, to cool

the core by natural circulation,. Within 15 minutes of the last reactor coolant

pump being shut down, the reactor outlet temperature rose rapidly to above 620°F

(the readout limit) and the inlet temperature dropped. This indicated that

there was little flow of reactor coolant through the boilers.

From this point until about 2\ hours, considerable core voiding occurred due

to the low pressure/high temperature conditions; this resulted in extensive

damage to the reactor fuel due to overheating. At about 2\ hours the

pressurizer relief valve was isolated by closing its block valve (another valve

in the same line) and the coolant pressure climbed back to normal operating

levels, at which point one reactor coolant pump was restarted. However, this

period of improved core cooling was short lived.

At 3i hours, operators turned off the single operating reactor coolant pump

because it was vibrating excessively and they opened the relief valve (by

opening its block valve) to try and reduce the high level in the pressurizer,

This caused the reactor coolant system to depressurize, resulting in another

period of extensive core voiding and fuel damage. During this period, operators

intennittently stopped and started HPI pumps and, for one 5 minute period,

stopped HPI flow completely. Also, at about 4i hours, both boilers were

isolated and remained so until around 6 hours. During this period the only

method of cooling the core was via injection of cold water into the reactor

coolant system and subsequent discharge through the normal bleed flow or through

the relief valve.

By about 5 hours, operators believed that they had steam bubbles in the

reactor coolant system and they again raised system pressure. At about 6 hours,

steaming from one boiler was begun. However, core cooling did not appear to

improve so at about 1\ hours they began to depressurize in an attempt to reach

the pressure at which the Decay Heat Removal System could be operated (400
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psig). However, despite all their attempts, they were unable to reach this

pressure, since it was lower than the saturation pressure at the then current

coolant temperature and core cooling was insufficient to drop the temperature

further. The poor cooling was due, in part, to the boilers having again been

isolated (from about 9 hours through 14 hours) so that they were not available

as a heat sink. During this period, and coincident with one of the openings of

the pressurizer relief valve, a rapid rise in the reactor building pressure

occurred. This was not diagnosed until some days later as having been caused by

an explosion of hydrogen gas within the containment structure.

At about 13i hours, the decision was made to raise the system pressure,

start a reactor coolant pump and begin steaming from one boiler. However, by

this time the core had again undergone a period of extensive overheating due to

"uncovery".

By about 15 hours the decisions reached earlier had been implemented and

core cooling was re-established through one boiler. However, cooling was still

impaired by an extensive bubble of non-condensible.1 gas (hydrogen) in the reactor

coolant system and by coolant flow blockage due to fuel damage. In the weeks

that followed, hydrogen was degassed from the coolant system by pressure cycling

between 400 and 1000 psig, the hydrogen being removed initially through the

pressurizer relief valve but subsequently via the normal bleed flow. When

sufficient degassing had occurred and in-core temperatures had dropped to below

saturation, the single operating reactor coolant pump was shut off, the coolant

system pressure lowered to about 400 psi and the system placed on natural

circulation (27 April), in which condition it remains.

Calculations by the United States Nuclear Regulatory Ccmnission (USNRC) from

estimated amounts of fission products released and hydrogen generated have shown

that extensive core damage occurred during the three periods of core "uncovery".

Up to 40% of the Zircaloy fuel sheathing has been oxidized (by steam, producing

hydrogen) and up to 100% of the stored noble gases have been released from the

fuel elements. The USNRC has concluded that all fuel elements have failed and

in the hottest regions of the core many have broken up, forming a zone of

debris.
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High radiation levels were noted in various areas of the plant beginning at

2\ hours after the accident and off-site at about b\ hours. Intermittent

off-site airborne releases continued for many days. Itie collective population

dose received by the approximately 2 million people living within 50 miles of

"IMI-2 up to 7 April has been estimated at about 3300 man-rem. The maximum dose

that might have been received by a hypothetical individual at the plant boundary

has been estimated at about 100 millirem. The total projected health effects

are thought to be of the order of one additional fatal cancer and one non-fatal

cancer in a population which is expected to experience 325,000 cancer deaths.

II. CONTRIBUTING FACTORS

The accident at TMI was the result of a complex combination of factors,

including operational errors, analysis and design deficiencies, and equipment

failure. In our view, the most significant of these are:

1) Operating the plant in a degraded condition prior to accident.

The following known malfunctions existed at the time of the accident:

i) Leakage through the pressurizer relief valve. This interfered with the

operators1 ability to diagnose that it subsequently failed to close.

ii) Leakage from the waste gas handling system outside containment. This

permitted releases of fission products from the reactor coolant system

to the auxiliary building atmosphere and was, it would seem, the major

source of radioactive releases.

iii) Leakage from the primary to the secondary side in one of the two

boilers. The secondary (steam) side became contaminated and prevented

- the use of this orje boiler as a heat sink and may have contributed to

' the frequent isolation of the second (non-leaking) boiler.
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2) Deficiencies in the design of TMI-2

Equipment

i) Limited water inventory in the boiler which resulted in a rapid loss of

the main heat sink when the feedwater supply was interrupted.

iij Lack of an alternate high pressure heat sink. Following loss of the

boilers as a heat sink, and with a small LOCA, no means was provided to

reduce coolant temperature so that the coolant system could be

depressurized to the range at which the existing low pressure heat sink

could be operated.

iii) Frequent operation of the pressurizer relief valve, which, if it failed

to close, constituted a Loss-Of-Goolant Accident (LOCA). Ihis automatic

relief valve was designed to open to prevent reactor trips on high

pressure following even minor transients in feedwater supply. Further,

its position indicator showed only the demand position, so that if it

failed to reclose, the existence of the LOCA would not be reliably

indicated.

iv) Lack of diverse containment actuation signals. The only signal that

would actuate containment isolation at TMI-2 was high reactor building

pressure (4 psig setpoint). Actuation did not take place until 4 to 5

hours into the sequence, allowing large amounts of slightly contaminated

water to flood the auxiliary building floor.

9-
v) Inadequate shielding and leak detection on lines in the auxiliary

building which contained primary coolant. This led to radioactive

releases from containment and prevented access to valves, sample lines,

etc.

Instrumentation

i) Lack of direct auxiliary feedwater flow indication. This prevented

operators from realizing, for 8 minutes, that the auxiliary feedwater

isolating valves were shut.
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ii) Lack of direct measurement of water level in the core. Means whereby

this can be done are not yet apparent but are being investigated.

iii) Limited readout ranges on coolant and in-core temperature indicators.

This made it more difficult for operators to follow coolant system

conditions.

iv) Lack of sufficient supply of serviceable portable radiation measuring

devices. This resulted in a number of personnel receiving radiation

doses higher than necessary.

v) Poor presentation of alarm signals. So many alarms were received in the

early stages of the accident that both operators and readout equipment

became saturated.

3) Operator actions (human errors)

i) Isolation of auxiliary feedwater supply. It has not yet been determined

how these valves came to be closed.

ii) Failure to recognize that the pressurizer relief valve had failed to

close. There were a number of indirect indications available to the

operators which should have allowed them to diagnose this condition.

iii) Excessive emphasis (or over-reliance) on pressurizer level. This was

apparently the result of their training. This led them to reduce, at

times even shut-off, the emergency coolant injection flow (among other

things).

iv) Failure to recognize that the core was not being adequately cooled and

that voids had formed in the core. Again there were a number of

indications that these conditions existed.

v) Failure to 1st reactor coolant pimps run. This was out of concern for

the integrity of pump seals, the failure of which would have caused a
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breach in the primary coolant system.

vi) Isolation of boilers for extended periods. Due to loss of the vacuum in

the condenser and the belief that the atmospheric releases were coming

via the secondary steam, operators isolated both boilers for much of the

recovery period. Thus, they operated without their primary heat sink.

4) Equipment failures

i) The pressurizer relief valve. Its failure to close has been discussed

earlier.

ii) Failure of a check valve in the service air system. This allowed water

to back up into the service air line and through a cross-tie into the

instrument air system. Water in the instrument air system caused

isolation valves on the condensate purification system to close,

starting the whole sequence.

5) Inadequate safety analyses

i) No analysis of a total loss-of-feedwater event. It was assumed that

failure of the auxiliary feedwater supply was too improbable.

ii) Failure to perform additional analyses based on operating experience.

The TMI accident was preceeded by a number of similar but less severe

transients at various plants designed by Babcock and Wilcox Co. (B&W).

No new analyses were presented to B&W customers despite some concern

within B&W itself.

iii) Inadequate analyses of the effects of "small break" or limited flow

loss-of-coolant accidents. Primary attention was paid to "large breaks"

which were believed to place greater demands on process and safety

systems. -

iv) Emphasis on "conservative" safety analyses. The use of conservative
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assumptions and models may often mask true system behavior. For

instance, in analyses, the pressurizer relief valve was "conservatively"

assumed not to open.

v) Failure to examine the effects of non-condensible gas (i.e. hydrogen) on

core cooling. The presence of sufficient hydrogen in the core to block

coolant flow and/or to displace coolant from the core had not been

foreseen in analyses.

III. RECOMMENDATIONS

We have recommended that the AECB take a large number of actions which

we feel may ba needed to provide increased protection against accidents in light

of the TMI experience. If accepted by the AECB, these actions will be placed on

both the AECB and licensees. Some of the more important of these

reoonmendations are given below under the general areas of design, procedures,

analysis and training.

1) Plant design, equipment and instrumentation

i) The AECB should

- review the need to have hydrogen recombiners available to all CANDU

plants and the need for lines into containment to permit the timely

connection thereof.

- review present containment leakage rate standards to ensure that they

provide adequate protection in the event of a large release of

activity into containment.

- continue its present review of the reliability and redundancy of

feedwater supplies in the Gentilly-1 reactor.

ii) Licensees should
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- review the servicing requirements of equipnent which might be required

to aid in the long term recovery from an accident, especially those

which require entry into containment.

- ensure that all lines and equipment outside containment which might

contain radioactive fluids are sufficiently well shielded (or can be

when required) to allow access to essential equipment.

- review the design o£ control rooms to ensure that proper emphasis has

been placed on human factors engineering.

- install reliable means for detecting stuck-open relief valves (or any

other automatic valves the failure of which would result in

significant reactor coolant leakage).

- ensure that, on all remotely operated valves important to safety, all

position indicators give a positive indication of valve position.

- install a direct indication of auxiliary feedwater flow.

- review the effective ranges of all instrumentation needed to diagnose

system behavior during transients.

- examine and report on the feasibility of providing additional and

separate alarm recording and sequence recording devices.

2) Operating and emergency procedures

i) The AECB should

- review emergency procedures to ensure that requirements for operator

acion are minimized, i.e. that system response is as automatic as is

practicable.

- ensure that all significant operating incidents continue to be

reported promptly and that a system exists for sharing operating

experience among all operators, analysts and designers of CANDU
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plants.

- ensure that containment testing provides sufficient confidence that

the leakage rate will remain below the design level.

ii) Licensees should

- setdown and have approved (by the AECB) minimum acceptable standards

of plant quality for continued normal operation (e.g. leakage rates,

equipment malfunctions).

- examine, and report on, means to ensure that alternate heat sinks will

be available under all operating conditions.

- identify, and advise operators of, means to unequivocally assess the

adequacy of core cooling.

- ensure that emergency procedures clearly identify which parameters

need to be cross-checked to confirm that the system is behaving as

expected.

3) Analysis

i) The AECB should

- examine the need for more realistic safety analyses in addition to the

present "conservative" ones.

ii) Licensees should

- ensure that accident analyses are continued to the point where safe,

stable plant conditions are assured and all significant radioactive

releases have been secured. Analyses for existing plants may require

review to ensure that this has always been done.
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- carry out additional analyses on very small breaks, the behaviour and

sf '^?.~ of hydrogen or other non-condensible gases in the reactor

Cwiiii'c system and the possible effects of a hydrogen explosion on

containment integrity.

iii) Both the AECB and licensees should

- more rigorously consider the effects of improper operator action (or

inaction) in each post-failure event sequence.

4) Training and staffing

i) The AECB should

- consider the need to make it a requirement that each CANDU design have

a corresponding simulator for operator training.

- institute a requirement for periodic requalification of operators and

supervisors.

- review minimum control room staffing requirements.

ii) Licensees should

- ensure that operators are trained to place particular emphasis on core

cooling and the need to maintain alternate heat sinks in an available

state.

- ensure that operating experience and improved analytical capabilities

are taken advantage of in updating the contents of training and

simulator programs.

- ensure that there is a clear definition of the command function in the

control room and that the person in charge can control access to it.

- ensure that all staff are trained to follow safe radiation protection

procedures, even in emergency situations.
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MAIN REPORT

INTRODUCTION

The accident which occurred at Three Mile Island on 28 March, 1979 has

attracted increased world-wide attention to the safety of nuclear power plants.

While much of the publicity has been negative, the reaction of the international

nuclear community has been to try to learn as much as possible from the

experience. The United States Nuclear Regulatory Canmission, in particular, has

subjected the accident to close scrutiny and from the outset has widely

distributed all information as it becomes available. This has permitted other

countries to carry out their own studies of the TMI accident and to apply the

lessons learned to their own nuclecr program.

The Three Mile Island accident is the most serious accident known to have

taken place in a commercial nuclear power plant. However, considering the

severity of damage to the reactor core, the release barriers, especially

containment, were quite effective in limiting radioactive releases to the

environment and exposure of the public to radiation. In the long term, our

objective must be to ensure that TMI will prove to have had a net positive

effect by resulting in improved safety at all nuclear power plants. The

accident has demonstrated what most people recognized; serious accidents will

occur. The outcome should be that defences will be improved and the likelihood

of other accidents reduced.

In the weeks following the accident, the AECB received a large amount of

information from the US, much of it of a preliminary nature. On 5 April, 1979,

the AECB required all owners of CANDU plants (operating or under construction)

to conduct a design review to assess, in light of "MI,

_i) the reliability of feedwater supply to boilers,

ii) the availability of back-up cooling systems, and

iii) the adequacy of routine and emergency operating procedures.

As requested, replies were received on or about 12 April, 1979. This first

phase of the design review was followed up by a second series of more specific

questions to plant owners on 15 May, 1979. These questions addressed points
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which arose fran the earlier responses, required additional review of operating,

maintenance and testing procedures and requested a summary of any operating

experiences with loss of boiler feodwater, including steps taken to prevent

recurrence. This report is part of a third step - an in-depth review of the

accident to ascertain the further changes or investigations which should be

undertaken. Accordingly, in June 1979, the authors were assigned, for an 8 week

period, to carry out a review of the available information and of the replies

received fron licensees and to produce a report of our findings.

The main body of the report is in three sections; one describing the

accident*; a second which highlights our opinion of the underlying causes; and

the last which makes a number of recommendations to the AECB regarding what

might be done to confirm or improve the safety of CANDU plants.

Due to the limited time available for this review, our reccmmendations

include a number which call for further study by the AECB. We have also chosen

not to critique the whole question of off-site emergency preparedness. It is to

be expected that an investigation of this area would also produce valuable

lessons and such a study should be undertaken.

In writing this report, we have attempted to make it understandable to those

with sane knowledge of nuclear plant operations. By minimizing the use of

technical language we hope that it will also be understandable to a determined

lay person.

* The description is based on our reconstruction of events based on published

information and without benefit of discussion with the people involved.



SECTION I

WHAT HAPPENED AT THREE MILE ISLAND

I.A. STATION DESIQJ

Unit 2 of the Three Mile Island Nuclear Generating Station, near

Harrisburg, Pennsylvania, is a Pressurized Water Reactor (PWR) designed by

Babcock and Wiloox (B&W), aie of three vendors of PWR reactors in the U.S. The

unit was first placed in commercial operation in January 1979. A schematic of

the reactor, the steam supply and auxiliary systems is shown in Figure 1.

The reactor coolant system consists of the reactor vessel, two vertical

"once-through" steam generators (boilers), four reactor coolant pumps, an

electrically heated pressurizer and interconnected piping. The system is

arranged as two heat transport (cooling) loops, each with two pumps and one

toiler. This system is designed to contain and circulate reactor coolant

(ordinary water) at pressures and flows necessary to transfer the fission heat

generated in the reactor core to the secondary side fluid in the boilers. The

pressurizer is used to regulate coolant pressure by heating the water it

contains to the saturation temperature (boiling point) at the desired operating

pressure (~2150 psig). This establishes a steam space which provides a constant

pressure and maintains it during limited volume changes in the reactor coolant

system.

To control the inventory of reactor coolant, water may be either removed

from the system (the "bleed" flow) or added to the system (the "feed" or

"makeup" flow). The bleed flow passes through a purification system prior to

being discharged to a makeup tank. This tank then supplies water to the makeup

pumps on demand. The makeup pumps also supply water to the seals on the main

reactor coolant pumps.

The secondary (steam) side is also normally operated as a closed system, the

main feedwater pumps pumping water from the turbine condenser to the boilers.

Should this supply be interrupted, an auxiliary feedwater system is designed to

start automatically, pumping water from one of a number of potential supplies to



the boiler.

The B&W design includes three major safety systems;

i) containment, an almost leak free building whose purpose it is to contain

any radioactivity released from the primary system;

ii) shut down systems, equipment which can insert neutron absorbing

materials into the core to terminate the nuclear reaction? and

iii) emergency core cooling systems, additional sources of water which can be

delivered to the core in the event that the main coolant system is

losing water.

I.B. SEQUENCE OF EVENTS

The following is our reconstruction of the events which took place at

Three Mile Island beginning on 28 March, 1979. This has been pieced together

from a number of sources produced soon after the accident which were not

complete within themselves nor entirely consistent from one to the other. As

such, we have been forced to add our own interpretations in sane instances to

come up with a self-consistent story. On-going investigations in the U.S. may

eventually arrive at somewhat different interpretations.

We have separated the full sequence into a number of manageable time

periods, each of which describes the response of various systems to a

significant change in the operating procedure due to decisions by operators

and/or automatic action of safety systems. The time base used is the time

elapsed since the initiating event, which was the trip (automatic protective

shutdown) of the condensate pumps. This occurred at almost exactly 4 a.m. on 28

March, 1979.

The behaviour of a number of system parameters and the status of a few

critical components are shown graphically in Figures 2, 3 and 4. These will not

always be specifically referred to in the sequence but frequent reference to
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them may help in understanding the rather complex interactions. It should be

noted that the figures do not show all changes in component status.

In general, the units we have used are the same as those used in the

documents that we have reviewed.

Starting conditions

At 0400 hours on March 28, 1979, Unit 2 of the Three Mile Island Nuclear

Generating Station (TMI) was operating under the following conditions:

Reactor power - 97% full ( 900 megawatts of net electrical power)

Coolant pressure - 2155 psi gauge

Coolant inlet - 554°F

Coolant outlet - 604°F

Coolant boron concentration - 1000 parts per million

Coolant activity - 0.4yCi/ml (gross y+3)

Steam generator (boiler) pressures - 1000 psi

Steam generator (boiler) levels - 50%

One coolant makeup pump** was operating, supplying makeup water (feed) to

compensate for normal "letdown" (bleed) flow and for a 6 US gallon per minute

(gpm) leakage rate through the Pressurizer Relief Valve (PRV)2.

Initiating events

Difficulty was being experienced in transferring spent ion exchange resins

from the feedwater purification system. The operators have hypothesized that

water entered the air system which was being used in the transfer operation.

This probably caused the purification system isolation valves to close; the

resulting loss of suction to the Condensate Pumps caused them to trip.

* Numbered footnotes can be found at the end of this section.



Time zero to 8 seconds

The loss cf the Condensate Pumps tripped the Feedwater Pumps causing an

almost simultaneous trip of the turbine. Approximately 3 to 6 seconds later,

the PRV opened at 2255 psig, exhausting into the Reactor Coolant Drain Tank.

At 8 seconds the reactor tripped on high coolant pressure at 2355 psig.3

8 seconds to 3 minutes

Because of the thermal shrinkage in the Reactor Coolant System (RCS) which

follows a reactor trip, operators stopped the bleed flow and increased the feed

rate to prevent the water level in the pressurizer from dropping too far. From

a peak of 255 inches at 15 seconds, the pressurizer level dropped to a minimum

of 158" and then rose rapidly to reach 208" at 2 minutes 30 seconds. Operators

were surprised by the rapid turnaround.

The PRV indicated closed4 (closure setpoint was 2205 psig) at 13 seconds,
but in fact had remained open. At 30 seconds high temperatures were noted on
the PRV exhaust line.5

The Auxiliary Feedwater Pumps started automatically when the Main Feedwater

Pumps tripped. At 13 seconds, they reached full discharge pressure but the flow

was not reaching the boilers (see later). Operators were unaware of this since

there was no direct flow indicator on these pumps. Boiler level change would

provide only a rough and indirect indication.

At 1 minute the boiler levels were very low and the temperature difference
between the primary flow into and out of the boilers was approaching zero. By
two minutes the boilers were completely dry and boiler pressures had begun to
fall.

At two minutes, High Pressure Injection (HPI) was automatically initiated at
its setpoint of 1600 psig; two HPI pumps, one of which was the makeup pump which
had been operating at the start, were now running.



3 minutes to 8 minutes

The rapid rise in pressurizer level caused the operators to be concerned

that they were about to lose the vapour (steam) space in the pressurizer. Since

they are trained to prevent this, and they concluded that the high pressurizer

level was due to too much water in the RCS, they initially (at 3 minutes)

throttled the HPI flow and, l£ minutes later, shut down one of the two operating

HPI pumps. At 5 minutes, the bleed flow was restarted. Injection flow was by

now reduced to approximately 100 gpn (from-400 gpn) and the bleed flow was

increased to approximately 140 gpm. The bleed flow was reduced to 70 gpm two

minutes later after high temperature alarms on the bleed flow were received.

Despite their efforts, at about 6 minutes operators noted that there was no

longer a vapour space in the pressurizer (level indication >400 inches).

"Hie reactor outlet temperature initially dropped to approximately 575°F as a

result of the reactor trip. At 5 minutes both the inlet and outlet temperatures

began to rise. At 6 minutes the outlet temperature reached 584°F, which was the

saturation temperature at the coincident RCS pressure (1350 psig). For the

balance of this period the outlet temperature and RGS pressure rose slowly to

597°F and 1500 psig in step.

Temperatures and pressures in the Reactor Coolant Drain Tank increased

until, at 6 minutes, its relief valve setting (150 psig) was exceeded and it

began discharging to the Reactor Building sump. At about 8 minutes, a Reactor

Building (RB) sump pump started automatically on high sump level and began

pumping to the Auxiliary Building.6

8 minutes to 73 minutes

-At 8 minutes, it was noticed that the auxiliary feedwater isolating valves

were shut so operators opened them.7 The pressure in the boilers immediately

rose to the normal control level (1025 psig) and the RCS temperature and

pressure began to decrease. The steam, which began to be produced in the

boilers was discharged directly to the condenser. In trying to establish normal

feedwater flow, operators found all valves on the purification system shut (see

Initiating Events). The by-pass valves were opened manually, after attempts to



8

open them from the Control Roan failed, and normal condensate flow to the

auxiliary feedwater pumps was established. Apparently in response to the full

pressurizer, t±ie one operating HPI pump was shut down at 10 minutes 24 seconds

but was restarted one minute and 16 seconds later, although still with the flow

throttled.

The RCS pressure dropped throughout this period to about 1000 psig and the

temperatures followed at saturation level. A vapour space in the pressurizer

was re-established at around 10 minutes but the level remained very high. A

reactor coolant pump full speed alarm (indicating it was pumping steam part of

the time) was received at 16 minutes. At 32 minutes, one in-core thermocouple

read 700°F and then went off-scale.*5

A second RB sump pump started automatically at 10 minutes, followed shortly

by a high sump level alarm. At 15 minutes the rupture disc on the Reactor

Coolant Drain Tank burst. At this point, a rise in RB pressure was noted; by 22

minutes this had reached 1.4 psig and continued to rise. The sump pumps were

turned off by operators at 38 minutes but isolating valves in the lines were not

closed. It is possible that the high RB pressure may still have forced some

sump water into the Auxiliary Building beyond this point.

The first indications of release of activity outside of the RCS were noted

during this period. The RB exhaust monitors showed a factor of 10 increase at

18 minutes. At 60 minutes, a high radiation alarm in the RB sump sounded.

At 20 minutes, instrumentation indicated an increase in the neutron count

rate. Operators began to be concerned about a restart of the nuclear reaction,

although it would appear in retrospect that the increased signals were due to

decreased shielding (due to voiding in the core) and increased in-core

temperatures (the electronic signal from these instruments increases with

temperature).

The alarm printer broke down due to a paper jam at 73 minutes and was not

returned to service until 2 hours 47 minutes.



74 minutes to 2 hours 18 minutes (2:18)

By 74 minutes, steam bubble formation in the core had reduced pumping

efficiency such that the coolant flow had dropped to 60% of its normal value.

Because of excessive vibration under these conditions, the nB" loop Reactor

Coolant Pumps (RCP) were shut down at this time. During the next 26 minutes,

flow instabilities increased and flow decreased, so to avoid a pump seal failure

(a further breach of the RCS) the "A" loop RCP's were shut down. Operators were

attempting to go onto natural circulation even though they were well outside the

prerequisite pressure and temperature conditions; we do not know if they were

aware that they were outside these conditions.

The RCS outlet temperature went off scale high (620°F) scon after the A loop

RCP's were shut off and the inlet dropped to 150°F, indicating that little

circulation was taking place. However, the most prominently displayed coolant

temperature, the average of the inlet and outlet, was floating around 570°F

because the inlet and outlet indications were off-scale. Unfortunately,

operators appeared to have been misled by this meaningless "average" reading at

times. By 2:18 the RCS pressure had dropped to 660 psig. A coolant sample at

75 minutes (reported at 90 minutes) showed that boron levels had dropped to

400-500 ppm boron and that the activity levels had increased to 4 yCi/ml.9

Only a single HPl pump operated throughout this period; its flow continued

to be throttled to about 100 gpn.

Following the shutdown of the nB" loop RCP's, the neutron count rate

instrumentation indicated another increase, to 3 times the normal shutdown

readings. The shutdown of the "A" loop pumps caused a further increase of 100

times over the subsequent 15 minutes. Because of this and the low boron levels

in RCS samples, operators "emergency borated" (added boron, a neutron absorber,

to the reactor coolant system) twice around the 100 minute mark. 10

All area radiation monitors inside containment showed substantial increases

after the "A" loop RCP's were shut off.

At 87 minutes, operators isolated the "B" boiler on the secondary side since

they believed it was leaking steam to the reactor building. They noted that the

RB pressure then levelled off.
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2 hours 18 minutes (2:18) to 3 hours 13 minutes (3:13)

At 2:18, following discussions between the licensee and B&W representatives

and an examination of the temperature of the PRV exhaust line, the block valve

in series with the pressurizer relief valve was closed.

The RCS pressure rose quickly from 660 psig to -1300 psig. AT 2:54 a RCP

was started and the pressure rose to 2200 psig. The neutron count rate dropped

back to normal levels, indicating that some voids had collapsed. However at 3

hours the pressurizer was again full. In-core temperatures taken at about 3

hours indicated that 90% were in excess of 700°F. There was no change in the

status of the HPI pumps in this period; only one operated and that in a

throttled condition.

Following the closure of the block valve, the reactor building pressure

began to decrease at a rate which convinced operators that the "B" boiler had

not been leaking steam to containment after all. Therefore, they began to

discharge the "B" boiler stean to the condenser. However, activity in the

condenser off-gas forced them to again isolate this boiler at 2:56 (see note 2)

At 3:04, the "A" boiler steam discharge was switched from the condenser to the

atmospheric discharge valves.

Increasing radiation levels were indicated at many points on the site

throughout this period. A high radiation alarm at a sampling station sounded

and radiation monitors on the bleed sampling line showed 800 R/hour. A site

emergency was declared at 2:55.

By 2:20, the number of people in the control room had risen to 15 - 20.

At 3 hours conflicting reports placed the number at either 50 - 60 or 18 - 24.

In any case, the noise level was high.

3:13 to 5:15

At 3:13, the one operating RCP was shut down due to vibration and the PRV

block valve was reopened1!, presumably to reduce pressurizer level? it was
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operated intermittently thereafter. The pressurizer level fell to 225 inches

within two minutes and the RCS pressure declined. High pressure injection began

at the 1600 psig setpoint with full (unthrottled) flow from two pumps. The

pressurizer level began to increase at 3:23, filling at shortly after 4 hours.

A factor of 3 increase in the neutron count rate was noted at 3:32. At 3:37,

one HPI pump was shut off, to be restarted 19 minutes later. At 4:17, both HPI

pumps were shut off; one was restarted 5 minutes later and the second 5 minutes

after that, finally providing a HPI flow of 500 gpm. The RCS pressure foil to

1375 psig and remained at about that level throughout the balance of this

period.

Opening the PRV caused increases in the RE pressure and in radiation levels.

By 3:15 the RB pressure had risen fran 1 psig to 3 psig and additional radiation

alarms had sounded. A General Emergency was declared and NRC and state

officials were notified at 3 hours and 30 minutes (0730 hours). By 4 hours, a

shielded (4" of lead) detector in the RB dome read 200 R/hr, rising to 6000 R at

5 hours. At 4:17, the RB pressure rose above 4 psig and containment isolation

was automatically actuated. When this occurred, all lines passing through

containment that were not essential to the operation of major safety systems

were closed. Thus, the bleed flow and the flow to the seals on the RCP's were

interrupted. Because operators considered these process systems essential at

this time, the containment isolation signal was manually reset (overrideh) after

only 18 seconds.*2 By the end of this period the RB pressure had risen to

4.4 psig.

At 4:30, the condenser vacuum was lost because the steam supply from TMI

Unit 1, which was supplying the turbine seals in the condenser vacuum pumps, had

ceased. Thus, steam produced in the boilers could no longer be discharged to

the condenser.13

5:15 to 7 hours

Operators finally became convinced that there was steam in both loops, so
the PRV was closed and they began to raise the RCS pressure to collapse the
bubbles (at 5:18). The RCS pressure was then controlled at around 2100 psig
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using the PRV. The RCP's remained off, but a high injection flow was

maintained. The pressurizer stayed full. AT 6:10, the operators opened the

atmospheric steam valves and the "A" boiler began discharging steam to the

atmosphere. Despite these improvements in RCS conditions, in-core temperature

sensors, which had been hooked up to a higher range measuring device, recorded

temperatures in excess of 2000°F. These high readings were not believed at the

time. In fact, operators expressed the belief that natural circulation (high

temperature reactor coolant water naturally thermosyphoning through the cooler

boiler) had been established.

The RB pressure started to drop after the PRV was shut. The RB pressure

reached a low of 1.6 psig and then remained in the range 1.6 to 2.4 psig for the

balance of this period.

A coolant sample, taken at about 6 hours, measured 140 pCi/ml (gross

Y+ 3). High airborne radioactivity levels in the Control Roan (CR) forced the

use of masks (beginning at 6:10) and led to an order to evacuate non-essential

personnel from the CR. However, later the noise level was still reported to be

high, with upwards of 20 people still in the control room.

7 to 10 hours

The Station Superintendent took charge at 7 hours from, we presume, the

Shift Supervisor. In conference with senior staff, general plant conditions

were reviewed and the following observations were made:

There was water on the floor in the Auxiliary Building in areas near the

floor drains and the sumps were full. Radiation readings of up to 10 R/hr

were noted in the Auxiliary Building.

The Auxiliary Building ventilation systems had Deen isolated at the

"urging of State authorities.

Operators were reluctant to start a RCP due to the possibility of
failure of the pump seals, which would incur an additional breach of the
RCS.
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It was generally recognized that there were stean bubbles in both loops

but the core was believed to be covered.

Operators were experiencing problems in maintaining bleed flow.14

Operators were concerned that the PRV block valve might also fail open
if they continued to cycle it.

Many pressurizer heaters were unavailable, thus making it more difficult

to re-establish a vapour space in the pressurizer.

The only means of controlling the RCS pressure was via HPI flow and

operation of the PRV.

As a consequence of this assessment, there was a feeling that they weren't

"getting anywhere" so it was decided to depressurize in order to allow other

core cooling systems to be brought in.-^

At 7:30, operators opened the PRV.1^ >jhe acs pressure dropped, reaching

600 psig at 8:41. The Core Flood Tanks opened and a small amount of water

flowed into the core, but with little effect. Operators interpreted the absence

of any significant level change in the flood tanks as indicating that the core

was full.

The RCS pressure stayed in the range 450 - 600 psig over the remainder of

this period; in the absence of an effective heat sink, the coolant could not be

cooled to the point (450°F) which would have prevented further steam formation

at the 400 psig setpoint of the Decay Heat Removal System. The pressurizer

continued to indicate "full" throughout this part of the sequence. From 9:04

until the end of the next time period, there was generally only one HPI pump

running. Increased trouble in maintaining adequate bleed flow was being

experienced and, since valve manipulation would have incurred personnel

overexposures, it was ruled out.

During the RCS depressurization, the RB pressure rose to 2.6 psig at 9:17.
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The pressure then decreased to 1.4 psig by 9:50 at which time, coincident with

operation of the PRV, the RB pressure exhibited a spike of about 30 psig.*7

The significance of this pressure spite was not fully appreciated at the time.

RB isolation occurred but, as before, was reset to maintain essential process

systems. The reactor building spray actuated but was shut off 6 minutes later.

The building spray lowered the reactor building pressure to near 0 psig where it

remained for the balance of the sequence.

By 9 hours, officials of the State of Pennsylvania had made several calls

asking that the steam discharge to the atmosphere be stopped. At 9:15, the

steam discharge valves were closed.18

10:00 hours to 13;00 hours

We have found it especially difficult to follow all operator actions and to

interpret system behavior during this period. Early in the period,

representatives of both B&W and NRC tried to convince the licensee that the core

was uncovered, and suggested that the HPI flow should be kept at a maximum and

that the reactor coolant system should be repressurized. However, operators

were apparently unconvinced and continued in their attempts to reduce system

pressure to within range of the Decay Heat Removal system by manipulating the

PRV, the HPI flow and the bleed flow. These attempts were unsuccessful and the

pressure continued to remain in the range 450 - 600 psig. From the information

we have available, it would seem that the Station Manager was now in charge in

the control room; the command function appears to have changed a number of

times.

At 10:28 the reactor coolant outlet temperture in the "A" loop came on scale

(<620°F) for the first time in more than 8 hours; the "B" loop outlet

temperature remained off-scale throughout this period. The pressurizer level

dropped slightly (just on-scale) and the stean pressure in the "A" boiler

increased. The operators felt that this was the result of movement or collapse

of a steam "bubble" in the "A" loop. (As has been noted, they had not

considered that hydrogen (non-condensible) "bubbles" might also be present).

However, both pressurizer level and outlet temperature were soon back off-scale.
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At 10:45, both again dropped, the temperature reaching about 520°F at 11 hours

and the pressurizer level about 180 inches (~£full) at 11:20.19

At about 11:20, the inlet temperature showed a sharp rise from about 200°P

to 400°F coincident with an increase in the outlet temperature to 590°F. The

inlet temperature dropped back to about 300 °F shortly after but then rose to

almost 500°F by 12:10. The outlet temperature remained at 590°F until about

12:30 when it dropped to around 525°F. Both temperatures remained near these

levels for the balance of this period. The pressurizer level began increasing

at 11:20 and was again off-scale by 12:30. By 13 hours it was just barely back

on-scale. We have not been able to determine just why the system was behaving

as it was.

13 hours to 16 hours

At the start of this period, a decision was made (by whom is not clear) to

repressurize the RCS and attempt to start a RCP even though operators were not

in agreement (because they had regained pressurizer level and appeared to have

"collapsed the bubble" in "A" loop). The plan also included a conscious

decision to run with a full pressurizer. The RCS conditions at this point

(13:23) were - the "A" loop outlet temperature was 520 °F and the inlet was

480°F; the coolant pressure was 650 psig. On the secondary side, both boilers

were isolated and efforts to start steaming the "A" boiler to the condenser were

being made.

AT 13:30 the PRV was closed and the HPI flow was increased to 450 gpm. The

RCS pressure began to increase and the pressurizer level dropped. At this

point, steaming of the "A" boiler to the condenser was begun.

.Between this point and 15£ hours, when a RCP was run briefly,

through the "A" boiler via natural circulation was intermittent, as evidenced by

wide variations in the difference between the "A" loop inlet and outlet

temperatures (perhaps due to periodic blockage by and clearance of bubbles).

At 14 hours, the operators finally concluded that the core might not be
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covered. At this point the "A" loop outlet temperature was 550°F and the inlet

was 430°F; the RCS pressure had risen to 900 psig. At about 14:17, the

temperature differences in the "A" loop had again increased (outlet temperature

555°F, inlet 300°F) and the pressurizer was full; this combined with the slow

rate of pressure rise convinced operators that the systan still contained

bubbles.

At 14:34, although the "A" boiler was still steaming, little natural

circulation was taking place; the "A" loop outlet was 570°F and the inlet was

290°F. The RCS pressure had risen to 1780 psig by this time.

At 14:45, the pressure reached 2300 psig and the feed flow and bleed flow

were equalized at 150 gpni. The "A" loop temperature difference decreased again,

indicating some steam bubbles had collapsed or non-condensibles had moved.

Other small, short-lived, temperature changes also indicated bubble movements.

At 15:20, the "A" loop outlet was 560°F and the inlet was 395°F; the "B"

loop outlet was still off scale high (>620°F) and the inlet was still 220°F.

The feed and the bleed flows were now reduced to 60 gpm. Operators were

attempting to create a vapour space in the pressurizer using the pressurizer

heaters.20

At 15:33, previous difficulties with the pumps which supplied oil to the

RCP's were overcome and a RCP in "A" loop was started and ran for 10 seconds

(this "bumping" of RCP's is normal procedure when refilling a loop). The RCS

pressure dropped sharply to 1450 psig (but soon began to climb again) and the

HPI actuated for a short time. The "A" loop outlet temperature dropped off

scale low ( 520°F) and the "A" boiler pressure rose. At 15:40 the RCS pressure

had risen to 1950 psig.

At 15:51, after the prescribed 15 minute delay between starts, the same "A"

loop RCP was restarted and allowed to run, since fluid flow and motor amperage

"looked good". Feed flow had just been increased in anticipation of the RCS

pressure drop. The RCS pressure dropped to 1320 psig before turning around, the

inlet temperatures in both loops stabilized at around 300°F (outlet temperatures
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not given) and the "A" boiler pressure rose again. For all intents and

purposes, cooling was re-established from this point on. However, cooling was

still somewhat ijnpaired by a large bubble of hydrogen which had collected in the

upper regions of the pressure vessel.

16 hours to 20 hours (balance of 28 March, 1979)

Over this period, RCS conditions stabilized, cooling through the "A" boiler

at a RCS temperature of 280°F (inlet and outlet temperatures were nearly the

same) at about 1000 psig. Filters in the bleed flow line had become blocked so

that the bleed flow had dropped to near zero. The PRV was still being used,

providing a 14 - 16 gpn discharge rate from the RCS to the RB sump.

29 March

RCS conditions remained about the same with some in-core thermocouples still
outside the readable range (>700°F).

30 March to 5 April

RCS conditions were generally unchanged. Maximum in-core temperatures

remained above 700°F until 31 March when the maximum recorded was 500°F. By 5

April, the maximum in-core temperatures were 460°F.

On 30 March, the hydrogen bubble in the upper part of the pressure vessel

was estimated by NRC to be 1200 ft3 in size (at 1000 psig); on 31 March the

licensee calculated it as 620 ft3 at 875 psig. Its size steadily decreased

thereafter; the hydrogen being released to the KB through the PRV. On 31 March,

sample results showed the RB hydrogen levels to be between 1.0 and 1.7%. A

hydrogen reconbiner was operable but was not started because it was not properly

shielded. Hie RB hydrogen levels increased to 2.3% by 1 April. Efforts to

shield hydrogen reccmbiners were continuing. On 2 April, one hydrogen

recombiner was started and the RB hydrogen level dropped to 2% where it remained

for a number of days.
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Thereafter

At 1:25 pm on 6 April, the one "A" loop PCP tripped and the second "A" loop

RCP was started (within 2 minutes). The three hottest thermocouples showed a

drop from >400°F to between 285°F and 315°F but a central thermocouple rose from

375°F to 425°F.

At 8:00 pn on 7 April, the operators slowly lowered the system pressure to

350 psig and raised it back to about 1000 psig. This degasification procedure

was repeated a number of times to decrease the amount of hydrogen dissolved in

the reactor coolant.

On 27 April, the PCP was shut off and the plant placed on natural

circulation, still using only the "A" loop boiler. The reactor coolant

temperature decreased throughout, down to about 150°F in early July at a

pressure of about 300 psig. The maximum in-core temperature was, at that time,

about 250°F.

Long term plans call for natural circulation using both steam generators

supplied with closed-circuit cooling. This system was devised because of a

reluctance to use the Decay Heat Removal system. The DHR system was suspected

of having some leaks and, since many of its components lie outside containment,

the USNRC and licensees have decided not to cycle the highly contaminated

reactor coolant through it.

I.C. PORE DAMAGE

Over the first 15 hours following the accident, there were three

significant periods during which the reactor coolant pressure was less than the

bulk saturation pressure of the coolant (See Figure 4). These conditions

resulted in extensive steam formation in the core. During these periods,

significant portions of the reactor fuel were uncovered (cooled only by steam),

and consequently, became overheated. The extent of damage caused by each of the

periods when the core was uncovered is not known, although because of the higher

decay heat levels, the most severe damage was perhaps caused during the initial
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period. In any case, indications of fuel failure (increasing radiation levels)

were evident within two hours of the start of the accident.

Severe damage was probably limited to the top half of the core, as indicated

by the response of the in-core neutron detectors.* it has been concluded by

the USNRC that essentially all fuel sheaths failed, due either to a ballconing-

rupture mechanism or to oxidation-embrittlement. Indirect measurements of

Xe-133 release indicate that about 35% of the total core inventory of noble

gases was released from the fuel rods.+ (The free fission products in the

fuel/sheath gap prior to the accident would have been of the order of only 1% of

the total inventory.) No detailed measurements of the released fractions of the

volatile and solid fission products have been made but a reactor coolant sample

taken at 1615 hours on 29 March, 1979 and analyzed the next day showed

approximately 20 curies of mixed fission products per litre. A sample of water

from the containment floor taken on 31 March 1979 showed that this water

contained 7% of the full core inventory of iodine, 2% of the cesium, 10% of the

barium and traces of strontium and other elements.+

Fran the amount of hydrogen produced (225 lb moles in the H2 explosion, 80

lb moles in containment after the explosion and 75 lb moles in the primary

system bubble), it was concluded that about 40% of the zirconium fuel sheathing

had been oxidized during these periods.

Fran these gas release and oxidation calculations, NRC has concluded that

fuel melting probably did not take place but that some fuel temperatures may

have exceeded 2000°C (fuel melting point would be about 2800°C). Lack of fuel

melting is supported by the absence of uranium and transuranics and the low

levels of strontium in coolant samples.

*The extent of core voiding and the degree of local temperature rise could both

be estimated from the responses of the neutron detectors (see earlier).

+ More recent measurements and inferences have changed many of these figures.

Releases from the fuel rods are now estimated by the USNRC at 60-100% of the

noble gases, 30-50% of the iodines, 30% of the cesium, and somewhat less than 1%

of the barium and strontium.
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Although fuel melting has probably not occurred, it is felt that the top

part of the core is extensively fragmented, due to quenching of the hot

sheathing and fuel. The USNRC believes the fuel to be in pieces ranging in size

from one millimetre up to and including whole pellets. Nearly all of the broken

and oxidized debris should remain trapped in the upper core region (despite a

tendency to be suspended by coolant flow in a partially fluidized bed) because

the upper end fittings have a "grillage" which would act as a screen. The USNRC

has estimated that the thickness of the layer of debris (fuel and sheathing)

near the top of the core ranges from several inches at the periphery of the core

to a few feet in the central region. Estimates of coolant blockage range from

complete near the central region to little or none at the periphery; an average

of 94% flow blockage was assumed in the NRC staff analysis of long-term cooling.

The NRC has concluded that a small amount of debris settled into the lower

plenum of the reactor pressure vessel, some during forced circulation (pumps

running) and more during natural circulation oooling. The amount is not

sufficient to pose a threat to the vessel wall and would be well cooled, since

it is submerged and has a low packing density.

Calculations have indicated that the temperatures of other unfueled core

components would have lagged fuel rod temperatures by only a small amount.

Therefore, it is felt that in the hot regions of the core, Zircaloy components

(control rod guide tubes, burnable poison rod cladding) would have oxidized and

other components containing Inconel (spacer grids), silver-indium-cadmium

(control rods) and stainless steel (control rod cladding) would have melted.

The boron loading in the burnable poison rods would have been leached away by

exposure to water in the radiation field. Although control rod segments could

have fallen, their movement would be limited to less than 3 inches by other

components. In-core thermocouples seem to have survived, even in the hot

regions of the core.

I.D. RELEASES OF ACTIVITY FROM CONTAINMENT

Within about 10 minutes of the initiation of the accident, the reactor

building sump pumps automatically began pumping discharged reactor coolant to

the Auxiliary Building (AB) sump tank and, when it was full, onto the AB floor.
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These pumps ran for 30 minutes and pumped more than 8000 gallons before being

shut off. (It is not clear whether this discharge to the AB continued beyond

this point, driven by high RB pressure; the volumes of water referred to in the

description of events are much larger than this 8000 gallons can account for).

For some time after the accident, interest focussed on this water as the major

source of activity release from containment. However, it would now appear that

this is not the case; this water was discharged to the AB before any fuel is

believed to have been damaged and there is considerable other indirect evidence

that the water in the AB was never more than slightly contaminated. The

question then remained - where had the major activity come from? It would

appear that little if any activity was released from the containment per se (it

was under slightly negative pressure from about 9 hours on) or from the

atmospheric discharge of secondary side stean (although a primary-to-secondary

leak in the "B" steam generator was believed to exist prior to the accident).

It now seems clear that the vast majority of releases were from the waste gas

system (which is outside containment) probably due to leakage from the vent

header which connects the waste gas decay tank to the makeup (feed) tank.*

Increases in on-and off-site activity were noted whenever venting from the

makeup tank was carried out.

The first releases fran containment were seen as rapid increases in the

radiation fields in the AB beginning about 2| hours after the accident (0630).

The first off-site activity was not detected until about 5i hours (0930) which

was about 20 minutes after the AB exhaust fans were started; airborne activity

in Goldsboro (See map in Figure 5) was measured at about 1 x 10~8 ci/m3 of

1-131 (Maximum Permissible Concentration in air (MPCa) is 1 x 10~10 Ci/nv*

in unrestricted areas). At 1045, a reading of 3mR/h was recorded 500 yards from

the site boundary. At 1530, an air sample in Middletown, 3 miles north of the

site, indicated 1 x 10"8 Ci/m3 (1-131), but in Harrisburg (10 miles north)

no increased radiation had yet been detected. At 1900 hours, readings of 2 itiRAi

* The bleed flow from the PCS was degassing in the makeup tank. The resulting

buildup of gas pressure (mostly hydrogen and fission product gases) in the

makeup tank was causing the tank liquid level to drop, thus threatening to

interfere with the feed flow. Therefore, these gases were periodically vented

to the waste gas decay tanks via the leaking header.
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at the Pennsylvania Turnpike Exit north of Middletown and a reading of 10-15

mR/h at Olmstead Air Force Base (near Middletown) were recorded. Near midnight

of 28 March, a ground level reading of 365 mR/h was detected on the site.

On 29 March, water from the Auxiliary Building was pumped to the Industrial

Waste Treatment System which overflowed to a drainage system which leaked to the

Susquehanna River. However, this water was not highly contaminated

(1 x 10~4 ci/m3 of 1-131), and although 25000 gallons were discharged, the

release was only about 10 millicuries of 1-131. High radiation levels were

recorded following venting of the makeup tank; at 1410 a helicopter recorded

3R/h (Y + 3) just above the stack- The only significant off-site readings

reported were 3 mR/h on the bank of the river opposite the plant, and 1 mR/h at

the Air Base.

On 30 March, following a further venting of the makeup tank to the (leaking)

waste gas system, an aerial survey noted 1200 mR/h while over the Auxiliary

Building (0800 h). Readings that evening were down to 8-10 mR/h over the plant.

The winds over these first days were light (a few miles per hour) and their

direction was variable but generally from the south. The plume was typically of

the order of 1 mile wide with aerial readings of a few mR/h near the plant

boundary dropping to near background beyond 20 miles (except as noted above).

Ground level gamma readings were generally substantially less.

Quarterly dose figures, to the end of March, as recorded by

thermoluminescent dosimeters fran various points around TMI showed a maximum of

1044 mR at one point on the boundary fence. The highest reading in a populated

area was 26 mR of which about 15 mR was background.

From 1 April, radiation levels were, in general, substantially reduced.

Frequent aerial surveys in the plume showed maxima of slightly over 1 mR/h on 1

April, dropping to 0.03 mR/h on 15 April (with a few elevated readings in

between during venting operations). During this period, maximum ground level

readings dropped from 0.05 mR/h around 1 April to near background (about 0.01

mR/h) by 15 April.
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Following a number of changes to in-plant conditions on or about 14 April

and continuing until 16 April, iodine levels in a number of air samples read

slightly over the MPCa. Levels then returned to their earlier range of 1 to 4%

of MPCa.

By mid-April, all environmental samples had returned to levels below the

Minimum Detectable Amount (MDA) - water, soil, milk, air and vegetation. Prior

to mid-April, the milk, water, soil and vegetation samples had shown some

increase (above MDA) but at no time had they approached the MPC.

The principal radioactive fission products released were the noble gases

xenon and krypton. Of these, the dominant component was xenon-133 of which an

estimated 13 x 10^ curies were released. The iodine-131 release was much

smaller, estimated to be about 16 Ci in gaseous streams and 0.24 Ci in liquid.

In addition, releases of 12 Ci of tritium, 0.06 Ci of mixed fission products and

10~2 Ci of barium/lanthanum-140 have been estimated. No releases of

strontium were detected.

The collective radiation dose received by the approximately 2,000,000 people

residing within 50 miles of TMI for the period March 28 to April 7, 1979 has

been variously estimated as 1600 to 5300 person-rem with the most likely value

being 3300 person-rem. These estimates are based primarily on ground level

measurements from thermoluminescent dosimeters placed at various locations (but

all within 15 miles of the site) although other sources of information,

particularly aerial monitoring, were also considered. The collective dose

beyond 7 April does not significantly affect this estimate.

The projected health effects of this population exposure are thought to be

of the order of one fatal cancer, (in a population which is expected to

experience 325,000 cancer deaths) and one non-fatal cancer. Total health

effects, including genetic ill health in all future generations, is expected to

be approximately two.

The maximum dose that might have been received by a hypothetical individual

off-site would be less than 100 mrem, based on the maximum cumulative dose
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More than iOO of the people who live within 3 miles of TMI were subjected to

whole body counting. The sampling focussed on those living closest to the plant

boundary and those who had milk cows for their own use. Scan results did not

indicate radiation levels above normal body levels.

An integrated occupational dose is not yet available. Despite the lack of

high range instrumentation and direct reading personal dosimeters and the number

of cases where personnel proceeded without adequate precaution into areas of

high radiation fields (for instance, with low range instrumentation off-scale),

only three personnel were reported to have exceeded the quarterly dose limit of

3 rems and none were above 5 rems (to 4 April, 1979).
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FOOTNOTES PCJR SECTION I

1. In the B&W design, makeup pumps also serve as the High Pressure Injection

pumps upon initiation of Emergency Core Cooling. In the text that follows,

we have generally referred to these as HPI pumps, regardless of the mode in

which they are being used.

2. The plant was operating with other faults which came to be important

following the accident. The reactor was operating with known or suspected

leakage i) from the primary to secondary side of the "B" boiler and ii) from

a gas header in the waste gas system to the Auxiliary Building atmosphere.

3. To this point, the system was behaving as expected. In the B&W design,

feedwater transients frequently lead to opening of the PRV and to a reactor

trip on high pressure, due to the reduced heat transfer to the primary heat

sink, the boilers.

4. The position indicator on the PRV was indirect, only indicating the demand

position. On four previous occasions the PRV at B&W plants had failed to

reseat when its lower setpoint had been reached; one of these was at TMI on

March 29, 1978.

5. Operators would not have been all that surprised by these high exhaust pipe

temperatures since the PRV had been leaking prior to the accident and, they

knew, had actuated during the initial transient. Operating procedures

called for isolating the PRV at an exhaust pipe temperature of 130°F. Yet,

due to the original leakage, the temperature just prior to the accident was

190°F. This rose to 295°F within the first 25 minutes of the accident.

6. -Isolation valves on this pump would close automatically when containment

isolation was actuated. However, at TMI-2, the only containment actuation

signal was high FB pressure (4 psig setpoint). TMI-2 had been

"grandfathered" out of having to have additional actuation parameters, such

as high activity in containment and/or actuation of HPI.
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7. How these valves come to be shut is still not clear. It had been thought

that they were inadvertly left shut following a test procedure two days

earlier. However, those responsible for the test have given sworn testimony

that they had re-opened them. Although the valve position indicators on a

control roan panel showed the valves to be shut, one was apparently obscured

by a tag and the other, at least during the critical initial stages of the

accident, by an operator leaning over that part of the console.

8. Throughout the sequence, few coolant or in-core temperatures could be

followed continuously by the operators because the thermocouples were

indicating temperatures beyond the capability of the readout

instrumentation. It would appear that reactor coolant outlet temperatures

in excess of 620°F could not be displayed nor could inlet temperatures below

520°F. Similarly the maximum in-core temperature that could be displayed

was 700°F.

9. This coolant activity, while a factor of 10 greater than the level which

existed prior to the accident, is probably not much more than one would

normally expect following a trip. Therefore, it would probably not trigger

a reaction from the operators. As Figure 3 shows, the coolant pressure had

not yet dropped below the saturation pressure of the reactor outlet so that,

although there was extensive void formation, core "uncovery" had not yet

begun. Fuel failures, therefore, would not yet be widespread.

10. The reasons that nuclear instrumentation was showing increases have been

discussed. However, the apparent reduction in boron concentration remains

unexplained. There can be little question that the operators1 concern about

a "re-start" was distracting them from other, and in retrospect, more

important problems.

11."In the information available there is confusion between the PRV itself and

its block valve; it is seldom clear which is being controlled (although, as

far as we know, only the block valve was operable). Therefore, in the rest

of this description, the term PRV will refer, in general, to the block

valve.
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12. This does not mean that the containment was opened to the atmosphere, since

no ventilation, purge or exhaust flows from containment would normally

operate (i.e. the containment atmosphere was still pretty well "bottled

up").

13. Under these conditions, the only other option for discharging the steam

produced in the boilers was via the atmospheric steam dumps. However, it

would appear that this option was not exercised until somewhere around 6:10.

Thus, for about 1 hour and 40 minutes they were operating without their main

heat sink - both boilers were isolated. The method of cooling during this

period was simply injection of cold water into the RCS via the HPI pumps;

this water was heated in the core and then discharged either through the PRV

or through the bleed flow.

14. The reduced bleed flow was apparently a result of blockage of the filters by

particulate in the RCS. This problem persisted for a number of days, since

the filter could not be changed due to the very high fields around it. It

would seem that the valve that would allow the filter to be bypassed could

not be operated for the same reason.

15. They were apparently hoping that the low pressure core cooling systems would

be effective where the High Pressure Injection and natural circulation were

not. These low pressure systems were:

i) The Core Flood Tanks - These contained a supply of water under a

pressure of 600 psig (supplied by a nitrogen cover gas). Valves

separating these tanks from the reactor coolant system would open if the

RCS pressure dropped below 600 psig.

ii) The Decay Heat Removal System (also functions, in accident

situations, as the Low Pressure Injection System). This system, which

had its own pumps and heat exchangers, could only be used if the RCS

pressure dropped below about 400 psig.
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16. Operators reported during interviews the.t the stean tables had been

consulted prior to depressurizing.

17. This spike was later concluded to have been caused by a hydrogen explosion

(or at least a rapid burn). The hydrogen had been produced by the reaction

of steam with the Zircaloy fuel cladding. Calculations have placed the

anount of hydrogen consumed in the explosion as 226 pound moles (452 pounds

of hydrogen). The USNRC was unaware of this pressure spike and thus of the

explosion until March 30. Because the PB pressure instrumentation had a

fairly slow response, the true maximum pressure may be higher than recorded.

No one in the control room seemed to have considered the possibility that

hydrogen was being formed in the core and released to containment. The

possible effects of non-condensible gas in the core, in addition to steam,

were also not considered until much later (on March 29).

18. Since the condenser was still unavailable (see note 12), closure of the

atmospheric steam discharge valves meant that again the boilers were not

steaming at all. Although it is not absolutely clear, it would seem that

both boilers remained isolated until around 13:40, when the condenser vacuum

was xj-established. As before, the method of cooling during this period was

only that of injection of cold water which was subsequently discharged

through the PRV or bleed line.

Why the boilers were isolated at the urging of state authorities has not

been fully explained. Samples taken at around 7 hours showed that the

discharge from the "A" boiler was uncontaminated. The reasoning behind the

isolation has not been discussed in the documents we have available.

In any case, it should be noted that the boilers may not have been very

effective as heat sinks under these conditions even if they had not been

isolated. It would seem that flow throught them was minimal.

19. These first signs of improved, albeit intermittent, core cooling were in

apparent response to movement and/or collapse of steam or hydrogen bubbles

which allowed temporary improvements in circulation through the cooler (but

still isolated) boilers. These movements were seemingly caused by
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intermittent increases in the HPI flow rate combined with directing the

increased flows almost entirely into the "A" loop inlet only.

20. Throughout the accident, trouble had been experienced with pressurizer

heater availability so that the water in the pressurizer could not be heated

sufficiently to re-establish a vapour space. This problem had been

experienced in other plants when there was steam ri the RB atmosphere as a

result of having actuated the PRV. This contributed to the operators1

inability to control pressurizer level.
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SECTICN II

FACTORS WHICH CONTRIBUTED TO THE ACCIDENT

The accident at Three Mile Island Unit 2 began as a feedwater transient

which, through a complex sequence of failures, became a small loss-of-coolant

accident resulting in extensive core damage and significant releases of

radioactivity. The failures which occurred were in the general areas of human

error, design deficiency and equipment failure. In this section, the separate

events (failures) which contributed to the severity of this accident will be

highlighted and discussed.

II.A. DEGRADATION OF PLANT CONDITIONS

Prior to the feedwater transient, TMI-2 was operating with a number of

known equipment faults which, although not serious under normal operating

conditions, played a significant role in the attempted recovery from the

transient, including adding to the confusion.

The non-safety relief valve on the pressurizer (the PRV) was known to be

leaking at a rate of about 6 gallons per minute. Thus, the temperature

indicator on the valve exhaust line (probably the best indicator that operators

had of the status of this valve) was high to begin with; this was one reason why

the operators did not diagnose the stuck-open valve earlier. Procedures call

for isolating the PRV, by using an upstrean block valve, when this temperature

reaches 130°F. Yet operators had become accustomed to operating with the

temperature near 200°F.

The vent gas header in the waste gas treatment system was leaking to the

Auxiliary Building atmosphere. During the accident, fission gases and hydrogen

were degassing from the reactor coolant in the makeup tank and these had to be

vented to the waste gas system via the vent gas header. Leakage frcm this

header was the major source of activity release.

The boiler in the ̂ _ loop had been operating with a small leak from the
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reactor coolant system to the secondary (steam) side. This leak, possibly

worsened by water hammer and/or thermal shock when the auxiliary feedwater

valves were opened at 8 minutes (by which time the boilers had long since gone

dry) led to early isolation of the "B" boiler since it was releasing activity to

the condenser. The absence of this heat sink impaired the ability of the

operators to adequately cool the core. It may also have contributed to the

reluctance to discharge steam frcm the "A" boiler to the atmosphere.

The decay heat removal system, which also doubles as the low pressure

(emergency) injection system, was suspected of having leaks outside containment,

through the pump seals. As things turned out, these leaks had no effect on the

accident or its consequences because tha reactor coolant pressure was never low

enough to allow the decay heat removal system to be operated. Had it been,

these leaks would have been another route by which radioactivity could escape

from containment. In any case, it meant that this system could not be used for

long term cooling once the reactor core was cooled down.

II.B. DESIGN DEFICIENCIES

1) Equipment and System Design

The steam generator (boiler) design for all B&W reactors is such that

the feedwater inventory is very small, allowing only about 30 seconds of full

power operation before the boiler goes dry following a total loss-of-feedwater.

Thus, the primary system responds very quickly to feedwater transients; in this

accident the reactor pressure rose to the trip set point (2355 psig) in eight

seconds and the boilers were essentially dry in about two minutes, a very rapid

loss of the primary heat sink. Because the B&W design includes no alternate

heat removal system capable of operating at full system pressure and

temperature, a loss of the primary heat sink requires that the core heat be

removed via discharge of coolant through the pressurizer relief valve and via

the bleed flow. This requires a balance between the feed flow rate, the relief

valve exhaust rate, the bleed flow rate and the rate of heat generation in the

core that TMI operators found difficult to reach.
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Because of the rapid primary system response to any feedwater transient, in

all B&W designs the PRV was frequently called upon to open (at about 2250 psig*)

to prevent a reactor trip on high pressure (2350 psig). This actuation had

occurred in B&W plants about 150 times prior to the TMI-2 accident. On four of

these occasions, the PRV failed to close on reaching its lower setpoint (about

2200 psig) and in two cases the system pressure continued to drop to the

setpoint of HPI actuation (1600 psig). These last were, in fact, small LOCA's.

Despite this frequent actuation of the PRV and the reliance on the HPI system to

limit core voiding, the PRV was not designed to safety system standards. Such a

requirement is now being reviewed by NRC.

Despite its sensitivity to feedwater transients, the TMI-2 had no reactor

trip logic on the secondary side but relied on the effects of the feedwater

transient on the primary system to trip the reactor. With these design

deficiencies in mind, NRC have ordered all licensees operating B&W reactors to

i) install hard-wired reactor trip logic which will react to a loss of main

feedwater, a turbine trip or a low steam generator level,

ii) raise the PRV setpoint, and

iii) lower the reactor high-pressure-trip setpoint such that reactor trip

will preclude opening of the PRV under most upset conditions.

This order has already prevented a potential recurrence of the TMI-2

sequence; at the Rancho Seco plant on 22 April, 1979, a feedwater transient led

to a reactor coolant system pressure rise which was limited to 2330 psig by a

reactor trip; the PRV did not open.

Automatic isolation of containment at TMI-2 takes place only on a

containment pressure signal of 4 psig. Thus containment isolation was not

actuated until more than 4 hours after the start of the accident which allowed

large volumes of potentially active reactor coolant to be discharged to the

auxiliary building sump. (See discussion on releases - Section I.D.). The NRC

are re-evaluating the requirement for additional containment isolation

* These setpoints are for TMI-2. Other B&W units may be somewhat different.
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parameters, for example the initiation signal for HPI actuation and/or high

reactor building activity. On the containment actuation signal, all

penetrations not essential for the operation of safety features, such as

emergency core cooling, are isolated; systems isolated include the seal flow to

the reactor coolant pumps, reactor coolant sample lines, letdown flow to the

makeup tank and reactor building sump discharge to the Auxiliary Building.

Thus, containment actuation makes a number of potentialy essential systems

unavailable. Therefore at TMI, containment isolation had to be cancelled by

operators to keep these process systems operable.

In the B&W design, there are a number of pieces of equipment and sections of

piping outside of containment which would contain radioactive gases and liquids

following fuel failures. It appears that adequate shielding was not provided on

these items to permit access to them and neighboring equipment following the

accident. Thus, some sample lines and valves could not be approached. This

also meant that although the containment hydrogen recanbiner was available, it

could not be hooked up for several days following the accident until sufficient

shielding had been obtained from off-site.

2) Instrumentation

Sufficient information on plant conditions was not available to the

operators during the accident and the recovery phase. The absence of the

following instrumentation is felt to have been most critical:

a) Direct indications of liquid level in the reactor coolant system. Although

operators considered pressurizer level to be a reliable indication of coolant

level, this has been shown not to be the case when the coolant system contains

voids. The USNRC is still investigating a method of providing an unambiguous

reaetor liquid level instrument.

b) Direct indication of auxiliary feedwater flow to the boilers. During the

TMI-2 accident, operators had an indication of adequate pump discharge pressure

which, combined with noise from the Vibration and loose Parts Monitoring System

convinced them that Auxiliary Peedwater was reaching the boilers. Thus, they
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did not immediately realize that feedwater flow was blocked.

c) Wider range indications of coolant and in-core temperatures. During much of

the accident sequencef the reactor coolant and in-core temperature indicators

were off-scale. "Hie readout capability for the coolant temperature indicator

was such that it went off scale high at 620°F (normal outlet temperature was

600°F) and off-scale low at 520°F (normal inlet temperature was 550°F).

Further, the indication of the reactor coolant average temperature, which was

the control parameter for the Control System during normal operation (and the

most prominently displayed temperature) was unreliable while either the inlet or

outlet temperature was off-scale, staying at about 570°F under these conditions.

Operators at times relied on this average indication as a measure of core

temperature conditions; for example, at one point in the sequence (around 2

hours) operators report a "stablization" of the average reactor coolant

temperature at 570°F when in fact the outlet had gone well off-scale.

The normal read-out ranges (on the computer) of in-core thermocouples were also

limited, to a maximum of 700°F. Operations personnel were able to read

individual temperatures by disconnecting leads and reading out on a special

measuring device but readings were apparently not believed. For instance, a

reading of 2300°F was communicated to the Station Manager at one point, along

with a comment that the reading was probably in error. Other high temperature

readings were taken subsequently, but apparently were not passed on to the

Station Manager.

d) There are a number of indications that there was a lack of high range

portable radiation meters and high range personal direct reading dosimeters.

This contributed to occupational exposures.

e\ Although its specific effect on the accident is not clear frcm the

information we have received, the USNRC have commented on the layout of

instrumentation and controls in the control room. They have pointed out that

the control room design at TMI-2 was out-of-date and reconmend a greater

emphasis on human factors engineering in the design and layout of control

roans.
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A related problem was the overwhelming number of alarm signals which were

presented to the operators, especially in the early stages of the accident.

Operators testified that in the first few seconds, hundreds of alarms went off.

One remarked "I'd like to have thrown away that alarm panel. It wasn't giving

us any useful information." This apparently led to the alarm signals being

largely ignored; at one point the alarm printer became unavailable for an hour

and a half but the problem seemingly went unnoticed for that period of time.

Some prioritization of alarm signals has been recommended by the USNRC

investigators.

II.C. OPERATOR ACTIONS

There have been conflicting views expressed on the degree of blame to be

assigned to the TMI reactor operators for the severity of the accident. We have

concluded that operator actions were the most significant contributors to this

severity but that the description of these actions as errors is not always

justified. These actions were apparently the result of incomplete and

misleading information in operating manuals, inadequate training (especially for

off-normal conditions), and lack of direct indicators of core cooling

conditions, as well as their own failures bo cross-check and correlate other

available indications and their misinterpretation of available information.

The early failure of the auxiliary feedwater systen to supply water to the

steam generators, because two isolation valves were left shut, must be

considered a clear case of operator error. However, it is still unclear who was

responsible for this failure as those initially felt to be at fault have sworn

under oath that these valves were re-opened following a test procedure two days

before the accident. In any case, the valve closures remained undiscovered

until 8 minutes into the accident sequence. However, to this point no core

damage had occurred and recovery could have been straightforward.

The fundamental contributors to the seriousness of the TMI accident were,

undoubtedly, the failure to recognize that the PRV, in spite of its closed

indication, had stuck open and the interpretation of a full pressurizer as

meaning that the coolant system was full. Almost all subsequent actions were in
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sans way or other a consequence of these errors.

•Rie failure to diagnose the stuck open PRV, and thus to realize that they

had a small LDCA, is somewhat difficult to understand in light of the

indications that were available. Listed below are these indications along with

some possible reasons why they were not recognized. (It should be noted that

underlying much of the confusion was the operators' pre-cccupation with the

pressurizer level; this will be discussed subsequently.)

a) High PRV exhaust pipe temperature. Ihe initial rise in exhaust pipe

tanperature would have been expected because PRV actuation would be normal

for a feedwater transient. However, following the indication of closure at

13 seconds, the temperature continued to rise, reaching 295°F within 60

seconds; it remained high until the valve was isolated (by its block valve)

at 2.3 hours. Operators have stated that the significance of these

tenperatures was not realized because they had become accustomed to high

exhaust pipe temperatures which had existed during normal operation (see

discussion under Degraded Plant Conditions).

b) High pressure and temperature in the Reactor Coolant Drain Tank (RCDT).

Again some modest initial increase in temperature and pressure would have

been expected. However, by about three minutes, the rapidly increasing

pressure should have alerted the operators to the continuing discharge.

Further the relief valve actuation, the rupture of the bursting disc and an

off-scale indication for the temperature of the RCOT cooling water would all

presumedly be alarm conditions. Explanations for their failure to act on

these symptoms might be that they were lost in the flood of other

information or that they were overlooked in favour of seemingly more

pressing matters.

c) Sump levels. Operators should have been aware of high reactor building

sump levels through pump start indications at 8 and 10 minutes and an alarm

at 11 minutes. They were certainly aware at 38 minutes when they shut off

these pumps. However, operators have testified that they felt this w~ter

was being discharged from the "Bn boiler which they considered had been
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damaged when the auxiliary feedwater was suddenly restarted after the boiler

had dried out. Therefore, the high sump levels did not, in their minds,

point to the PRV.

d) RCS conditions. The combination of a drop in system pressure (to less

than saturation), high coolant temperatures, reactor coolant pump vibration

and increases in nuclear instrumentation count rate should have been

interpreted by saneone in the control roan (which contained as many as 60

people) as indicating that the primary system had been breached. However,

the significance of this combination of conditions was never appreciated.

For instance, the increase on the nuclear instrumentation was taken as

indicating an increase in reactivity rather than a loss of shielding (and

thus voiding of the core). It seems that a clear supervisory role had not

been established during this period; perhaps no one was trying to assess the

overall plant situation.

e) High reactor building pressure. At some time prior to isolation of the

"B" boiler at 87 minutes, operators became aware of increases in the RB

pressure. However, when the pressure levelled off following isolation, they

mistakenly concluded that the pressure rise had been due to a steam leak

frcm the "B" boiler.

In spite of the stuck open PRV, the TMI accident might still have been a

minor one had it not been for the operators' misunderstanding of the

relationship between pressurizer level and coolant inventory combined with

their excessive emphasis on maintaining a vapour space in the pressurizer.

Both these errors seem to stem from their training, which was apparently

focussed on the behaviour of the pressurizer during normal operation; they

had been taught never to let it get empty and never to let it get full.

They were not aware that a full pressurizer did not preclude the formation

"of voids within the core. Thus, it would seem that the possibility of the

core being partially uncovered and the fuel severely overheated under these

conditions was not considered. Even after the open PRV (and the small LOCA

it implied) had been diagnosed, these considerations were not apparent.

Their ignorance of the true state of the core and its cooling and their
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continued concern with pressurizer level led them to carry out such

aggravating actions as:

a) turning off and/or substantially reducing HPI flows even though this

was their only source of cooling water,

b) continued cycling of the PRV (or its block valve) despite the loss

of inventory this implied,

c) shutting off the reactor coolant pumps and attempting to go to

natural circulation even though the core conditions precluded successful

thermosyphoning, and

d) isolating both boilers, thus taking away the primary heat sink.

II.D. EQUIPMENT FAILURES

The only equipment failures which contributed directly to the accident

were the failure of the PRV to reclose and the failure of a service air system

valve. In addition, there were a number of other equipment failures which

may have delayed recovery or, at a minimum, added to the already difficult

situation. These were, in order of importance:

a) PRV - as noted above

b) Air system valve associated with condensate purification system. A

check valve failed during a resin slurrying operation and allowed water into

the service air and eventually into the instrument air system. This caused

the purification system isolation valves to shut, leading to the whole chain

of events.

c) Condenser vacuum pumps. Due to the loss of steam to the turbine seals,

these pumps were shut down and the condenser vacuum was lost. Since

discharge of steam directly to the atmosphere was ruled out, apparently due

to fears of releasing activity by this route, loss of the condenser vacuum

led directly to the boilers being isolated, further impairing the already

inadequate cooling.
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d) Pressurizer heaters. Throughout the first 15 hours of the accident

sequence, there were only a limited number of pressurizer heater banks

available. These heaters had a history of being unavailable when exposed to

a steam atmosphere. This would have made any attempt at re-establishing a

vapour space in the pressurizer more difficult.

e) Lubricating oil pumps on reactor coolant pumps. When trying to restart

a RCP at 15 hours, the AC powered oil pumps were unavailable because of loss

of AC power. Power to the appropriate bus could not be restored because of

high radiation and contamination levels. There was a £ hour delay until DC

oil pjmps were started.

f) Condenser hotwell level controller. This failed during the initial

transient and delayed the restart of the normal feedwater train. However,

the auxiliary feed pumps were operating and so consequences were only added

confusion.

II.E. INADEQUATE SAFETY ANALYSES

The safety analyses done by B&W and by the NRC did not prepare them or

the operators for this type of accident. It is of course unreasonable to expect

that all potential accident scenarios would be analysed, but in this instance

there had been a number of partial previews of the TMI-2 accident which should

have prompted an analysis.

The most obvious warning was sounded by an incident which occurred at the

Davis - Besse plant (a B&W design) in September, 1977. The plant had been

operating at only 9% power when the pressurizer relief valve failed open after a

feedwater transient. The system pressure dropped, causing the HPI system to

begin injecting coolant into the core. However operators, noticing that the

pressurizer level was increasing, turned off the HPI flow and the core level

began to drop. Fortunately, the stuck-open valve was diagnosed and isolated

before the core was uncovered. This incident prompted two B&W engineers to

suggest that B&W customers be advised of conditions which must be satisfied

prior to shutting off high pressure injection. Another report by an employee of

the Tennessee Valley Authority warned that the pressurizer level had not behaved

as expected and might read full when the core contained voids. Just who saw
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these reports and why their recommendations were not communicated to NRC staff

and B&W customers is not clear.

As mentioned, it must be accepted that all possible operational transients

cannot be anticipated, let alone analysed in detail. In many cases, a number of

failure combinations are covered off by a bounding analysis of a "worst case"

and the system is designed and the operators trained to cope with these cases.

There is an assumption that the "covered off" combinations are similar but less

severe. However, without looking at these others in some detail, some critical

event chains can be missed. Therefore, there will always be unforeseen

challenges to the safety systems and ones for which the operators will be

unprepared. This is not to say that improvements in the safety analyses will

not provide better coverage of potential accidents.

The TMI analyses were weak in several respects:

a) Analyses seldom followed the course of an accident out to £ fully stable

regime but stopped at a point at which parameters were trending in a safe

direction. For instance, the analysis of a loss of normal feedwater for

TMI-2 spanned only the first 20 seconds of the accident, at which time core

power and system pressure were moving in the safe direction.

b) The scope of the analyses of some anticipated transients was limited

because it was assumed that certain back-up systems worked, in the belief

that they would fail only after multiple and unlikely equipment failures.

Operator error was considered highly unlikely. Therefore at TMI-2, an

analyses of a complete loss-of-feedwater event was not presented in the

Final Safety Analysis Report.

c) Safety analyses were based on "conservative" assumptions and "worst

cases". A potential problem in choosing a "conservative" assumption or a

"worst case" is that it may not always be so; at TMI-2 the analysis of a

loss of normal feedwater made the "conservative" assumption that the PRV did

not open since this allowed the system pressure to rise to higher levels.

Thus failure to close was not considered.
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d) One serious omission in all safety analyses had been the failure to

analyse the behavior of hydrogen. Some accident sequences had been shown to

result in extensive oxidation of Zircaloy fuel sheathing but these

apparently were not followed through to examine the effect of the hydrogen

that this reaction generates. Therefore, the impairment of coolability that

the hydrogen bubble caused had not been foreseen. Had these analyses been

performed, the NRC would also have been aware that there was insufficient

oxygen within the reactor vessel to cause ooncern about a hydrogen explosion

within the core. Iheir misplaced fears regarding this was a contributor to

public anxiety in the days following the accident.
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SECTION III

IMPLICATIONS FOR CANDU

The primary purpose of this AECB review has been to determine those areas of

design and operation of CANDU reactors which might be reviewed in light of the

events at Three Mile Island. Our recommendations are mainly generic since time

did not permit an in-depth review of the implications for each variation on the

CANDU design; there have been a large number of changes and improvements to

CANDU design in the twenty years between the construction of NPD and Bruce-B.

Thus, some of our recommendations may not apply to all plants. We shall be

pointing out a few existing design features which we feel are desirable and

which should be retained in future CANDU designs but we have not, in general,

devoted much attention to these positive features.

We have placed actions on both licensees and on the AECB. A number of the

recommendations placed on the AECB will require further study to determine if

they should be pursued; any resulting action may well rest with the licensee.

It should not be assumed that the areas we have drawn attention to in our

recommendations were being ignored prior to the TMI accident. Many of these

areas have been receiving attention; in such cases our intent has been to

highlight aspects which are apparent from TMI so that they might receive

additional emphasis. Further, some of our recommended actions may have already

been satisfied in some CANDU designs; we have not always make the effort to note

where this might be the case.

Because the B&W reactor is substantially different from CANDU, some of the

actions recommended by investigations now ongoing in the United States are not

directly relevant here. However, in our review we have attempted to interpret

those that are and to add others which may be unique to our system.

The general lesson which can be stated following our review is the need to

ensure that the design of any nuclear power plant inherently provides a very

high level of assurance that equipment and system failures and operator actions
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will not defeat the multiple lines of defence and the multiple barriers to

release of significant quantities of radioactive fission products. To this end,

our recommendations call for continued and even greater emphasis on maintaining

plant quality in both operation and design, additional safety analyses and plant

instrumentation, and improvements in operator training.

In general, we feel that the CANDU design is more tolerant than that of B&W

to the particular failures which occurred at Three Mile Island. Further, we

feel that the experience and training, especially in fundamentals, of the

operators in present CANDU plants would better prepare them to cope with similar

accident situations. Nevertheless, it cannot be claimed that CANDU is immune to

serious accidents. Therefore we must still consider that many of the lessons

learned from TMI apply; indeed we would be remiss to ignore them.

It should be noted that we have not attempted to identify a particular

combination of events which would lead to consequences similar to those

experienced at TMI. However, we have assumed that such a combination does exist

and we have tried to identify areas requiring further study to ensure that the

plant can cope with these conditions.

III.A DEGRADATION OF PLANT CONE 3 TICKS

Discussion

A plant should not continue to operate with known leaks, inoperable or

malfunctioning instrumentation and equipment unless a detailed study has

determined that this degradation would not contribute to the severity of, nor

impair the recovery frcm, any postulated accident condition.

Recommendations

1. Licensees should review and revise their operating procedures where

necessary to specify maximum allowable leakage rates of both heavy and light

water systems within containment taking into account the ability to diagnose

incipent breaks in the primary heat transport system (i.e. the leak before break

theory).
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2. Licensees should provide guidelines to enable operators to assess whether

degraded equipment or instrumentation, which although it might not prevent

continued safe normal operation, could interfere with the diagnosis and/or

severity of an accident.

3. Licensees should review and ensure that all lines which could transport

radioactive fluids outside containment in the event of an accident involving

fuel failures, are fitted with instrumentation to detect leakage. This would

include leakage from the primary to secondary sides of all systems where the

primary/secondary leak represents an impairment of the containment boundary.

III.B PLANT DESIGN

a) Boilers

Discussion

A total loss of feedwater in present CANDU plants would not result in

the very rapid loss of the boilers as effective heat sinks such as that

which occurred at TMI. If the reactor is tripped while the boiler level

is in the normal range, there is approximately 30 minutes of post

shutdown feedwater inventory contained within the CANDU boilers. This

allows a much longer time to restore feedwater or to establish an

alternate heat sink than does the B&W boiler design.

Recommendations

4. The AECB should examine future proposed designs to confirm that

following a reactor trip initiated by a loss of feedwater there is

sufficient inventory in the boilers to allow alternate heat sinks to

be established.

5. The AECB should examine the need for isolating valves on the boilers

to prevent loss of containment in the event of boiler tube leakage

under accident conditions.
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b) Alternate Heat Sinks

Discussion

In the absence of the boilers, the only high pressure heat sink

available at TMI was via the injection of cold water into the core and

then discharging this through the break (the open PRV) or through the

bleed line. However, for small breaks this does not permit cooldown and

depressurization to the point at which the low pressure heat removal

system can be u^ed. In present CANDU plants, the shutdown or

maintenance cooling system is designed to withstand full system pressure

and can be brought in as an alternate heat sink without cooldown or

depressurization. However, damage to system components (from "water

hammer") has been experienced when the shutdown (maintenance) cooling

system has been placed in service with too little cooling water flow.

Recommendations

6. The AECB should ensure that all future CANDU designs include an

alternate heat sink (separate from boiler and boiler feedwater

systems) which can be brought in at full system temperature and

pressure.

7. Licensees should provide automatic means to ensure full service

(cooling) water flow to the shutdown cooling (maintenance cooling)

heat exchangers prior to valving in of high temperature reactor

coolant.

8. Licensees should ensure and the AECB should confirm that, in future,

alternate heat sinks are designed to be readily testable under

conditions at which they would be put in service (without going into

emergency conditions).
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c) Relief Valves

Discussion

There is no valve in present CANDU plants which is directly

comparable to the PRV on the B&W design. However, there are a number of

relief valves on the primary coolant system which are required by the

pressure vessel codes (on the outlet headers and on the pressurizer).

In all plants other than NPD and Gentilly-1, these valves relieve into

the bleed condenser which is a pressure vessel designed for the

saturation pressure at the maximum coolant temperature (unlike the

reactor coolant drain tank at TMI). The bleed condenser is also fitted

with a relief valve which is set to relieve at a pressure slightly above

the bleed condenser design pressure. Therefore, for a small LOCA to

occur in an analogous manner to the TMI accident, two relief valves in

series must fail open. Nevertheless, there has been a recent case in

which a relief valve on the primary coolant system failed in the open

position and the bleed condenser relief valve opened and did not reseat

for an extended period because of an improper pressure relief set point

(too low). This resulted in a large escape of primary coolant to the

containment building, although core inventory was maintained fran water

stored both within the affected unit and in adjacent units of the

multi-unit station.

In NPD and G-l, the relief valves on the primary system discharge

through coolers and could, if the valves stuck open, eventually lead to

discharge into containment.

Recommendations

9. Licensees should install a means of detecting stuck open relief

valves on the reactor cooling system.

10. Licensees should install or ensure that they already have pressure

instrumentation to cover the full design pressure range in the bleed

condenser.
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d) Feedwater Systan

Discussion

The total loss of feedwater at TMI was the result of:

i) back-up of water into the instrument air lines which led to

blockage of the purification system flow arid subsequently to the

trip of the condensate booster pumps, the condensate pumps and

finally the main feedwater pumps,

ii) the failure of the auxiliary feedwater supply because valves
were shut, and

iii) the failure of the operator to recognize that no feedwater was

reaching the boilers since there was no flow indicator on the

auxiliary feedwater system.

The CftNDU feedwater supply systems are substantially different than those in

the B&W design. B&W have included two separate feedwater circuits, the main and

the auxiliary, with separate sources of water. In all CftNDU-PHW* reactors

except NPD the main feedwater circuit utilizes auxiliary pumps in parallel with

both the main feedwater pumps and the condensate extraction pumps; both the main

and auxiliary feedwater systems are supplied by a common source of water. In

addition, an emergency water system can supply feedwater to the boilers through

an alternate circuit, driven by gravity at sane plants and pumps at others.

With these redundant feedwater supplies, the large feedwater inventory in the

boilers, and the presence of a reactor trip on low boiler level, (not yet

installed on Pickering "A") combined with an alternate high pressure heat sink,

the.CANDU-PHW designs are much more tolerant of interruptions in feedwater flow.

Pressurized Heavy Water.
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At NPD, there is no auxiliary condensate extraction pump but there is an

independent source of water to the suction side of both the main feedwater and

auxiliary feedwater pumps. In ac^ition, the high head on this second source

(the surge and reserve tanks) is capable of driving water past failed feedwater

pumps to the boilers in an emergency if the boilers are depressurized.

In the CANDU-BLW* design (Gentilly-1) the steam generator and the reactor

are one and the same. Therefore, boiler feedwater is, in fact, the reactor

coolant makeup. The main feedwater system at Gentilly-1 is similar to that in

other CANDU designs but there is less redundant pumping capacity and there are

no auxiliary pumps. However, there is a separate emergency water makeup system

which starts automatically on a low steam drum level signal. This will continue

to supply sufficient coolant/feedwater to the reactor core to allow cooldown

following a reactor trip (which also occurs on low steam drum level).

11. Licensees should submit for approval of the AECB a proposed program of

testing (procedures and frequency) for emergency boiler feedwater supplies

(if not already in place).

12. The AECB should continue its present review of the redundancy and

reliability of feedwater supplies in the Gentilly-1 reactor.

13. The AECB should ensure that the proposed installation of a low boiler

trip on Pickering "A" is implemented as soon as possible.

14. The AECB should ensure that future CANDU designs continue to include

reliable and redundant sources of feedwater.

15. Licensees should ensure that procedures do not allow the use of

.instrument air in situations where there is a risk of backflow of extraneous
fluids.

Boiling L_ight Water
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e) Containment

Discussion

While single unit CANDU stations, with the exception of NPD, have a

containment design similar to the BfiW plant at TMI, the containment concept for

multi-unit CANDU stations is very different. The latter include a vacuum

building which acts to maintain the reactor building pressure slightly negative

following an accident.

Containment isolation in CANDU plants consists simply of shutting down and

isolating the reactor building ventilation system. This is initiated by high

reactor building pressure (at less than 1 psig) or by high radiation levels in

the exhaust air. There are no other effluent streams open to the reactor

building atmosphere except the sumps. Sump water may be pumped to liquid waste

holdup tanks outside containment.

The NPD containment is not designed for as high a pressure as other CANDU

single unit plants. For a large break, a relief duct is provided to relieve the

large initial burst of inactive steam from containment. After 10 seconds, the

relief duct is closed and the dousing system is used to keep the pressure down.

For smaller breaks, the dousing system acting alone is effective in maintaining

a low pressure. In all cases, the normal ventilation system is isolated and the

damper in the emergency exhaust opens, exhausting containment air through

charcoal and particulate filters to the stack.

Recommendations

16. Licensees should ensure that reactor building sump pumps cannot start

-automatically to discharge water outside of containment. They should also

ensure that the sump pump discharge will be isolated when containment

isolation is actuated.

17. The AECB should examine the need for increased leak tightness in CANDU

containment designs and should review current procedures for containment

testing to ensure that these provide sufficient confidence that the leakage

rate remains below the design level.
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18. Licensees should examine and report on the effects on containment

integrity should there be a hydrogen explosion in containment similar to

that at TMI.

19. Licensees should examine all air lines leading into containment and

review the effects of our leakage into containment over the long term

following an accident.

20. The AECB should examine the need to make all non-essential air lines

isolatable to reduce the rate of repressurization of the containment

following an accident.

21. The AECB should review the need to have recombiners available to all

CANDU plants in the event of a serious accident which released large amounts

of hydrogen to containment. The need for lines into containment to allow

timely connection of hydrogen recombiners should also be assessed.

f) Accessibility of Essential Equipment

Discussion

At TMI, recovery operations were hampered in a number of instances

because equipment was inaccessible due to high radiation fields. The

designs had not provided adequate shielding for equipment and piping which

were connected to the reactor cooling system and which were outside

containment.

Recommendations

22. Licensees should identify all equipment which would be required

following an accident, estimate the radiation fields at this equipment

and identify any equipment which may require servicing. Their study

should examine the accessibility of this equipment for servicing or

control, recognizing that some may be within containment. Redundancy of

essential equipment which may not be accessible must be assured.
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23. Licensees should ensure that Control Rooms have adequate ventilation

and shielding to allow continued access and habitability under

conditions such as those experienced at TMI (for example, any filters

near the Control Room or near an access route to the Control Room could

become highly active). Whether other critical areas can continue to be

staffed (such as the Chemistry Lab) should also be re-examined in light

of the 3MI experience.

III.C. INSTRUMENTATION

a) Additional Instrumentation

Discussion

Operators1 efforts to diagnose and recover from the accident at TMI were

impaired by the lack of instrumentation designed to monitor plant behaviour

during off-normal conditions. The most important of these were the lack of an

unambiguous indication of reactor coolant inventory and/or core voiding, the

lack of auxiliary feedwater flow indication and the lack of a reliable

indication of the position of the PRV.

Reconroendations

24. Licensees should investigate means to measure the coolant level in the

reactor core during accidents. Because CANDU plants have a large number of

individual pressure tubes instead of the single large vessel of the B&W

design, this may prove impracticable. However, an indication of coolant

level in the inlet and outlet headers might provide useful information.

25. Licensees should determine means whereby operators could diagnose the

presence of unwetted channels (for example, by the departure of channel

temperatures from saturation conditions).

26. Licensees should ensure that they have a reliable means of direct

indication of auxiliary feedwater flow.
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27. Licensees should review the position indicators of remotely operated

valves in the feedwater and other coolant systems and in special safety

systems to ensure that they provide a positive indication of valve position

(e.g., not merely indicating the selected position or the position of the

actuator.

b) Instrument Ranges

Discussion

A number of system parameters could not be followed during the TMI

accident because they reached values beyond the range of the appropriate

instrumentation. In many cases the limitation was in the readout; the

detector was capable of reading beyond the operable range.

Recommendation

28. Licensees should review the effective ranges of all instrumentation

which might be required as a primary or cross-check indication of the

conditions and behaviour of critical systems during transients. Sane

examples are channel outlet temperatures, reactor coolant flow rate, bleed

condenser pressures, area radiation monitors, stack monitors, containment

pressure and level indications in the D2O storage tank, the pressurizer,

the bleed condenser, the boilers, etc.

c) Presentation of Information to Operators

Discussion

Operators from TMI have testified that so many alarms were received

"during the early stages of the accident that they were of little use. The

number exceeded the capacity of the alarm printer such that the alarms were

delayed by many minutes; consequently little attention was paid to them.

Although we do not have specific information, a number of references
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have been made during U.S. investigations that the control room design at

TMI was out-of-date and that human factors engineering had not been

sufficiently emphasized in its design and layout.

Recommendations

29. Licensees should examine the need for and feasibility of installing a

separate alarm displays for priority alarms. The prioritization should

focus on such things as the primary heat transport system conditions and the

status of its heat sinks.

30. Licensees should review control room designs to ensure that proper

emphasis has been placed on human factors engineering. In particular, they

should ensure that the layout of instrumentation and controls does not

increase the likelihood of operator error nor impede the operators1 actions

in abnormal and emergency situations.

d) Portable Radiation Equipment

Discussion

During the accident at TMI, there were several reports of personnel

entering high radiation areas with only low range direct reading personal

dosimeters and low range portable radiation monitors. There were also cases

where, although high range monitors were available, they were not working

properly.

Recommendation

31. Licensees should review and report on the availability of high range

•portable radiation instrumentation and on measures to ensure that they are

in proper working order in light of the apparent breakdown of the

established system in this area at TMI.
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e) Recording of Information

Discussion

The reconstruction of what took place at TMI has been hampered by the

lack of a complete record of system behaviour and operator actions.

Recommendat ion

32. Licensees should study the need for and the means of providing a system

to record plant data and operator actions during off-normal conditions

analogous to the flight recorders used in aircraft. (One U.S. study

suggested a voice tape recorder for the action record.)

III.D. ACCIDENT ANALYSES

Discussion

The type of accident which took place at TMI-2 has revealed a number of

shortcomings in the existing accident analyses. Some of these have been

discussed in Section II of this report. It must be acknowledged that there is

no method to ensure that all significant challenges to safety systems are

identified for analysis. However, safety analysis requirements must be

continually under review by regulators, designers and operators of nuclear

facilities in light of changing technology and experience.

The scope of the analyses done in support of licensing of B&W plants did not

include the type of accident which occurred. No analysis of a total loss of

feedwater event had been performed because failure of the auxiliary feedwater

system was considered to be too improbable. Neither had LOCA analyses been

extended down to the range of break sizes canparable to that caused by the stuck

open pressurizer relief valve; apparently it was assumed that such a small break

would be of little consequence. These two types of failures are now to be

analysed as a result of USNRC recommendations; the scope of all analyses are

being reviewed to try and identify other possible shortcomings. The AECB has

requested and licensees have performed additional analyses of the effects of and

procedures for coping with feedwater transients, including total loss of
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feedwater, for all CANDU plants.

In their review, the USNRC have picked out a number of other areas for

study. They have expressed concern that the emphasis on conservative

assumptions and models used in analyses may mask realistic system and equipment

behavior. An example of the effect of this approach can be seen in the

"conservative" assumption that tine pressurizer relief valve would not open to

relieve reactor coolant pressure following a loss of main feedwater. Since the

relief valve was not safety grade equipment, it was not counted on when bounding

the reactor pressure rise. However, this "conservatism" overshadowed what

should have been another concern, a stuck open valve.

The U.S. investigations have also drawn attention to the need for an

improved system to feed back operating experience into safety analyses.

Previous experience with pressurizer relief valves should have prompted an

analysis, on an urgent basis, of system behavior with a stuck open valve. This

would then have led to more specific instructions to operators.

Recommendations

33. While an exhaustive treatment is clearly impossible, both the AECB and

licensees should more rigorously consider the effects of improper operator

action (or inaction) in each post-failure event sequence. Such an

examination may reveal a need for improved presentation of information to

operators, additional specific training and/or more clearly defined

operating and emergency procedures.

34. Licensees should carry out analyses of core cooling and system behavior

during a IOCA and in the subsequent recovery period assuming large amounts

of hydrogen gas within the reactor coolant system. These analyses should

examine behavior with a range of break sizes and include the case where the

break has been sealed and cooling must still be provided.

35. Licensees should re-examine accident analyses to ensure that the event

sequence has been followed beyond the point at which parameters are merely
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trending towards a safe, stable state. Similarly, in assessing the

environmental releases resulting from an accident, the calculations should

be continued until there are no further significant releases from

containment. (We suggest that the criterion for no further significant

release should be that additional releases are within the levels consistent

with normal operation.)

36. The extent of core damage at TMI, in terms of sheath oxidation and

fission gas released to containment, was greater than anticipated from the

analyses of design basis accidents. The AECB should examine the effects of

damage beyond that predicted by current safety analyses to determine if new

challenges are presented. Larger radioactivity releases to containment,

core structural damage are fairly obvious items; are there others?

37. The AECB should review its requirements for reporting of operating

incidents to ensure that all significant events are reported promptly.

Specific instructions detailing the type of incident requiring prompt

reports should be issued to all licensees.

38. The AECB should ensure that a system is set up whereby operating

experience is shared among all operators of CANDU plants. This system

should also provide for feedback of this experience into the design and

safety analyses.

39. The AECB should carry out further study on the need for realistic as

well as conservative predictions of system behavior. This might be

especially important for programming simulators and for drawing up emergency

procedures.

III.E. OPERATING PROCEDURES

Discussion

The events at TMI have led all investigators to examine the adequacy of

existing operating procedures, especially those for off-normal conditions. With
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hindsight, it can be seen that a number of improvements in procedure could have

alleviated many of the problems encountered at TMI; putting less emphasis on

pressurizer behavior, stressing the need to examine (cross-check) other

parameters, stressing the need to ensure core cooling as a first priority, and

providing criteria for interrupting emergency coolant flow, are a few specific

examples.

Recommendations

40. The AECB should review operating procedures for off-normal and emergency

conditions to ensure that tha need for actions by the operators is

minimized. The system response should be as automatic as is practicable.

41. Licensees should provide a tabulated, easily accessible emergency

procedures manual in which off-normal procedures are separated from normal

operating procedures.

42. Licensees should ensure that each procedure points out those parameters

which are to be correlated to determine system status so that operators will

cross-check to ensure that these parameters are consistent with the

diagnosed fault.

43. Licensees should review their testing and maintenance procedures

(checklists, tagging, signoff) to ensure that there are adequate safeguards

against leaving a safety related system in an inoperable state.

44. Licensees should review their emergency procedures to ensure that clear

criteria are given to operators as to when and under what conditions the

cooling mode of the reactor may be altered following an accident. This

would apply especially to changeover from emergency injection to

recirculation flow and to the shutdown of the primary coolant pumps.
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I I I . F . OPERATOR TRAINING

Discussion

It is clear that the training of the TMI operators had not prepared their

for what occurred on the 28 March, 1979. Thus, the operators were unable to

assess the status of the reactor and to take the proper corrective action when

presented with unusual circumstances.

The training of operators and supervisors had apparently not placed

sufficient emphasis on ensuring that core cooling was maintained. There was

also a failure to update their training in light of operating experience with

stuck-open PRV's and consequent pressurizer behavior (as discussed previously).

The operators appeared to be having difficulty in making up their minds of

how best to recover from the accident, in that they went through a number of

changes in direction (depressurizing/repressurizing/depressurizing, etc.) over

the first fifteen hours of the sequence. However, it is not clear to what

extent their thinking was being influenced by others in the control room.

The general shortcoming in the training of the TMI-2 operators appears to

have been a lack of information on, and thus understanding of, plant behavior

under off-normal conditions. Although these operators were given some training

on the B&W simulator, we would guess that this would have concentrated on normal ,

and severe off-normal conditions resulting from idealized process and safety

system failures. We expect that this training program would not have treated a

plant in an initially degraded state nor examined effects of multiple failures.

Some plant operating personnel at TMI showed a disregard for or ignorance of

standard radiation protection practices during the accident. A number of

instances were recorded in which staff, sometimes under explicit instructions of

supervisors, entered areas with known or suspected high radiation levels without

proper personal dosimeters and/or radiation monitors.
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Recommendations

45. Licensees should ensure that their training program places sufficient

emphasis on the requirement to maintain adequate core cooling under all

circumstances. Operators must be able to recognize signs of inadequate

cooling and must understand which is the appropriate heat sink under all

off-normal conditions.

46. The AECB should review operator training programs to ensure that these

provide sufficient information to permit operators to understand system

behavior under off-normal conditions. The need to assess all available

information before taking action must be emphasized in these programs.

47. The AECB should consider making a requirement that for each type of

CANDU plant, a simulator be provided for operator training and examination.

48. The AECB should include the use of simulators in the licensing and

re-qualification of reactor operators and supervisory personnel.

49. The AECB should institute, on a priority basis, a requirement for

periodic re-qualification of operators and supervisors.

50. The AECB and licensees should review simulator and training programs to

ensure that they address human errors, multiple failures and system

malfunctions. Licensees should devote additional analytical effort to

developing the appropriate simulator programs.

51. Licensees should continue to update their training and simulator

programs to take into account increased understanding of off-normal system

behavior reached as a result of operating experience and/or improved

-analyses.

52. Licensees should review their radiation protection training programs to

ensure that all staff continue to follow safe procedures even under

emergency conditions. The AECB should ensure that radiation protection

re-qualification programs are being carried out.
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III.G. CONTROL ROOM STAFFING

Discussion

Most accounts of the TMI accident have noted the degree of confusion

which existed in the control roan during the first days. Much of this was

apparently due to the large number of personnel in the Control Room and the high

noise level which prevailed. It was also due apparently to the absence of a

single authority who might have evaluated all the relevant data; control seemed

to be passing back and forth among operators, supervisors, and managers.

Recommendat ions

53. Licensees should ensure that there is a clear understanding that the

shift supervisor is in charge following an accident. This gives him both

the authority arid the responsibility to control access to the control room

when necessary. During the recovery, this person should not be needed for

manipulation of controls.

54. Licensees should examine the need to have a separate area near the

control roan for advisory personnel who are offering technical support. The

role and lines of communication of advisory personnel should also be

defined.

55. The AECB should review the minimum control room staffing requirements

and should consider whether additional training for the person in charge (as

in recommendation 53) is required. In reviewing the staffing requirements,

the need for operators to retain familiarity with their plant by acting as

field supervisors on a rotating basis should be kept in mind.

•m

56. The USNRC has recommended that as a result of TMI, shift turnover

procedures be reviewed; the use of a checklist has been suggested.

Licensees should examine current turnover procedures for the entire

operations organization including auxiliary staff and maintenance personnel.
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CLOSING STATEMENT

The accident at Three Mile Island has provided an insight into system and

human behavior under accident conditions. To a degree, both have been found

wanting. A study of what went wrong and why will, it is hoped, prevent us from

making similar mistakes in the future; it has already pointed out many ways in

which the system can be improved.

The study of the TMI event is not complete. Many investigations still

ongoing in the U.S. and internationally will turn up additional information and

will, no doubt, point to other valuable lessons. The AECB should continue its

review of the information as it is released. This may lead to modifications or

additions to our recommendations.
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Post Script

Between September, when this report was completed, and i t s pjblication, the

Report of the President 's Comnission on the Accident a t Three Mile Island (also

known as the Kemeny Report) was released. We have not modified our report to

re f l ec t the findings of the President 's Commission but believe that one area

which was heavily underscored in the i r document perhaps received too l i t t l e

specif ic attention in ours. This deals with the need for greater at tention to

be devoted to the crucial role which the human component plays in the safety of

nuclear reactors.

The seriousness of the accident at TMI was not so much a result of the

fai lure of equipment to operate as designed as i t was a consequence of people

not acting as expected. Clearly the concept of human er ror is not a new one nor

did i t require TMI to have the nuclear industry appreciate that i t is important;

reducing the opportunities for and consequences of operator error have always

been a major consideration in the design and operation of nuclear p lants .

However, if, as i t has been suggested, the present level of risk from nuc.' ear

accidents is dominated as much by human error as by equipment faul ts , more

at tent ion to the study of the human component may be warranted. Some of our

recommendations, especially in the areas of training, design, analysis and

procedures ref lect t h i s need. Nevertheless, in l ight of the Kemeny Report we

would l ike to make one additional recommendation.

Recommendation

The AECB should undertake an investigation of the means whereby the

potential for and effects of human e r ror in the operation of nuclear power

plants under both normal and emergency conditions can be effectively studied.

That th is area receives less at tention than i t deserves seems due, for the most

pa r t , to the apparent in t rac tab i l i ty of the problem. An effective way to

approach the study of this topic must preceed any real progress towards i t s

solution.
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