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SUMMARY OF TECHNICAL ANALYSIS

INTRODUCTION

The subjects selected for technical analysis are enumerated
by the titles of the individual reports. The subjects
studied and the scope of the analysis was directed to those*

aspects of some specific relevance to the TMI-2 accident.
The determination of what actually happened (The Summary

. Sequence of Events) is therefore a most important input to
all of the studies. In general, the analyses are directed
to describing what happened, explaining why it happened, an
assessment of the conditions which made the occurrences
possible, an assessment of the results of the accident, and
to a limited degree an examination of what might have happened
had the accident worsened.

During the course of the staff study, a number of
analyses were executed by the Nuclear Regulatory CcImission
(NRC), General Public Utilities (GPU)/ Metropolitan Edison
(Mat Ed), Babcock & Wilcox (B&W), Electric Power Research
Institute (EPRI) and others. All of those made available to
the Commission were examined for inputs. As an example, in
the generation of the report on The Summary Sequence of
Events (SOE) a catalog was generated of events as described
by the major studies to insure consideration of discrepancies
or differences.

On the latter poAnt, fortunately there exists a fairly
extensive and detailed record of events. The best source
for information is a "reactimeter" recorder which r: corded
24 channels of data at three second intervals. This recorder
is used principally for the start-up phssas of plant develop-
ment and is not a permanent installation nor does it exist
in all plants. Other sources of data nuch as the " Process
computer" which records plant instrumentation b'roadly, a
line printer, an alarm printer, and strip chart recorders
unfortunately were either subject to lapses in data, uncertainties
in time, or limitations of range and recording speed. In
addition no audio recording or other detailed log exists
detailing control room activities during critical phases of,

the event. This situation causes considerable reliance on
interviews and recollections of individuals to fill in voids
in hard records.

,

The following summarizes each of the .echnical team's
reports. Many of the reports are being published in their
entiretv. Some of the reports were felt to be adequately'

represented in these summaries and not published. These.are
all in the committees' files and will be archived in the
National Archives.

.
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TECHNICAL REPORTS

1. Summary Sequence at Events

2. Core Damage

* 3. Thermal Hydraulics

4. Chemistry
.

5. TMI-2 Decay Power and Fission Products *

6. Containment

7. Radiation Releases and Venting of Tanks ;n Friday
Morning, March 30, 1979*

8. Alternative Event Sequences

9. TMI-2 Site Panagement*

10. Personnel Training and Qualification

11. Control Room

12. Technical Assessment of Operating, Abnormal and
Emergency Procedures

13. Simulators - Training and Engineering Design *

14. Equipment Conservatism *

15. Safety Design Margins *

16. Pilot Operated Relief. Valve

17. Condensate Polishitg System

18. Quality Assurance and Reliability

19. Pre and Post-Accident Security Status at Three Mile<

Island'

. 20. Closed Emergency Feedwater Valves

21. Past Accidents in Nuclear Reactor Facilities *

22. TMI-2 Clean Up and Decontamination

23. Cost of the Accident * -

24. WASH 1400
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25. Iodine Filter Performance

Appendices
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.
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7. Radiation Releases and Venting of Tanks on Friday
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9. TMl-2 Site Management by R. Eytchison
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SUMMARY SEQUENCE OF EVENTS

The Onset-

At about 4 a.m. on March 28, a loss of feedwater to the
steam generators resulted in a turbine trip (shut down).

.

The interruption of feedwater to, and of steam out of the
steam generators substantially reduced the removal of heat
from the reactor coolant system. Response to this was a
reactor coolant system pressure increase due to the insufficient
rate of heat removal; the opening of the Pilot-Operated
Relief Valve (PORV) to relAeve pressure, the automatic
reactor shut down (because of the high pressure signal)
dropping the heat generation in the reactor to the decay
heat level; and a resultant pressure drop to normal values
within a few seconds. To this point, normal reactor protection
mechanisms functioned as intended by design.

Shortly thereafter two additional problems were experi-
enced. At approximately forty seconds into the event, the
water levels in the steam generators dropped to the point
which automatically called for water to be supplied from an
Emergency Feedwater system in standby just for such occurrences.
Valves, erroneously in a closed condition, between the
Emergency Feedwater pumps and the steam generators, prevented
water re-supply to the steam generator,s. (These valves were
opened 8 minutes into the event) . The opening of the '?ORV
is a normal response to a loss of feedwater whether or not
emergency feedwater was available. Upon reduction of Reactor
Coolant System pressure, the PORV should have closed.
Instead it remained open undetected for 2 hours and 20
minutes allowing a continued loss of coolant from the
reactor coolant system, until a upstream block valve was
closed at 142 minutes into the accident.

Indications in the control room of the open PORV were
ambiguous in the minds of the operators. The valve position

,

light on the control panel indicated that the valve was
closed but it only indicates electrical power applied to an
actuation solenoid in the valve and not valve position.

- High temperature readings downstrean of the valve were
considered ambiguous because of the known opening of the
valve a few seconds into the event and bt ause of the
existence of excessive temperatures there that were existent
prior to the event due to leakage through one or more valves in
that portion of the system. The pressure of the reactor
coolant drain tank into which the escaping coolant was
flowing could have been used as an indication of an open
PORV but this pressure indicator is located on a back panel
in the control room not immediately available to the operators.

1233 li8
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The accident could have been terminated with little or
no damage to the core by closing the pORV blockir.g valve as
late as 100 minutes into the accident and by maintaining
pressure in the system above saturation pressure with the
high pressure injection pumps. -

The high pressure injection pumps were turned on
aatomatically at about 2 minutes into the event in response

.

,

'o a low pressure (1640 psig) in the reactor coolant system..

At approximately 4 1/2 minutes into the accident, the
operator turned off one of the two high pressure injection
pumps and the flow from the remaining pump was cut back in
response to a high coolant level in the pressurizer. At
this reduced injection rate, coolant was flowing out of the
system through the PORV and through the coolant let down
system faster than it was being re-supplied. This situation
persisted until full high pressure injection was re-initiated
at about 3 hours and 40 minutes. During this period steam
voids accumulated in portions of the coolant system other
than the pressurizer which negated the use of pressurtzer
water level as an indication of total coolant in the system.
The operators relied upon pressurizer level for assr.rance of
coolant coverage of the reactor core.

For the first 73 minutes all four reactor coolant pumps
operated and circulated coolant through the reactor. The
open PORV continued to discharge coolant and the coolant
system pressure continued to drop increas.ing the amount of
steam in the coolant. At about this time, the fraction of
steam (gaseous voids)' iri cne coolant reached the point where
it caused high vibration of the reactor coolant pumps. To
avoid damage to the pumps the operators turned off the B
loop pumps. The A loop pumps continued to circulate coolant
through the reactor until about 100 minutes when these pumps
were turned off, again because of high vibration and fear of
damage to the pumps.

The vibration was due to the mixture of steam and water
in the system which caused cavitation in the pumps, but

.

circulation of the mixture had continued to cool the core.
When the circulation was stopped the steam reparated from
the water, i.e., it rose to the high points in the system
and the coolant that was left in the lower portions of the ~

system was insufficient to cover the core. Approximately 10
minutes later (at 111 minutes) the reactor coolant outlet
temperature began to rise rapidly and in another 38 minutes
(149 minutes) the measurements of temperature went off scale
at 620*F. These temperatures indicated a superheated steam
environment in the system. It was during this period that
portions of the fuel cladding reached temperatures high
enough (about 2000*F) to allow the Zircaloy cladding to
react with steam to produce hydrogen gas.
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Establishing Control

After the PORV was discovered open and the block valve
closed at 2 hours and 22 minutes (142 minutes) attempts were
made to re-establish a stable cooling situation.

.

For about 5 hours attempts were made to establish some
circulation so that heat could be removed through the steam

~
generators. Attempts to establish forced circulation or
natural circulation were unsuccessful due to the noncondensable
gas, hydrogen, in the cooling system. Pockets of gas blocked
the flow. Reactor coolant system pressure rise; i"- to
temperature increases and attempts at high pressure injection
called for opening of the PORV block valve numerous times.
Over the next four hours attempts were made to reduce
pressure sufficien ly to effect core flooding and heat
removal through the low pressure decay heat removal system.
Pressure was lowered again by opening the PORV block valve and
during these operations a large Oraction of the hydrogen was
vented to containment. The reactor coolant system pressure,
howevs.r, remained too high to initiate cooling using the
decay heat removal system.

Another two. hours passed when at approximately 13-1/2
hours a sustained high pressure injection was made repressurizing
the system and a reactor coolant pump was successfully
started. This re-established forced circulation of coolant
and made possible subsequent heat removal from steam generator
A.

Removal of Hydrogen

At about 9 hours 50 minutes into the event, the concen-
tration of hydrogen vented to containment became high enough
in some portion of the building to support combustion. It
ignited resulting in a measured 28 pound per square inch
pressure pulse. This pressure pulse is well within the
capability of the reactor building.

The hydrogen gas bubble (or bubbles) which formed in
'

the top of the reactor vessel (and perhaps at other high
points in the system) and which had blocked the flow of

-

coolant, was gradually removed over the next week. This was
accomplished by forcing some of the hydrogen into solution
at high pressure and temperature and then releasing it from
solution as coolant was returned to the make-up tank via the
letdown system, and by spraying coolant into the pressurizer
and then venting the pressurizer.
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With cooling re-established and the hydrogen removed
from the coolant system, one had to wait only for +.he decay
heat to reduce to the point where natural circulation could
be established and the reactor coolant pumps could be turned
off. This took place on April 27.

The plant is in a " Cold Shutdown" condition which means
.

that the temperature of the coolant is below 200*F. In
this condition circulation requirements are minimal but must
be continued. A leak at this temperature would spill only

,liquid coolant, i.e., steam would not form. At soroe time a
low pressure decay heat removal system may be employed.

Radioactive Releases

Coolant escaping from the open PORV was piped to the
reactor coolant drain tank from which it subsequently
escaped through a ruptured pressure disk. This coolant
drained into the reactor building sump. It was low in
radioactivity prior to 6 a.m. on March 28. Some of this
coolant was pumped from the reactor building sump to the
auxiliary building where it flowed out of a tank with a
previously ruptured pressure disk and onto the floor. (This
flow was terminated at 4: 39 a.m. when both sump pumps were
turned off.) Radiation survey measurements made just prior
to 6:30 a.m. showed normal levels. Shortly after 6:30 a.m.
the radioactivity levels in the auxiliary building began
increasing, climbing toward 1 R per hour. At approximately
the same time a radioactivity monitor on a reactor coolant
sample line also indicated a rs,,id rise in radioactivity. A
" Site Emergency" was declared at 6:55 a.m. and this was
communicated to civil authorities.

Just after 7:00 a.m., radiation monitora in the reactor
building, the auxiliary building, and the fuel handling
building all started increasing rapidly causing a " general
emergency" to be declared at 7:24 a.m. Radiation levels off
the site did not rise above 1 mr per hour until after 9 a.m.
Radiation levels experienced of f-site are documented in the
Health Physics and Dosimetry report.

Reactor Building containment was initiated at 3 hours '

and 55 minutes into the accident (7:56 a.m.) on a signal of
3.2 pounds per square inch building pressure. The possible
escape routes for radiation are complex and they are discussed -

in the report on containment.

At 7:10 a.m. on March 30 the operator on duty chose to
vent the make-up coolant tank to relieve pressure and to
preserve the inventory of coolant for later use. The
argument was that if pressure continued to rise the coolant
would have been forced out of the tank and onto the floor.
This action had been preceded by other ventings for the same
purpose. The tank was vented to a vent gas header of the
waste gas system which was known to leak to the atmosphere.
This resulted in a measurement from a helicopter of a 1200
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mr/hr pulse at the stack. This vent was left open for days.
As a result of this high (1200 mr/hr) measurement the, NRC
staff advised the Pennsylvania Emergency Management Agency

'

that evacuation was in order. The knowledge of the radioactivity
to be released, the coordination of the intent to perform
the venting, and the information (and its sources) used by

- NRC in considering the impact of the measurements are all
questionable.

The plant is in a stable condition and no further
uncontrolled releases are expected. To this date, no one
has declared the end of the ercrgency at TMI-2.

Other Events

The Summary Sequence of Events contains a number of key
actions taken by the NRC and by other agencies respending to
the emergency.

Evaluation of Performance During Crisis

In conjunction with critical actions taken during the
accident, the Summary Sequence of Events contains an evaluation
of the actions relative to the information availabl' at the
time and the actions that should or could have been taken to
terminate or otherwise reduce the effect of the accident.

Clearly the misunderstanding of pressurizer level and
the notion instilled as a result of training that running
the system " solid" (i.e., totally full with liquid) was
undesirable caused the operators and those responding early
in the accident te provide assistance, to take actions that
instead of terminating the event led directly to a sufficient
loss of coolant to cause core damage. Among such actions
that were contributors were:

The failure to recognize the failed open PORV and.

to take action to isolate it after reactor coolant-

system pressure continued to fall, the reactor
coolant drain tank pressure disk had blown, and

- the reactor building sump pump operated indicating
large quantities of water in the containment
building sump.

The throttling of high pressure injection for the.

first 3-1/2 hours of the accident.

These actions were a result of:

1233 022
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Persistant disbelief of high temperatures measured.

doenstream of PORV as an indication of PORV failure
to close and a failure to look for corroborating
information.

Inattention to high tamperature data from in-core. -

thermoct_ples.

Failure to recognize that a high pressurizer level
.

.

did not assure coverage of the core.

These are a few of the examples sited in the Summary of
Events. The reasons that provided the environment conducive
to failure to take correct action and for misinterpretation
of information are many and they are found in other portions
of this report such as Personnel Training & Qualifica*. ions ,
Management, Simulation Adequacy, Quality Assurance as well
as in the studies of individual co.:.ponents of the system.

.

.
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CORE DAMAGE

. The true extent of the core damage in TMI-2 will not be
known until the reactor pressure vessel is opened and the
core can be inspected. Any current picture of the core must

,

be a result of enalysis of the history of core uncovery ana
temperature excu:sions, thermal hydraulic analysis to estimate
the history of core uncovery and temperatures realized, and
analysis of the fission product releases. From all this
material the following judgments are drawn:

90% or more of the claddings of the fuel.

rods have probably burst.

Of all the zirconirm cladding, 44-63% has been.

oxidized. The upper 60% to 70% has lost its
structural integrity.

Fuel temperature exceeded 3500 F throughout the.

upper 40% to 50% of the core Fuel temperature
may have exceeded 4000 F in 30% to 40% of the core
volume.

Some of the uranium dioxide fuel may hava become.

liquid at temperatures well below its melting
temperature of about 5200, F due to the formation
of a. molten partially-oxidized zirconium at about
3450 F. The uranium dioxide fuel can disssolve
into this where it comes in intimate contact with
it. It iF estimated that the total amount of
fuel that melted was small.

Continuing leaching of radioactive products into.

the cooling water indicates that some of the fuel
may be in finely divided form.

~
A section of the core probably fell downward at.

226 minutes into the event as a consequence of
earlier damage. This is indicated by a rapid
change in the readings of both incore and excore

- neutron detecturs at that time.

Portions of the control rods probably melted, but.

the constituents of those rods, not being soluble
in water, ere likely still in the core. Silver
from the control rods has been detected in the
precipitates from the water in the containment
sump.

,
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The core is not close to becoming critical, even.

if the control rods (poisons) are somehow removed
from the core, as long as the cooling water
contains a boron concentration of at least 3180
parts per million. At present Metropolitan
Edison is maintaining a 3500 parts per million
boron concentration in the TMI-2 coolant. .

.

9
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THERMAL HYDRAULICS

This report is concerned with both the flow af water
and steam throughout the reactor loops and with tie ability
(or inability) of these fluids to remove heat from he

' nuclear reactor. Emphasis is placed on those situad cns
causing trouble or leading to over-heating of the recm ar.

The term " water" as used herein always refers to water
- without voids.

The principles for keeping the reactor cook af ter the
reactor is shutdown,are simple: (1) keep the reactor full of
water; (2) circulate that water chroughout the reactor
loops; the circulation can be produced by natural convection
or by pumping; (3) provide a heat sink, that is, a place to
dump the heat. The heat sink can be supplied by either the
steam generators or by injecting water via High-Pressure
Injection (HPI) that is boiled and then discharged through
the relief valves (either the PORV or the safety relief
valves).

The purpose of the study is to assess the ability of
the system to deal with and dispose of the heat generated.
To de this requires an assessment of the water inventory,
its status and its levels in various portions of the system
with time.

To do this, a theoretical study was conducted by Los
Alamos Scientific Laboratories (LASL) using their TRAC
computer code.. This computer study used the best information
available on the imposed operating conditions (such as HPI
flow, reactor coolant pumps on or off etc.) and estimated
the reactor's thermal history. The peak fuel temperature
computed was 3900*F, and the overall results generally
corroborate earlier calculations by Picklesimer. This
anal sis was supplemented by consultants at MIT who examineuithe general conditions of flow and heat transfer during the
period when the reacto was only partially filled with
water; they also considered the potential impact on the

- accident if certain events had not taken place.

An important result of this effort is the confirmation
.

that the TRAC code calculations do in #act reproduce the
TMI-2 events, at least up to three hours wher severe damage
to the core occurrec.

.
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The report contains the following additional findings:

1. Thermal-hydraulic analysis of the TMI-2 reactor
loop by means of the TRAC computer code accurately
reproduces the observed operating conditions for
about the first 3 hours. Toward the end of this
period, a peak fuel temperature was calculated ot -

about 3900* F. (The Alternative Events study shows
that under possible conditions temperatures may have *

reached 5162*f.) ,

2. At 101 minutes after start of the accident, the
inability of the reactor coolant pumps to pump a
water-steam mixture having a very high proportion
of steam made it necessary to turn off the pumps.
Stopping the pumps interrupted the reactor
cooling provided by this two-phase mixture, and
the reactor fuel elements rose in temperature to
3500-4000*F.

3. When the reactor coolant pumps were stopped, water
was trapped in the lower portion of each steam
generator. The geometry of the reactor loop
prevented this water from draining into the reactor
vessel and cooling the reactor.

4. Failure to always maintain a pressure (and thereby
temperature) in the secondary side of the steam
generator lower than on the primary was
one of several factors prevehting natural circulation
from cooling the reactor during the period 100-150
minutes from the start of the accident.

5. The low elevation of the steam generators and the
piping arrangement between the steam generators
and the reactor trapped water in the steam generator
rather than permitting it to flow back to the
reactor. This was another factor preventing
natural circulation during the period 100-150
minutes from start of the accident.

,

.

6. During the period 150-210 minutes from the start
of the accident, a large amount of hydrogen in the
reactor loop prevented natural circulation from
cooling the reactor. Remotely operated vents at

'

the tops of the candy canes would have permitted
venting this gas to the containment building.

.
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CHEMISTRY

The TMI-2 accident investigation required looking into
the following chemical problems:

' The reaction of t.te nuclear fuel's zirconium.

cladding with both the cooling water of the
reactor and with the fuel itself, uranium dioxide.

.

An analysis of the measurements of fission products.

released to determine what that can reveal
about the damage to the core.

The hydrogen bubble in the reactor vessel and the.

likelihood that it might explode.

The possibilitier of hydrogen explosions in the.

containment building and the potential effect
thereo f .

Zirconium-Water Reactions

The Zircaloy-4 cladding used in most reactors today is
almost pure zirconium. Zirconium is used because of its
desirable structural qualities and its particularly desirable
quality of not capturing too many neutrons, thereby saving
them for production of fission of the uranium. Thus zirconium
is an efficient material to use for cladding. It has a
melting temperature of 3320*F which is about 525 above that
of iron.

At high temperatures, zirconium reacts with water to
produce zirconium dioxide, hydrogen and heat. Oxidation of
zirconium also uakes the cladding brittle. This has long
been recognized and the design of water cooled reactors have
limited the maximum temperatures to which the cladding
should be subjected.

The operating conditions of zirconium were specified to
. remain within the following limits even during the " design-

basis" accident: 1) peak cladding temperatures not to exceed
2200*F; 2) oxidation nowhere to enceed 17 % of cladding

,
thickness; and 3) hydrogen generation not to exceed 1% of
that which would be produced if all the zirconium were to
react with water. During the TMI-2 accident all of these
limits were exceeded.

The study further finds:

At high temperature, partially oxidized zirconic can.

be, liquid at about 3450*F.

1233 023
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Uranium dioxide fuel can dissolve in the liquid.

partially oxidized zirconium.

The significance of this information is that some
liquid reactor fuel could result well below the 5200 F
temperature required to melt uranium dioxide alone. This
would occur only where the fuel was in intimate contact with -

the molten, partially-oxidized zirconium. The degree to
which this took place in the TMI-2 reactor could not be
determined. .

Fission Products

Measurements of the fission products released provide
some information on the extent of fuel damage. These fission
products are in the form of gases that escaped to the
atmosphere or substances dissolved in or transported by
the reactor's cooling water. The fuel damage is assessed by
comparing the measured fission products with the total
amount of that species produced by the reactor over its
operating history.

A study was performed by Los Alamos Scientific Laboratory
of the operating history of the TMI-2 reactor, and from it
the quantities of the various fission products and actinides
generated were computed. They also determined the amounts of
those radionuclides that remain at any given time after the
accident as well as the total quantity of decay heat thats

results from their radioactive decay.
.

Samples of the reactor coolant at TMI-2 were taken from
the letdown line first on March 29 and later on April 10.
The first was analyzed by Bettis Laboratories and the second
by Savannah River, Oak Ridge National Laboratories, Bettis
and Babcock and Wilcox.

On March 31, a gas sample was withdrawn from the air in
the containment building and its radioactivity measured by
Bettis Laboratory.

Using the March 29 water sample and the March 31 air
sample, Bettis estimated:

,

Most of the volatile fission products were released.

to the reactor coolant, and 2 to 12 percent of the
fuel reached temperatures of 3000* to 4000*F.
Based on this and amounts of strontium, barium and
uranium present, little, if any, fuel melted.

t233 029
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About 90% of the 36816 fuel rods burst their.

cladding, and about 30% of the reactor fuel
exceeded 3500*F.

.

Cohen, consultant to the commission staff, concludes
that some of the fuel is probably in a finely divided state
from which fission products are slowly being leached.

ORNL concludes that the sizable gaseous fission product
release could be produced from 40% of the fuel at a temperature
of 4350*F (2400*C) and the remainder at lower temperatures.

Overall, it appears that 50 percent of the core saw
temperatures of 3500 -4000*F or higher and 90% or more of
the fuel rods ruptured.

Hydrogen Bubble

The hydrogen produced was inventoried. Although a set
of simultaneous measurements is desirable, they do not
exist.

At 9 hours and 50 minutes into the accident, a 28 psig
pressure spike was recorded in the containment building. A
calculation of the amount of hydrogen burned in producing
such a spike showed it would take 294 pound-moles of hydrogen
or 5.9 percent by volume.

On March 31, two containment gas samples measured 1.7
and 1.9 percent hydrogen and 15.7 and 16.5 percent oxygen.
(Later measurements indicated both higher and lower oxygen
concentrations that are unexplained but perhaps within
experimental error). Based on the measured depletion of
oxygen (from a standard atmosphere) 436 1 33 pound-moles of
hydrogen was consumed in the pulse. The hydrogen burned is
thus taken to range from 294 to 469 pound-moles.

To this must be added the 1.8 t 0.1 percent hydrogen in.

the containment building's atmosphere on March 31, or 79 i 4
pound-moles. Also on March 31, the hydrogen bubble was
described as containing a volume of 823 + 200 cu. ft. at a
reference pressure of 875 psia. The quantity of hydrogen in
the bubble is calculated as 91 + 22 pound-moles. In addition
it is calculated that 36 pound-Boles were dissolved in the
reactor coolant.

The sum total of all these quantities ranges from 500 t
22 to 642 1 40 or 478 to 682 pound-moles of hydrogen.

.
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If the estimated 49,711 pounds of zirconium in the
reactor all combined with water, 1090 pound-moles of hydrogen
would be produced. Thus 44-63% of the amount of hydrogen
possible was produced. The portion of zirconium severely
embrittled by oxidation exceeds these proportions because
even 18% oxidation causes severe embrittlement.

Based on the gas analysis of the containment atmosphere,
'

the hydrogen ultimately released to the containment atmosphere
was 642 pound-moles, about 60 times the amount specified by
the NRC as a limiting value for Design-Basis Accidents. At
its rated capacity of 0.7 pound of hydrogen per hour, the
recombiner would~have required 11 weeks to consume this much
hydrogen, 11 weeks, that is, after it was connected up for
use. The planned approach for dealing with the hydrogen was
thus of no value during the critical period of the accident.

Getting Rid of the Hydrogen Bubble

The hydrogen bubble was removed in part by taking
advantage of the dif ferential solubility of hydrogen in
water, but the hydrogen disappeared from the bubble more
rapidly than this mechanism alone can account for. Cohen
postulates that some hydrogen leaked past 0-ring seals
between the head of the reactor vessel and the vessel. This
is not a proven hypothesis.

Hydrogen Explosion in the Reactor

During the period March 29 thru April 1 the NRC became
concerned over the possibility of the hydrogen in the reactor
vessel exploding and the damage that would result. For this
to take place, oxygen would have to accumulate in sufficient
quantity and then the F'xture be ignited. The mechanism
postulated for oxygen :ormation was the radiolysis of water.

Radiolytic dece position of water always occurs in
water reactors, botn while they are operating and af ter they
are shut down. Knowledge of this phenomenon and how to deal
with it was evolved long ago and is discussed in detail in
textbooks. The usual method (as at TMI-2) is to add hydrogen
gas to the coolant to react with any oxygen produced and -

thus prevent its accumulation. Only 0.1 cubic centimeters
of hydrogen per kilogram of water will suppress the formation
of oxygen; the hydrogen concentration in the reactor coolant
was about 200 times this level at TMI-2. No such explosion
was possible.

The Argonne National Laboratory review of the handling
of the hydrogen bubble in the reactor vessel at TMI-2 (reference
21) reaches the following conclusion:

.

c.- -
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It is clear that the erroneous conclusions about
in the H bubbledangerous concentrations of 02 2

originated from a number of calculations neglecting the
important back reaction.... Since the radiolysis of
water has been studied for decades by radiation chemists,
it is hard to understand why none of this country's.

outstanding radiation chemists were contacted, or
as in the case of KAPL and Bettis, were asked so late
in the incident... Expertise in radiation chemistry is

_

available at each of the National Laboratories....

Certainly, there was nothing in the TMI - bubble incident
for which the fundamental science was not well known. .

2 back reaction,For example, the all important H -02.

which was left out of the NRC estimates on oxygen
formation, is the basis for adding H2 to the primary
cooling system under normal operating conditions.

The basis for the NRC's concern for an H -02 explosion2
in the reactor vessel apparently stemmed from their habitual
assumption of worst cases rather than realistic estimates.
According to NRC's chronology on the hydrogen bubble, what
began as a simple check on the correctness of their presumption
of no oxygen in the bubble grew into a major threat through
continuing specification to supporting groups to " assume
radiolysis" or to " assume stoichiometric proportions" when
these were impossible. NRC Staff calculations apparently had
major impact on NRC's concerns through their predictions of
65 oxygen in the bubble on March 31 and 13% on April 16.
Dissenting views both within and without NRC had little
impact, apparently because of NRC's ingrained practice cf
presuming the worst. Although this approach was conservative
in dealing with the physical problem within the reactor
vessel, it created problems in the broader community that
were apparently not adequately weighed in the balance when
judgments were drawn and decisions made. If "best estimates"
rather than " worst cases" had guided the judgments and
decisions, hydrogen bubble might have been handled rather
differently.

'

On April 2, the prevailing view shifted, and the threat
of an explosion within the reactor vessel disappeared.

.

Finding

No such explosion inside the reactor vessel was possible
at any time at TMI-2. It is clear from the study that
adequate information was available beforehand to set aside
the fear of an explosion in the reactor vessel and that the
concern generated by the public disclosure of such a possibility
could have been avolied.

,

.
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Maximum Hydrogen Explosion in the Containment Building

The study assumed the extreme case that all the hydrogen
that could have been generated from the water reaction with -

the 49,711 pounds of zirconium was released to the containment
building, uniformly mixed with the atmosphere there and then
ignited. The pressures were calculated for two cases as
follows:

1) For thermodynamic equilibrium after a constant-
volume adiabatic combustion:

Final Pressure = 79 psig
Final Temperature 3668*F

2) lor a one-dimensional detonation:

Peak Pressure = 166 psig
Peak Temperature = 4042'F

The containment building was designed for an internal
steady pressure of 60 psig and has been tested at 69 psig.
Inasmuch at the design has a safety factor of 1.5, the
building can actually withstand 90 psig. Thus, the 73 psig
of 1) above should not be a problem.

Los Alamos Scientific Laboratory e' valuated the detonation's
impact on thn ouilding's structure. A key aspect
of that shock loading is that it is imposed for only a brirf
period in comparison with the "tural periods of oscillation.

of the building. For this rearan, the detonation adds little
to the load impose' by the steady pressure of 79 psig. The
combined loads are within but close to the building's atrength.
Additional study of this issue is needed.

The possiblity of all of this hydrogen accumulating in
the building before any ignition took place is extremely
remote. As TMI-2 itself demonstrated, the building contains ,

ignition sources, such as limit rwitches, position indicators,
reactors, etc.

,,

.-
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TMI-2 DECAY POWER AND FISSION PRODUCTS

This report summarizes calculations on the rate of heat
generation in the TMI-2 reactor core and the amount of
radioactive material within the core as a function of elapsed
time following the accident. Tne calculations are based on
the actual power histery of TMI-2 prior to March 28, 1979.
The calculations use well known and experimentally verified

- nuclea" data and formula.

These calculations are important for two reasons:

First, it is the decay heat, in the absence of adequate
cooling, that caused the damage to the reactor core. Hence
an accurate calculation of the decay heat is an essential
imput into a determination of the nature and extent of core
damage. It is also an important input into the "what ir"
series of questions being addressed by the Commission to
assess how close, or how far away, was the TMI-2 plant and
core from a more serious damage situation.

Second, the calculation of inventory of radioactive
products as a function of elapsed time following the accident
is an essential input into Commission estimates of the
amount of radioactivity released during and after the
accident. The attached Figure A shows the radioactive decay
of some of the more important species, in fact, some of
those found in the containment and two (Xe-133 and I-131)
that were released to the environment. The magnitudes
plotted are the core inventory; the amount of xenon released
to the environment was between 2 and 10 million curies out
of a total of 150 million curies. The amount of iodine
released to the environment was only about 15 curies out of
a total of 64 million curies of I-131. If the very short
lived species are included the iodine inventory at the time
of the accident is several hundreds of millions of curies.

The fact that many fission products decay very rapidly
is illustrated in the attached Figure B, in which core
hutdown power in megawatts is plotted against the same time- 9

scale as used in Figure A. The same data at early times are
illustrated in Figure C. It can been seen that the power

. decreased by a factor of nearly five in one hour and ten in
seven hours.

A question that has been asked relates to the hypothesis
that the TMI-2 accident could have occurred at the end-of-

cycle equilibrium core rather than with a relatively new ,Itcore. The pertinent data are provided in the document.
does not appear that an end-of-cycle accident of the TMI-2
type would have resulted in an accident of significantly
higher severity. This subject is covered in the report
on " Alternative Event Sequences".

1233.034



g . . ..-. . _ . - - - . n
* =$ -_-

.--. . a
-. -I\ -

8
- - - . . . - . . .

.o
* ' #ea am

-

.

.

i.my b r. e s
- -- -

t _1 _ * . / 3 . . ' . .

- -. . n - 4
- . I - _ o ,e.sd6 > g' *gswn ,,, ( e 4 m d we '.A _*J ,,

6

, , . - - 9* .4.'. . .d... -_-. - m - .w- ~1 -- ** -9 9w- t . s . s. . 4 . . . . ,.
,

e
_

.

- a -
. _

-- - r ,- -s w.sm--- -
;w

_m .
. -

-

.s x a. .. p. . ; . e __z- ,.. r
. . .

** " ~ ' ***

a.'& ===~ ; =n R - .u._; = . . t -u.-.M :q -= ; 9.p =r t . ' - -? r T ~~~= r4Rz x : y 1.. .. -f. :

. .
. .

. -=' ~

\-~ } ^ . . l . , .',. E [.. ] -
V " f 'f' M r*f | W h _ k_ _

~~~ ~

. - , - _ .:.. _- -r

-#- ',4 --;.- '.
''

d
. -- - -- _/ _-( ( W . . / 4 h. . ,

,
%

.,' . a,-. w - m. n ., ._._ _ . fjf * . v=h e
3 ' . " 4

Hr-e - - ; h.: : .0 --
>___u. - ._ _n r -- w.+-r= .= s .

- . . . .g
. _ _ . _ . . - _ . . .. a. . - :. .na _.

-

'-
_ . . _ ,

-{; ,{':Q., =_ g.-= n.: ., .+, _ _: R NE -9-": i--M F +E- - ---r=2 J___- -
. .

_

.. n. -- ' i ' ...'4--
= - .

-

_

-- ===_._.-
_ ,

. _ . . .
___,,,--g ..,- .3. ;.... , g ..._ g -*--*

- .__...., . . . . . _ .. ._ ,
-

. . . - - _ . - _ _ - . _ . _ _ . . .

.

..- _
. . . ._ _ .

-
..-.- .. - - - -

y
.. . .- - .

- . _ _ _.

...-. ... ..

* O , s -.- .._ .
-

.,,.. .,,,,,

,,,,,,,:.t - . w n.gn--, - - ,_ . .
, w nx - _--. - _-

_ = m . c- - . - , . . _ - - -- 'l ?/
-

. _

!- ] .; ;n - _ ' _ ' =r. _ . T? -' '*
_

-

. . -% ^ _. _ J-'_ - == =c. -- - ' - m .w - - -

-....r-=--x.~,.'-'.._ .W_*=.--pu---_.~-.

- ' _ _ _--+ r% w:.. .

. . . ._..

. -/ =-
. - - . _ . . - . _ _ - - - m .a , a __ .__-~ =.- _4 nm 31. , - 7___- - - - - ----- . .

_
..-..e.=. ... ---~._.4

_ _ _

.__. ;-

_ . _

= . . . _ -
. . _ _ - - - - - .-

.. . _a;
. a s - ..... ,._ - - -_

-
-- -

- - - ---
- . -- - - . -

.- -._ ,_
, , . - -n ~ a...

w - ,; - -m w, _ . _ , ,. - _ _ , . . . .- ,- _ , , -
-

'- '

-- , .y- 3 f.,+*M.r g-@ h - - -
- -. mm_.---__ . - " . _+ ,,: _ r._-._- __. ,m - W - - . . _ . .

- . -

**
- .g.- . .- :.: . -u . -

._=.. _ . --. , . . - <
_ _

'= -~- _ . - - - - , . = -- . _ _ - - -
4

= - - --.nc -

-:m..,.,,,.,7.,p..m.__m-. y. ._

. _ _ -
- jEQ

...m.-g=._._..;---.-. --- . . _ _ . -- .__._._-_-___=_.____-~;
__.a--

--

-.__;.._-
. . - -- --

. :___= _ . - - -s. -

- . - . __
__ - - _

s

.:.- .: - ~_ -- - 3_ _
. .g._....m....._.

, .
, -- _._ m .

.. .-. . . ~ . . - - - - 2_ --c,.,._-$ ._ . . . .- -_ - ,
-g =_. . , _ . _ . _. . . , , . __-

.
..

.,
__ . .-

.-

-

I ? /
.. - . . . -

- -

- x,. ...-.. - x
.

. -

x. . .. z.

7.u.. ,T. =.,,- _. -_=
''

_ J. -- . ,=_ m
~~ - ~ _~e - ~-- ~ w_ - + - - - . 4.

.
' , ,.

.

. %,m , . . .
.

___ . . ,- __L__-.-.__"_._+-e---^ ,----m-,.-w.c=..gc_~_~
. ,

. - _

, m u . 7. .: : . .. . .
., - -~-r.

_ : --.- -

-. _ - - - - - - -- _ - . m s.__. . =_
, = _ - . _ -___._--._--_.__:._=. .- -.- _ _ _ __ . , _ __ _ __

..

_ . - _ _ .- . - -
- - _ _ , _ . _ _ . _

_

_

.

_ . . - _- - . - --.- :- _-- . : :. _ w - -__. , _ . _
__..-- . er-m_._.:sv m== +-- -. - -

- _ _ , - -Jg .- ' = - . .:=~_-.:-____,,,,

E ~ W;:.. ;f. .-.x _, ,u , u.-m? _ - - - - '. . a < =, m -- .n -- __ s2 - ___ , , e -w ;
= - - _- : :.: _ . . _ .

3+ - -= . M==3 we . =i- _sqwn_,-._.,
_-,--_w= -

t . .* - -

.

.

: ," :2.3;_3. v_-
~- ~ , . w =_ - - m._ : w_. mv u s--n .-- , - - 3-_=.:-. - p. _ ._ m n_ . - - - - - - - - ..-

.
-- .

. __-:_.~'
-

_ _ _ _ = =s - .:: .f. &$-55
.m,._s.-.- . - - _ . .

. - ;_- -- ::1 .=. _._. -. -- - .'; _ T_ ____._^_ -

, .. . _-
. T "__~.2.~ ----._'. ~_ P ' - -~~~.-

: - ._ .; - : :-..x,.,._..._
-.

- - . . - - - -_ ;
. . _ - - _-.

., 2.c. _ . r ...__-
;

__ -_=--
. -

. ~ ~-

- _

-

r . - - =f . --
: * ~~~ -

. . . . , . _ , , , , , , , ,j 4 {q + wan %.,j _.: ,=~ c . a .e. ,

e .. .n _-, ___ - . - _ e. __--w.._i-
.5

.

.
--.. - _-- . - _ -

-
-- s. . . - ~ - - .-"* *

2. '. .. ) g .4 m. . .i,_. . - _- d-. a.,m.--2-.
,, 1- . . . _ ... _ ._...___._-.,a__..-,.c - c

- - _ - . - . _ _ - _ . _ _ _ . . . _ . _ . _ __ _ . - - -_--
a.:

,...-- w.,W r -_ _ . --s

o. _ .._ _-. -_.,._.:., _ _ ________m._--__'~_ _r ; -o (j _ . . ., ,3
- _

- _ ,_

-- n- r _ sg ..
,. _ - ._ _ _ - - - - - - - - . _ _ - . _ . . - . __ _ _ _ _ - - .

._
__-

2- :v .u. - _ . - -
-_.__;=-

.__ . - - - - - - _y __--_. a
. .e .

. -
-- . -- - - _ . - _

-r ; , W 2 F-.-.+ ,1 n ,m' & m = ..+: e
. .

~ n__._ - _ . - - - ,- ,..:.a,,---._
- ,-

.

= . _x - =- -
.

_ -w--_,_,,,_-p. -- .i -~2 :
. . _. .s x, , m.__m _a. L'_^ ~1is_i_si,:. .- _: ^ - =. -. --- . - - -- - - _ , . . . - - -m m. ., .- w. , .

- - = - -
4
.k #

- - . - _- - -' ^; .-. ,._.. =.-. - . ~ .. .; - - ~---m
- --.

----
-:--~.--.:=--_.se..- - . - - - - . . - . . - - - - . - . -- m- - . _-_ -

_ _. ,.
. . _ .

.
.- .-a

-- . ---

. - - .

.-- .-
.$ . r

_.

- -
-.

---._,
. . ._..__--==.-mi " , , -f f _:g=_,-y.:. ... - ._

- - - - _ =- _.== : _ . __- _ N ::--3q - .r
.

:2.. - -- _

r.c . =--
.

w-=yh. _._., . , a,r-
_

.. .~a irva .
---

..

..e.*..m.
-.

__=

....ean._ee= _ -. g.

e _
.

_

gm.> w. . _ --
f

M_

.. v. - -

_7 .e g *b a'W ^ " - - -
_ --J.

.
-

- _

_.m___
.

.. . . . .

[ O F. *

.aw - -i-~
_ s.="vei w a.sh.-e % g a .s-9 A --' Q C .

- I

*
~ -e_ g _ - - 9_- y_ ~ els=_='.m_-

e
d * *9 ^ #.#. .-

_ __ , _

ee ''

. i -.us - . . 3._.._._ -

_ """ 4 N 4 - .~ wa ,%e . - .i
'

p-*- p __ , . ,-.a.---p...s w aj
_ =..=._-e.Q7 . ; ,-

,.v .an. .a _.. t ., s.m ' e.
-

'i\ f t {j ..i. _'-'l . _'{'i&__ . _ . - -p==. h.~,
.

_ ~.
~ ~ ~ - - ' ' ~ ' '

- -m. _un '~'._--.._~~_._r_s_.
'

Q ;. _ - - - , ,. ; q 4 . :- ; 2.mEM--- -
_ 'Q ^ ^^~ .%-] _L ,. .y. ;= . -: p ---- - - --- - ]

..-r_~...a.'.'*_=m_.1*n - *-

..

a g' - * - - .

._.

,-w.t-__., ... --
-.,-,,_n..w.:_.,___

. -_ e _-- -_ .' 4 .*y C s ** g
_

_

. . . . . . _ . . . _ _ . v-
. ..

a .e .,.o w - * - == e=
4, . enw: . -

m.e, e ,% . h

m.---
- '_' -- '~

--' ~ ~
_ 1 a. *asa.--- -_ _- _e . - - . . *

*--] -Ng

.

==~=ge. g yr m . . ym_ g _ ]
- - * 3 J.g..,,J'y.

- {- _ . -%_ . a _. .4M_
-

. _~ - ' ~- -

r __ ._ ,_ : ? T ''_ . : s T . .,_.m.
--C g. g.

O* ** .

' 9 .J O ?*
- * " ~~ ^

"

_ _ _ - . _5 . - -
, -- ;. Z_ ;,,.; . "

. . ." .~~. 4 . g . ;. ;4 V .=%~. ap, ;; - - - ~
- _ . .

7T**^.**..._.._"""12"-1""l-=.~~.~.'"."-
' ' - , ~ ~ ~ ~ , . '""1- t.-. . ./*- .

,

E.
*

.-----.m..-. a ___ :-----. . - - - "*~"".JA**..~;-".'"-*L*.
.

*_.,=,J.,,_-c,
-

--.

.! . -. .:. -- .
,_,,,,,,,,;;...:..=--.=...._---- _.:.r.- -. . . . ~-._._ ..____::.m . .. . _ . . . . - - - .

.. .-

..
. .-- .- - --

h.. a.6 .*

. . - . . . . .
1.e

..e.e g. e .D .. M 4.@ Gp -6
.. ......,.;J******' " " * - *

ee.e
-w -. . _ _ ee. e . .e.

p a[ . . . . '.M M ~

p9 ..-.. . . - - -- ,=4. .

.

* . . , , , , . . -
. =)v 6J. f f-

10 1m n)f-
A .=s'a=e

_ _ ... -
_ . . . .. .

. . g7r, ,

) ') 5 A e i



, A E3
/. ' . L ._ .-e-...--.. . . m.. _., _ . , _ - . . . _ _ . . _ . . j> c g_ _ , , , ,., . , , , . ., _ ... m __ _ _. . . .. ~ .. . _ _ _ _ ,, e

- -. m.f.-_-,,.-3-e_ .__ _. - -. -- m ,n . n e g . . - .. u_. ___ t _ __ , , . .-_

,. u. , u._. _. M. i_ ?. _ _4 Z.*. L'Lt a J3. i=+ a ~.' a. U :"T -r :r ':* e F ~. -* t - r"ra==ra v s .5 I D* :d^ -

. .s. - . . . .

Tws[~~=* ri'r*= *- := --~=%R ~~'5. . T. ' ^- ~ - .- -_
- __ . :::+="*+' ' 7 ' - = - . - 4 .- ~x . - ._:

.m -2--
~

.

3r -__._,_.s .-w.-..._--_.- , . . . - - - - - - .. --- - -- ,-
- , ..

..

g.. [* eW 14 ~ s. 4 4 as -'- s . .m.fd .. . -. 3 ..r-- e 1 # -'3
_

- w-__=_' w-, ~**,=..-,'*3
* * 'F-'* -

- _ % _ % ._ e . s e _._ _ ..-.
4 . _ __

enn m-_-- _ _
- . . - = . W -

n-tm..-__......- .,. r . .- e .
Qh,g- _:=f_c u w a ;.:.:'

_

. . .
- g. i=g. - - - -

.

__ . . ____a_=;__-__=.=-_'e. - , _ H .~.y =1. - - _
. ; u_a_. u.. . . .wg .....a_,_.,.n .,

-

3 -- .. -- - _ . - - - - - --- : _. a : _, ._ a.:.. _. _ .
-

-
- - - ~ - -" " . . _ _ _ -~M."7.,"L~f**.*""****.b-J.-""**".* **?"* "J** f . . . p.----

-

. .

-.--
_ _ , , _. . m .=: c =- _ - _ - - - - -

- --
- .w.~.= . ~_=_ n.==s .v..== .--- - - - - - -- -

- - -v = . ---- _ _.2
_- -

_ ____..
__.m.e -

.
. . , . - . ,

-

.
.

.I
NA

m.w mw'',5 g- --

e--- r r A: r *u=-I-.. _ , - - - _m - - * - - -"- -uA' - ' e - '-
n

- -
. . . .-s=w- w- =I --

--;.-.
..s =* ,4 e.? '* n=n.se.w- s_m ,

_. . ~
;s== airy =g+g=s ==r-

7
- '

-

M .. . . _, ; : .._ ,_ ,.; _ a_ =-i. - - - - - . - - . - . _- -d.3t_= +3 . .__-_g.n. . __
. _Er- ;_.

-

----~-----~--_..7-
ar.'. __._.

T k??. ? =M E_== _' - _- _ . ^^~~*~-.^2------: -~ ~ . - - -
-

_

~. _ _ ,
y.-.___=-_- - _ - -_ . . ._ - . . - - _ _ - - - . - - - - _ - . = .

-- 1 - - m~. _ - -

_. _ = -

r-=..- _=-- r~:= : =* . _~~ _:_-f_.m - --

. =._
--- -

. _ _ = _ _ . _- . - =.-, _ _ - m=------ -

- 2

Q-e-4-~ .-A LA - r -* 4 _ ' ~ --QgugQ ~~ . l '' b- - . TA ~##"~^-' W ~ ~

--A
-

O -emh *- ? w = -' W-u_LE=: _ w -~' '_ = ?t-W.Wa=--- M.'2.
g

.

4 M.c+ * pat % r,_a. ' ._
^ ^

-^W

u==_.u.___.-n--
- 3 = W=", == =,,;,,,_,,_~_----.___.=..__2 n. .,- ~J

.

-_
, - -

. :.. rma m--'== -6m*
'_3,. y ,. - _ _z,._gi. _t_ _. . g =.__ __4 _ -- .- _y 7_ _- - g. . g ;_--- , , _ _ _ ,_r__,_- - -

u _
--

. , , , _ -,
__ - - _ - - - - - - - -

-

mai. _3
_ _ u=-_--_...

- - - ---.mm.-_. ___- :-j, . +., . aw , . . . __ - __

== %. _x ~-
--- - =_m=__ = =- -: ... . _c-.___.,,_-_

- - . . - _ _ --
, - - . . =n m ..

. %. ; _. .. -

C . -*
.

- -

&T , ~ _ "
-

*-

s, 3 .' _ ._._._.---m,""1_.-_
- .___..- ---

- 3
.

.m= - . ;._. p. =- .. --. .

m. > x t-

: -

*..

* w. . - ~.. x - ~. . e _-e_= + . , - . -emm - --- m-- _w ,m...
.

l' - n **
...

,.u.
.

.

. ~e:- . _--
- -.----:rn.- - --- .- - - - - - - - - .m.__

- ----.=----------~-.-~=iE~T.:3
-

--'. -" u-.,_-*~_.ummee....--w'==.:.::=.+E==E==----.== ~~ :.
r

r. --. r- - - . : ~m._ 54
- cr.m

_
:-

- = . T V-=v- -c .' ' :w s ' .- '::~ --- . - - - - - . ^: - - - - r

--- _. =-.---..._. =-._-.- = rT,'--=_- -= =. q . , e C_ . __. . . _ . _ . . _ =- - - . - - - - - -_

.

-
.e

--

.- -_ _ .--- _ ,___ _-

m =_ _= =_ _-- --_ _ . - -_ . _ . _ n _- n .- - -_
-

gx4y.ms=e =-:.= _= =n=1a ;- - :_e: _ _~ __ . ~ a_. _m
. .,n . _

m_ e_m_w__._ _-e_. __ _ _ _. _ _=m=-_m =4,--9g - =;.= +=.== _s - .;=- :
_ _ m-gn qug -_:

1_m __ m.m_ y m __ m__

_. _ ._m_ _ _ _ _ _ . _s_-- __- -__.- ._ _.___
_. ...

-_
_ ___gJ ,.._j , _- -_ -- _;_-y~ ---_ ..--- - - . - - _ . _ . _ - - _ _ - . _ . . .__

. . _ _ . .

, . _ . _ , _ -
__ a.__, -- . _ _ . _ ,

-_.
_.

. _
-

. .. .

.
& Q- -

4 I
E -

- ,.
p w
4.. . .
-

2g m m-
,--- -a-34 . .p.,aa,%m% m.... M_*4~m. _, _ - . _ - __ - ~ - _- _-w - -._m..

- -

-=

m, ,

_u.,_.
- ~-

ww -- -

y qn~ .e-.:n - ___ m_m*=r.;-.r----~--=-=_-,-==_m.----~-------.-c.1.
e - . a---r-r- - ,-. - - ,,=v.,.4.,2-u -.. , - - -

-. w.
. -

- -- - - - - - - - - - - - - - - - - - _ . - - - -
y . y,.

..

g.-_ . _ . . . _ m m _ m. . m._

-- -,g, ---____;--__-_._;_ - - - -

-

- = ' 3 -. _33 ,# > ; -3w'_=3"- ^ "; -- - - - - ~ ^ - - ' - ' ~ ' ~ ' - - ^ - -- - ^ - -- - - - - - - -
- * ~ -

,., 3 3. - - .~ - ~ ' - - " - ~=
3 3p= w __. - wTs , e -.---__________-_:=:_:=

3. 2 y 4 Y+ -- -- _gg%^ = 7 ' - :.__.. . ._,-;s._j,2 r --m3 p. .v.- a.1- r

m-- - . %,_._ -. ,

.

_ _ - . m-__ e,.:-s ==-= T _ -__._,4 - - - h-. ";vu=.=i=.-=-=~==a-=~-_..- -
- -'

-

... ~.:ew-

. ,. --E-
=E.=y r

-
w_m.c_w z.3 _=m _ =_cr -=+.=_-n--=. . n.

-

. .

T .*gg -

=v_- , _ + . .r : ~.- - =:
.

E- ^* :.'''~..___--
; __.v._-._ _ - - .- - .

---- --.:-._ _ - - _ _ . . --- _- .

sr__ag ='3w

. = . . - _ _ . , ___ _ - - - - _ _ _ _ _ = _ = . . _ . _ = = . . - - - _ = . = _ - . . ~ _ ~ _ _ . _ - - _ . _ _ - _ _ _ . . . = _ . _ _ = _
-n~ - - --| : - r : : . - '

_

--_

3.,
. 3 g,--. . ._ -

-_e ,,

w
p .

-~ . - - --
y. g --

+% _ __ , -- _.--._.:.
.,

._.
---

_.

.
_,

__

s. -~_~_

m
.. 's_

_
. ~

~_== ,

- _ - - - - - ---~-._M_ __ -_ __

. --_=._-s*E.M _ _ , . . ._ _ . _ . ..7 _g...a.m.c.,.,. -

_.em3- many_ =_ _ w--t_- - . . -**
__ - -*

'=- x.x
-

.a -y ,.

'

_ _ _ , _.- _ _ , __ _ _ _ . , , , mum.D_

T W- ***-~i-7-ir#_ ri'_Fii '[.i L~.~.'~ N'..a.-.-e--. -- -5$_M*4_ :. __r e : -- r - .-- * * ' " --- . '*%--
_ . -

.
= m . T' -""''-"-7* " -~5

-

q =._ ==._-, 4_ _.____ _. ___._ . __.- _._-_: - =m
=..--,-.----=~==.-----:1~.-=-_ =[,---

. .a u

. w=,_ .____.._- -=_ =. : - - - __- = .-- -_ -

.. __ .-- _- -- _ _ _ _ _ _ _ . . - _
_._

_ . -

IT_ _ _ . _ . _ _
- - - - . - :-- : _-- - m-._ _ .

3R 11, _. m
e m - %_ -- e* * L m % a -& --.'%.-r-__ _ -~._- m- =. _^. --. ..-.

---s -

''- ' ' " . ' _ _ . - * - _ _ _ _ - __._----;__ -* er- - - ' ;. . ~_ N . _ -64 57 . , - - ;
mumm 6 - . ..'tr-.

w.,-.~ m. ,y.,__. . -_
_cu :.-- J . _ . _ _' - r --a .a L . .w.. _2 . e.,, _ -- .'_ __ Z .m. - -- - ,,._- '

- ^

29.--_ _.-- : *= a . _. =i
..3- : -_;s:._==_.."^*- -r'.--M]u.- ' . - -, i 7 .- --

3,_,__._C._.__.
_

-"_==_=_;._.--_a_=.'1s _==g C- --- m- - -
i .' .,

.s..arramr.s.r - - - ---t .

. i _p; .-. -

f. . . _ g _.;, _,

. _ _. _ _ ._,____a.--=:.___,- -

_._.c.=r_;;-----.-_ _ _ - _ . _ . . _ - - . - - -
_ _ _ _ _ _ , _ .

_ . _r _ _ .__g_;.,. ~ ~ ~ ~ _ _ , . = - - - _ _- . - - _ - _ :==~ ~ ~-
.

*:2.J:3* ._. .. . _

-
__--_-g

.-

t.- . . . . . . - _ .-..--_
- - - - -- . . _ -

--~* _ _.

_ - -
.- . . . -

.-.

S.a. -- ___._-
-

_

. :. -
- m.

-

I'
. Q 2- 4 6 7 0 12. j u

,iC". s. ,

~1 ia

}' js ; ,,) vTw.

. . . ..
. _ _ . .

.. . - - . . . . . . . .

.

--*---.Mg 66hh g
-a



.. . . . . - .. .. .- . . . . . ..

5-4y ,

Qo -r e : mr w c mn w - --. --- -- - _M. . - mm =- _=g, -- -_. -. m= 1 .--g g~. .,n, yk sp._%_.M. .sw . gw-- " --__ .-

yi
, . . _ . - - -- -----r-----~~--.- -- - - . - - ~ - -

,

. r - --w _ - - - -_
. =.=

-n.- - -e.-

gf .-,,,a_, -_
.

.g

kWf =4.'.%s # |?=n e . .m.-.. - - - - - - ' - - - - - - -- . - ~ ~- -v..---- .x.---

e &u .: m- . .' . ..~.' .:.~T':p: = r.=zz .- - - -- - ~^ - - - -----.- _- _.
~ * u. ---s-

: : --- . -_ -
t- ma..ig7_%-2: c ::: .=-- :.- -

- - - . - - . y- -

. - . . - = _- -

7 $ . .;:u.
_ . _s r- . .=;; . _ _--. . _- -4

2 :.: , : t;: .. ~- '=

::" . ; ;==:-
: .:::;;..- ==: -a
::: : ::::.;::: .
._._-;.,_...-

4 :- _- -".;.L. . _ .__
'

;
I':,: - . . .

7%,...:-...-~*~
*,.: ~' ~

*J '.'=. . =--_ _ - . . . - _ .

*

=_..
.

,_

1 ,-

-~ ,

-
, w.

~ .e. -

1. p . --

.@.
'%

.
_

- :
9.._-. -

-

-

e.-
___

.. ._

3,

._-
FWem

'. m~ ** . .

. * . * =
4 v*.' *, g==~-- . p 5 r._-

.. * " -

,

. 7
.

* , i o s.T. .3Y. e-- -

3 '. * g _ . 3s . ej. .s . > . . . . , s

; j .* -** 2_ - , - -

.9 . . ,_
m.

~ _

: s .. .-

g
- .s=*a.**__-w w

4h * * * - ..
. _ . . . .,

,
. ~.~.9 "-

3- . * * " '
L. .d -

*

9.-,
F

- ~ _- .

. . t

%

r . .

'

-.r_-_._2.n )., . .,. . T rD, _u . 1. w _ _,am
_ r-f-= r n_ 2-- h = - x= .. =- .

S.g-Pa:
wr_-#,--w yg-n-~ - p2._.._--m m - . _ ~- --tr-w wm_=.-.-_ m. __=:

- ~. .
. ._.,---e.---------.c._=.:=,..-=_-.=_=w- /

= - . - .
\ - e <

-
.s -. - =-=:-- ~ - ----=.=-:-=-n g =.;m. w = --.%-= '

s :=a
=--w - --a

-
- , . - - - - - -~ ~ ~ ~ ~ ~ ' ' ~- - - - - - - ---

.f ., u. - - - - - - - _ _ _. ::

X;w: u.m 1 ss=^ :5 *W157-- . . _ . .---g a-, ~ ~ ~ ~ ~ -- - - - - -

E p L-v.5. fir:::._t-~ -g :f-' - L _ --_
- - _ ,

.%i -

* * " "

- --,'= - - - ,
W S s2 _ _-a.:-.__. -- .~* 2_=.-_-.

A D ' - - - ==3g
' g,1 ; A%-.&.O. A :g4_- c- : . .:.= _ -_=. .--es ,

? w. . - :- - -: - _.-. -

. ..-:'e %-a-~~_-.-.--- - -
C g *-'*; .

' ~

4,g _.m.-,m._.--__
=,e e .- :-
22 .?~ c _ _

$ *. Q.
*:~~_"^

3$. - - ~ ~

p. 4 .> g,se

W =I .

b*I
.- _

@ *MM
- E . ....wi=p*_E

*. _

m. 3 ...-

4 3

d
-

* 3 ' __

.
#n

*WW.
y f_ YMA,.

__

*M w
:sar

o ' - = = =
"

n . *%.
IN

3

i- .

MhMe

.m - r

g e W.e -

_ _ . _

w -
*

s'8D i # .
"

N? (_ J *% N
j. , ~ ~

3

- C' l 1 3 V f 6 .

. . _ . . - . _ _ _ . . . . .. . s.e-
.

~~*

.
. ., . ;, 3d, .) .

/
,

,



6-1

CONTAINMENT

The maios radioact.ve releases from the TMI-2 accident
te tne environment were ...rborne noble gas fission products,
: aon. and krypton, as well as a small fraction of the.

ra ' active iodir.e isotopes. These isotopes, in addition to
om er fission neoducts were dissolved in the reactor primary
coolant water. It is believed that the major pathway of

'

radioactivity release from the primary system was through
the reactor coolant letdown /make-up system.

Radiation products began appearing in containment at
about 2 hotzs and 4 minutes. The containment isolation
signal (3.2 psig reactor building precsure) was not realized
until 3 hours and 55 minutes. The letdown system was being
used periodically both before and after containment isolation
to let coolant cut of the system to control pressurizer
coolant level. Upon containment isolation the letdown
system is isolated but the isolation was bypassed manuallf
to permit continueo removal of coolant from the system.
This being the case, earlier containment isolation, i.e.,
upon radiation alarbs at 2 hours and 4 minutes would not
have prevented the release of radioactive gases to the
atmosphere.

During normal letdown operation, coolant is removed
from the primary coolant system, cooled and then piped out
of containment to the auxiliary building where it goes
through a pressure reducing orifice on its way to storage in
the coolant make-up tank and in Reactor Coolant Bleed Hold-
up Tanks. Gases released from the stored coolant are compressed
and stored in waste gas decay tanks.

The study shows that: (1) initial pressure transients
probably caused leaks to the auxiliary building to develop
in the header which normally carried gases to the waste-gas
decay tanks; and (2) pressures caused by escaping gases
could have lifted safety relief valves on the Reactor Coolant
Bleed Tanks which discharge directly to the atmosphere of
the auxiliary building.

The study observes the following:
.

o Earlier isolation would not have prevented release
of gases to the atmosphere.

o The Saf.cy Relief Valves on the Reactor Coolant
Bleed Tanks- should be vented to the containment
building rather than directly to atmosphere. (The
question of putting the entire letdown / make-up
system in containment should be studied.)

123'3 033
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o Devalopment of leakage in the Auxiliary Building
Vent Header due to initial transients might have
been avoided if isolated from the Reactor Building
Vent Header. This would be accomplished with
earlier containment signal.

.

4

S
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RADIATION RELEASES AND VENTING OF TANKS
FRIDAY MORNING, MARCH 30, 1979

I. Summary

'
The events on the morning of Friday, March 30, 1979,

may have had the greatest impact on the public of
any aspect of the accident at TMI.

.

This study was directed at the sources of the major
releases and other elements which are believed to have had
a significant bearing on the recommendations to evacuate.

Major releases during the event at TMI-2 consisted
primarily of gaseous radio-nuclides, xenon and krypton, and
a small fraction of radioactive iodine. These major
releases were caused by the continuation of letdown flow
from the reactor primary coolant system after a leak
developed in the vent gas header system. There had been a
number of ventings of the nake-up tank to the vent gas
header since early on March 29.

The principal findings of this study are:

1. On Friday morning, March 30, 1979, James Floyd,
Supervisor of Operations, TMI-2, had operational
and technical reasons for venting the make-up
tank to the vent gas header at 071.0 hours, and
at other times, based on the decisions to continue
letdown which made such venting necessary.

2. Major releases occurred during the venting of the
make-up tank in the letdown system to the vent
gas header of the waste gas system because of a
known leak, which is believed to have developed
early in the event, in the vent gas header.

3. The NRC and the licensee had knowledge of this
leak as early as the morning of March 29, 1979,
and James Floyd admitted in his testimony before
the Commission, that he was knowledgeable of this
leak prior to 0710 hoer _ on March 30, 1979.

.

4. The venting of the make-up tank to the vent gas
headar, at 0710 hours, March 30, had been preceded
by similar ventings except for one change in
procedure. Previous ventings of this tank had

- been done in a series of short ventings and the
venting in question was done in one step.

5. Following the venting in question, radiation
readings above the plant, taken from the licensee's
helicopter at 0756 to 0801 hours, indicated a maximum
radiation field of l200mr/hr '(beta gamma) .

I2di3 040
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6. At about the time that NRC received information
on the 1200 mr/ hour measurement above the plant,
coincidently another group at IRC produced an
estimated radiation dose rate of 1200 mr/ hour at
ground level at the north gate of the site.
This estimate was based on an assumed release rar.e.
The coincidence of the two identical numbers, -

coupled with an apparent unawareness that the
reported measurement was made # rom a helicopter
in the plume above the plant contributed to an .

erroneous conclusion regarding the severity of
the situation.

.

O

b
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ALTERNATIVE EVENT SEQUENCES

What Might Have Happened

Very nearly all discussions of the TMI-2 accident touch
upon the subject of various possible sequencet of events or
scenarios that might develop, starting with the actual'

situation and leading one way or another, from the actual
situation to a variety of results--some more, some less

- severe than the actual accident. These alternative scenarios
can be thought of as being in one of two general classes:
those that impose perturbations on the sequence of events
that occurred during the development of the accident, and
those that postulate somewhat different initial conditions
at the time of the accident. These questions can range far
and wide and can quickly lead to sequences of events that
contain branches too numerous to invesdigate.

Recognizing both the value of examining these situations
and the necessity to bound the number of cases considered, a
study was made in which the actual sequence of events
at TMI was followed, but at significant times in the accident
one more equipment malfunction is assumed or one additional
operator action or nonaction is postulated. Also, five
variati0ns in plant conditions at the time of the accident
were considered. Finally, the bounding case of a fuel
melting under a total absence of heat removal is presented.

Based on the approach outlined above, the development
of the accident is examined to determine if it was ever
close to a much more dangerous condition, and, if so, what
would have been the potential consequences for the general
public, the plant personnel, and the plant. In common
parlance, we with to determine how close we were to a more
severe accident and how severe would it have been. Those
operator actions or equipment "nonfailures" that would have
improved the situation are mentioned as appropriate.

The discussion is restricted to the design of the
physical plant and environment at Three Mile Island.

- Generalizations to other designs and other postulated acci-
dent conditions should be made with extreme caution.

. FINDINGS FROM THE STUDY OF ALTERNATIVE EVENT SEQUENCES

Major Findings

A. The temperature of the hottest region of the fuel
during the accident may have been as high as the melting
temperature of UO, (3123K = 5162F). Some small amount of
fuel in the hottest zene may have melted.

.

.
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B. No single additional operator action or equipment
failure that is tied to the actual sequence of events at TMI -

would have led unequivocally to large scale fuel melting
throughout tne core or significantly larger release of
fission products to the environment.

C. If the High Pressure Injection system had not been
turned on and if no heat sink were allowed, large scale fue' '

melting could occur throughout the core. This hypothetical
situation was examined and bounded by postulcting a fuel
melting accident under a total absence of heat removal from
the reactor vessel. This study found that containment would
not be violated, i.e., opened te the environment by a steam
explosion, over-pressure, or by penetration of the basemat
(foundation) by the action of molten fuel. Because the
containment integrity was not violated, the release cf
fission products would not be changed by a large factor over
what actually occurred at TMI-2.

D. Essentially all of the radioactive iodine released frcm
the fuel in the TMI-2 accident was retained in the water in
the primary system, the containment building and the auxiliary
building. This is attributed to the chemical reducing
conditions existing in the water near the fuel at the time
of release of the iodine, to the high pH of the water, to
the high chemical activity of iodine and possibly to the
presence of silver in the reactor vessel.

E. No radioactive cesium, strontium, barium or lanthanum
has been detected in the environment even though significant
quantities of these materials were transported tn tne
Auxiliary Building.

Findings relative to specific extensions of the TMI-2 events

1. Case 1: If the auxiliary feedwater had been available
as designed, the accident would not have been
changed except in minor detail.

2. Case 2: If the PORV had closed as designed,
there would have been no accident. The eight-
minute delay in auxiliary feedwater would have -

been a minor perturbation.

3. Case 3: If the high pressure injection system
had not been throttled, a stable condition would
have been achieved viYh no damage to the core.
Ultimate recovery would require that the operators
recognize the open status of the PORV.

4. Case 4: If the containment had been isolated
within a few minutes, and if the operators bypassed
isolation by opening the letdown line (as was done
at about 4 Hours) the accident would have been,

unchanged.

1233 ]43
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5. Case 5: If the iodine filters had been in good
condition the release of radioactive lodine to the
environment would have been reduced from about 15
curies to less than one curie. Health effects of
either of these amounts of radioactive iodine in
the environment are insignificant.-

6. Case 6: If auxiliary feedwater had remained
unavailable, the reactor might have reached a high
temperature sooner, i.e., the time scale might
have been shorter with tha quantity of fuel
reaching melting temperatures before the HPI
system was restarted being somewhat greater than
may have occurred in the actual event.

7. Case 7: If the PORV had remained open (after 2
,

hours 22 minutes) the water remaining in the core
would have boiled more vigorously, giving more
cooling by flow of steam. It is uncertain, however,
whether the core would have contained sufficient
water to continue boiling until the HPI was turned
on at 3 hours 20 minutes. If insufficient water
is available to sustain boiling until HPI is
turned ca some fuel could read melting temperatures.

8. Case 8: If the PORV had remained closed- (after
3 hours 12 minutes) the quantity of fuel reaching
melting temperatures near the center of the core
would have been greater than may have occurred in
the actual event. Some fuel melting night have
occurred.

9. Case 9: If the high pressure injection system
remained throttled (at 3 hours, 20 minutes) the
quantity of fuel reaching melting temperatures near
the center of the core would have been greater than
may have occurred in the actual event, Some fuel
might have become molten.

- 10. Case 10: If the containment sump pump had continued
operating until the time of containment isolation,
the release of radioactive iodine from the environ-

,
ment would have increased from 15 curies to about
100 curies. The health effect of either of these
amounts of radioactive iodine in the environment
is insignificant.

11. Case 11: If the containment had not been isolated,
there would have been little change in the release
of xenon and iodine becsuse the operators had
bypassed isolation by opening the letdown line.
This action to open the letdown line was taken to
preserve a supply of pure water to provide lubrica-
tion and cooling to the primary coolant pump seals.

777 l A 'iL3J Jnt
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12. Case 12: If the lodine filters had been in much
poorer condition (or not in place) the radio-
iodine released to the environment would have
increased from 15 curies to about 125 curies. The
increase could have been larger, except that most
of the radio-iodine was retained in water and
little actually rce :ed the filter. The health .

effect of either or these amounts of radio-iodine
is insignificant.

13. Case 13: If all the zirconium reacted with water
and if all the hydrogen gas generated were burned
in the containment building, the building would
remain intact. If all the hydrogen detonated, the
loads imposed are calculated to be somewhat less
than the strength of the building.

14. Case 14: If an adequate hydrogen recombiner had
been available, and used, the pressure pulse or
detonation at about 10 hours would not have occurred.
Because this event apparently did not affect the
subsequent sequence of events, the presence of an
adequate hydrogen recombiner would not have altered
the consequences of the accident.

15. Case 15: If the local meteorology had been different
(turbult c instead of nearly stagnant) , the
individual and population doses would have been
reduced, depending on the assumed meteorology.
(The meteorology at the time of the accident was
unf avorable. )

16. Case 16: If control rods and burnable poisons are
removed and the core geometry changed to a most
reactive configuration _, the TMI-2 reactor is
subcritical and will remain subcritical.

17. Case 17: If the reactor fuel had been at end-of-
cycle instead of nearly new, the course of the
accident would have been changed almost not at all.

Further Findings of More General Applicability

18. The presence of silver, probably from the control
rods, has been detected in the sump of the TMI-2 -

containment building. Vaporized silver in a more
severe accident could serve as a trap for iodine
released from the fuel, and would not cause any
adverse conditions in the reactor vessel or contain-
ment building.

- ikb-\lb'73 '
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19. Most of the radio-iodine released from the fuel in
the TMI-2 accident was retained in the water in
the primary system, the containment building and
the auxiliary building. This is attributed to the
chemical reducing conditions existing in the water,

near the fuel at the time of release of the iodine.
The radioactivity of the iodinc has decayed by a

_

factor of nearly 100 million after seven months.

20. Failure of containment would be unlikely even in
the event of a steam explosion developing out of a
postulated fuel melting accident.

21. Failure of containment to the atmosphere by penetration
of the concrete basemat is unlikely even in the
event of a postulated large scale fuel melting
accident. Significant uncertainties exist in the
calculation. Bedrock underneath the TMI plant is
judged to be at least equivalent to concrete
insofar as penetration by molten fuel is concerned.

22. The fission product decay heat load for a high
burnup core is not significantly different at early
times after shutdown from that of the TMI-2 core.

SUMMARY

Seventeen variations to the actual sequence of events
have been considered in this study, twelve relate to equipment
or operator actions and five to matters relating to conditions
not tied to the sequence of events. The cases may be
classified as:

a. Resulting in no accident or no damage to the core
(cases 2.3).

b. Resulting in insignificant changes in the accident
(cases 1, 4, 5, 10, 11, 12, 13, 14, 15, 16, 17).

'

Resulting in potentially more serious consequencesc.
(cases 6, 7, 8, 9).

- The cases resulting in no accident or minor changes
need little discussion; some of these terminate the accident,
others create perturbations that damp out in time or reduce
the consequences of the accident. Still others in"olve
increased radioactive iodine release, but by amounts not
significant to public health and safety.

Four possibly serious cases (6, 7, 8, and 9) require a
more detailed study for definitive description than could be
made in the time available. At best the accident would have
been changed only in detail; at worse, fuel melting in the
hottest zone could have occurred. This last possibility is

1233 J46
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sufficiently uncertain and close enough to that of gross
fuel melting that the consequences of fuel melting accident
was investigated. Such an e:: tended accident was caused and -

bounded by assuming an adiabatic condition (no heat sink or
water injection) at three hours and twenty minutes. The
report documents a best-estimate analysis with detailed
identification of possible errors, uncertainties, and alternate
paths. Where realistic or best-estimate descriptions were
not possible a conservative path was chosen.

This portion the study of an extended accident
examined the physi,il and chemical effects associated with
the melting of fuel and came to the following conclusions:
subsequent steam explosions would not be expected to threaten
the containment. Collapse of the molten portions of fuel
into an uncoolable geometry could have led to penetration of
the pressure vessel but the subsequent pressure would be
less than that provided for in the design basis accidents.
However, the penetration of the containment concrete basemat
by molten fuel is uncertain. If this should occur the core
material would be in a solidified form and the containment
rests on solid rock thereby retarding fission product transport.
It is unlikely that containment penetration to the atmosphere
would have resulted, unless emergency systems designed to
accommodate high temperatures and pressures in the containment
were unavailable.

.

e
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TMI-2 SITE MANAGEMENT

In the process of reviewing documents, interviewing
operators and management personnel, taking depositions and
inspecting the facility it became evident that a number of
significant deficiencies existed in what might be called-

" site management". This was not evident when the accident
investigation commenced but rather became apparent as the
investigation progressed. Although no single discrepancy is
of crucial importance the aggregate of these errors and
omission is a matter of concern and merits examination.
These shortcomings suggest day-to-day management which may
not have adequately supported safe reactor operation and
personnel protection from radioactivity.

Most of the deficiencies discussed in this paper arose
from interviews and depositions of TMI operators and managers.
However, a significant number of comments, namely those
concerning preservation and cleanliness, material condition
and radiological controls, are based on the personal observation
of one or two of the staff members most experienced with the
operation of nuclear facilities.

The following summarizes their findings:

The staff of the Reading headquarters of.

Metropolitan Edison did not have a significant
influence over technical operations at
Three Mile Island. .

The Unit Superintendent did not effectively carry.

out many of the responsibilities assigned by
authoritative documents.

Neither the Station Superintendent or the Unit.

Superintendent considered himself responsible for
the training of operators.

Shift Foremen were tied down by administrative.

requirements and did not effectively supervise,

plant operations.

Surveillance procedures were not adequately.

supervised or audited to ensure that they
were done correctly.

Procedures for operating shifts did not ensure.

the continued presense of a "small break
LOCA operator," as required by procedures.

The relationship between Auxiliary Operators.

and Control Room Operators was ill-defined,
in practice.
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Shift relief procedures were significantly.

deficient and required upgrading.

Valve lineup procedures and operating log.

maintenance procedures required upgrading.

Many informal or unsafe work practices were ..

observed.

The material condition of many valves, pumps and.

mot' ors was poor due to inadequate maintenance
standards.

Radiological controls practices required upgrading..

Many deficiencies were noted in the Unit 1 Reactor
Building and Unit 1 Auxiliary Building.

.

e

.
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PERSONNEL TRAINING & QUALIFICATION

An extensive investigation was undertaken of this area
because of the failures of the operators to correctly
interpret the early circumstances and to take action which
could have terminated the event without severe damage. The
investigation covered relevant NRC, GPU/ Met Ed, and B&W-

documentation of training and qualification requirements,
procedures, records of training, NRC Operator Licensing

.
Branch records, interviews and depositions of key people and
a visit to the B&W Lynchburg Training Simulator facility.
Three general areas were examined: requirements, implementation,
and evaluation of results.

Findings

There is no regulation concerning minimum eligi-.

bility requirements for reactor operators or
senior reactor operators (e.g., an operator need
not be a high school graduate).

The NRC has prescribed only limited training.

requirements for the qualification of operators.

The NRC does not prescribe any requirements.

concerning education, experience, reliability,
skill, stress fitness, psychological fitness or
criminal records of managers, supervisors,
operators, technicians or repairmen.

No management personnel o'ther than the operations.

manager require licenses.

The minimum required shift composition for TMI-2.

while the reactor is at power is one senior
operator, two operators, and two nonlicensed
operators. Only one operator need be in the
control room.

The NRC licensing process institutionalizer a.

,
shallow level of operator knowledge.

The NRC conducts a paper review of licensee.

training programs and a one-time-only review of
- simulator training programs when they are first

set up and subsequently observes startup
certification tests about every six months. There
is no written report resulting from these observa-
tions,

The NRC does not conduct in-depth review of.

licensea or simulator training programs,
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Babcock & Wilcox performs a crucial role in.

training operators for utilities which do not
have their own simulators.

B&W instructors are not required to qualify as.

operators.
'The B&W Training Service section has functioned.

almost independently of both B&W management and ,

engineering as far as course content and conduct
are concerned. -

The B&W simulator was unable to reproduce the TMI-.

2 accident sequence prior to March 28, 1979.

Training at B&W did not instruct operators on.

how to deal with a srall break LOCA in the steam
space of a pressurizer. (This was the character
of the TMI-2 accident)

Training which operators received at Three Mile.

Island did not prepare them to cope with the
accident.

TMI Training Department is understaffed in both.

quality and quantity (The supervisor of training
had been unsuccessful in completing requirements
for an operator's license. )

Auxiliary operator training is sporadic, ill-.

defined and does not cover material needed.

The TMI operator requalification proge rn is or low.

:uired by 10quality. It does not include topics s

CFR 55 and is not related princ! ; ally to ensuring
safe reactor operation. Absenteeism is high.

The TMI-2 training program did not teach operators.

about:

a. Pressurizer level versus reactor coolant
system pressure -

b. Recognition of saturation conditions in the
reactor

c. Recognition of the need for and the ways in ,

which to remove decay heat
d. Recognition of the significance of high

radiation levels
e. Recognition of a loss of coolant accident

There can be little doubt that inadequacies in operators
and staff training and qualification contributed to the TMI-
2 accident. A lack of attention to postulated acciden
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scenarios in such studies as WASH 1400,and to prior
experiences such as that of Davis-Besse, permitted training
and training aides such as the B&W simulator to be
deficient in areas necessary to the understanding of the
TMI-2 events.

.

.

.
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CONTROL ROOM

There is evidence the operators of Three Mile Island
Unit 2 were confused by the indications available to them on

~ March 28, 1970 During the course of the accident which
took place that day a number of malfunctions of control
equipment occurred. Because of this the control room design

- was reviewed to evaluate its adequacy in providing the
necessary information to operators and the controls needed
to uhut down the plant and place it in a safe condition.
Performance of the control room during the transient was
assessed as was work being performed in the industry to
improve control room design.

The TMI-2 control room was reviewed in visits to the
plant in June 1979, in interviews of design personnel,
discussions with cognizant NRC review team members and
control room design guidelines. This review determined the
following key points:

o There are no definitive NRC regulatory requirements
for control room design. There has not been
standardization; control rooms have generally
evolved as certain designs were tailored by the
wishes of the cliert utility and in"luenced by
precedent, designer preference and nuclear steam
supply supplier recommendations.

o The. control room at TMI-2 was designed to be
ope ated by a single person during normal
operating conditions,

o Review of the March 28 accident sequence indicates
that the control room did not lead directly to
the onset of the transient or the follow-on
events. However, operator confusion, which was
evident during the accident, may have resulted in
part from the control room layout and design
or from equipment malfunctions which occurred.

o Emergency systems controls are not arranged in an
orderly manner with all controls and process
indications located in one section.

o There are more than 1500 alarms in the plant with
most of them being annunciated in the control
room. Alarms are not arranged in the
control room in a logical fashion.
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o Indicator light colors are not such as to assure
that operators are quickly alerted to out-of-
position valves or breakers.

o During the accident operators were initially
confused by the many alarms which were
received. They were misled by incorrect pilot
operated relief valve position indication and
ambiguous relief valve discharge line temperature
indication. Operators did not notice shut
indication for emergency feedwater block valves,
perhaps because of the logic with which multi-
colored lights are used on the panels. There
was no emergency feedwater flow indication
available to alert the operators that blocx
valves were shut. Control of the condensate
polisher bypass valve from the control rooms
failed.

o Instrumentation and aids which might have helped
the operators include improved computer diagnostic
capability, instruments for detection of
inadequate core cooling, improved data displays,
a supervisor control panel and a multi-channel
recorder.

.
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TECHNICAL ASSESSMENT OF OPERATING, ABNOR%L
AND EMERGENCY PROCEDURES

1. Summary

As a part of the effort to identify and evaluate the
possible causes for the Three Mile Island Accident an
analysis of operating, abnormal and emergency procedures
was conducted by the staf f. Those significant-

procedures which were in use at the onset of the
accident and the procedures which became applicable
as the accident progressed were evaluated for
technical accuracy and adequacy with respect to the
transient of 28 March and its aftermath.

Summarizing the more significant findings:

a. Seven of the 15 procedures reviewed were adequate
for their intended purpose and were not causative
factors either in the onset or the severity of
the accident as far as their technical accuracy
and adequacy are concerned.

b. Four procedures were judged to contain
significant deficiencies which could cause
confusion or lack of action but which would
not preclude their use by competent operators,

c. Four procedures, Pressurizer Operation, Loss of
Reactor Coelant/heactor Coolant Systen Pressure,
Pressurizee System Failures and Post Accident
Hydrogen Control were assessed to be so deficient
as to be inadequate.

d. The provisions of some procedures may have
influenced events on 28 March. For instance
some procedures emphasized avoiding equipment
or component damage over keeping the core
covered and cooled. Operatore were required
by technical specifications not to permit the-

pressurizer to go solid. Procedures seem to
be written to minimize " outage" and maximize
' plant availability. "

Findings

Analysis of the technical aspects of the operating and
emergency procedures which were used or which were
applicable on 28 March at TMI Unit 2 suggests the
following findings:
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1. The following procedures, although they may
be deficient in minor respects are adequate
for intended purposes.

o Operating Procedure 2102-2.1, Power
Operations

o Operating Procedure 2104-1.3, Decay
Heat Removal System

o Operating Procedure 2102-3.3, Decay
Heat Pemoval via OTSG -

o Operating Procedure 7.104-1.1, Core Flooding
System

o Operating Procedure J104-1.4, Reactor
Building Spray

o Operating Procedures 2104-6.3, Emergency
Feedwater

o Operating Procedure 2'05-1.3, Safety
Features Actuation System

2. The following procedures contain significant
deficiencies which could cause confusion or lack
of action but would not preclude their use by
competent operators:

a. Operating socedure 2103-1.4, Reactor Coolant
Pump Operation

(1) Precludec pump operation with excessive
vibration.

(2) Whether pcmp should be tripped under low
pressure, LOCA conditions was not clear.

b. Abnormal Procedure 2203-2.2; Turbine Trip

(1) Does not require operator to verify that
the PORV is shut although it is expected
to open.

(2) The operator is directed to use letdown,
as necessary, to preclude pressurizer
level from exceeding 240 inches
following a turbine trip. -

c. Emergency Procedure 2202-2.2 Loss of Stean
Generator Feed.

(1) Requires immediate manual reactor trip
on loss of both feedwater pumps.

(2) Does not require verification of proper
PORV operation.

d. Emergency Procedure 2202-1.1, Reac' r Trip
,

(1) The procedure makes no provisivn for
determining the cause of the reu; tor
trip and correcting it.
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3. The following procedures were so deficient as to
be inadequate.

a. Operating Procedure 2103-1.3, Pressurizer
Operation

(1) States the pressurizer may not be taken-

solid for any reason except hydrostatic
tests.

.

b. Abnormal Procedure 2203-2.6, Post Accident
Hydrogen Control

(1) The procedure does not recognize the
rapid generation of hydrogen as occurred
at TMI.

(2) The procedure does not recognize any
difficulties which might be encountered
in placing the hydrogen recombiner
in operation.

c. Emergency Procedure 2202-1.5, Pressurizer
System Failures

(1) The procedure's basic structure is very
confusing, some sections should be in
the loss of coolant procedure;
symptoms are significantly incomplete,
misleading or erroneous.

(2) No guidance is,given for actual pressurizer
level control problems.

(3) Terminology is sloppy.

d. Emergency Procedure 2202-1.3, Loss of Reactor
Coolant / Reactor Coolant System Pressure

(1) Procedure lacks objectives.
(2) Symptoms are incomplete, misleading or

erroneous.
(3) The procedure is difficult to use. Cases

are not defined..

(4) The operator is required to throttle HPI
to prevent pump runout regardless of
the severity of the accident.

(5) The procedure does not promptly ensure
that containment is isolated.

(6) A section on small break LOCA response
is illogical and cannot be followed.

(7) No cautionary guidance is included
regarding core covering and cooling.
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4. Operators were prohibited by Technical Specifi-
cations from permitting the pressurizer to go
solid.

5. Some procedures emphasize avoiding equipment
damage over keeping the core covered with
water or maintaining core cooling.

.

6. The procedure for decay heat removal via the
OTSG's is simple, straight-forward and if
followed can be used to cool the core either

~

with or without running reactor coolant pumps.

7. Procedures recognize that the PORV will open
following a turbine trip.

.

\
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SIMULATORS
TRAINING & ENGINEERING DESIGN

A light-water nuclear power plant with its many components,
subsystems and systems requires the use of a very large-

number of analytical models, computer programs, and analytical
tools for design, licensing and training. The models available
to describe conditions in the reactor can be broken down,

into several categories. They are:

1. Steady-state analyses. Such models deal with
reactivity, fuel enrichment, heat transfer,
power, and flow distribution in the reactor on a
steady-state basis. They also provide many input
parameters to transient computations. Sometimes,
they are employed to describe very slow transients
which can be evaluated on a quasi-steady-state
basis.

2. Transient analysis. These models deal with
most normal and abnormal plant disturbances. They
employ a relatively simple representation of the
reactor primary system, but include accurate
control and safety functions in their modeling.
They tend to deal with small departures from
normal conditions but not accidents.

3. Accident analyses. These analyses deal
with unexpected events such as a leak or break in
the primary system, etc. They are transient
calculations but they analyza conditions more
degraded than those in the transient analyses
described above.

4. Damage analyses. Several of the accidents
may lead to damage to the reactor core and
the calculation of such damage often requires a
separate analysis. The accident may alter the

. reactor configuration and conditions may be quite
different from those under normal transient conditions,
or the initial stages of the accident.

5. Training simulator models. Such simulators
of ten employ dif ferent and more simplified models than
those in design or safety analyses, and they are
best dealt with as a separate group.
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Segmentation of Analyses

The kind of information required and accuracy and
details of the calculations can be expected to vary with
ea a kind of analysis. For example, considerable accuracy
and details in the reactor core are utilized in steady-state
calculations while any accident analyses employ '

a much more lumped representation of the core. This has led
to the development of computerized models (or codes) which
are applicable only to certain types of events and often to -

rather limited scenarios. In some cases the results from
one code are required as input to another code. Such
segmentation is a serious drawback to being able to calculate
the entire course of TMI type accidents. No single code
exists that combines a good control system and a good small-
break model. While such calculations can be performed by
combining several available codes, the analyses are not
flexible enough to readily evaluate changes in the possible
branches of the fault trees. This is all the more true when
operator actions are included.

Superimposed upon this segmentation of analyses for
different transient and accident types is the fact that many
calculations are performed for licensing purposes rather
than on a best-estimate basis. In other words, descriptive
sequences of events generated by codes may not be indicative
of what the operators will see.

Capability for Analyses

The capability for analysis varies from one organi-
zation to another. At present, the best capability resides
with the reactor suppliers who can perform the entire range
of calculations. Next, in terms of capability comes the
NRC. While the NRC could call upon national laboratories to
attain the same level of proficiency as the reactor suppliers,
they have chosen often to assess and audit the results from
manufacturers' analyses rather than reproduce them. The
widest spread in range of analytical capability exists among
the plant owner- or operators. Some utilities such as TVA,
Duke Power Company, and others have developed good analytical
capability while other utilities have almost none. EPRI,
through its computer codes, is trying to make it possible
for all plant owners to have adequate independent analytical
tools. However, analytical independence by all utilities is
not true today, and several plant operators have to rely
very heavily, if not exclusively, upon manufacturers for
most of their analytical evaluations. Under such circumstances,
the plant operating engineering support group cannot help
but be less responsive and lacking in complete understanding,
especially for unexpected type events.

.
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General Findings

1. There is a strong need for analytical simuldtion
of fault-tree events which involve control systems,
operator actions, and equipment failure such as
occurred at TMI. Such calculations need to

. incorporate man-machine interactions and need
to be performed on at least a real-time and on
a best-estimate basis.

2. The NRC has an inadequate capability to indepen-
dently analyze transients and accidents.

3. Utilities have an inadequate capability to
perform transient and accident analyses.

Steady-State Analyses

The steady-state reactor analyses are concerned with
calculating the three-dimensional power distribution,
reactivity, exposure, and thermal hydraulic characteristics
in the core at start-up and as fuel burn-up progresses. The
reactivity computations involve several nuclear group cross-
sections and many parallel flow paths. They are multinode
calculations and often take several hours on the fastest
digital computers available.

The steady-state calculations are of utmost importance
to the performance and economics of power plants. They
yield the fuel enrichment and operating reactivii strategy,
both of which control fuel-cycle costs. They also determine
the allowable operating power level.

Findings

1. Commercial incentives motivate the continued
development and verification of steady-state
models by industry.

2. Several of the outputs from steady-state codes are
employed in other performance and safety evaluations.'

Often, such parameters are taken at their bounding
values which make ensuing calculations not

- representative of what the operators might see.
It would be desirable to identify all such outputs,
their best-estimated values and their range
of uncertainty.
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Transient Analyses

These analyses are used in the following ways:
1. Investigate total plant dynamics and, in carticular,

optimize control systems for normal and off-normal .

operations.

2. Investigate anticipated plant transients and
assure that appropriate safety margins are
satisfied.

Findings

1. There are many limitations to the existing
transient models. For example, some codes used
app 1'r to power levels between 15 and 100 percent
and are not suitable for decay power level or
low-power natural-circulation studies. No two-
phase condition is allowed in the primary system,
i.e., it cannot simulate a system piping break or
two-phase natural circulation without a break.
The pressurizer cannot go solid or entirely empty
and the modeling of the emergency core cooling
systems (ECCS) is not included. In other words,
it is limited to those transients where the
primary system remains relatively close to normal.

2. Because of the lack of emphasis on powerplant
operation under diverse operating conditions,
existing transient analyses have not been able to
cover the operating ranges encountered at
TMI-2. Experimental data on component performance
for use in such analyses have not been obtained
for sufficiently broad ranges of operating
conditions.

3. Several comparisons of the models have been made
to start-up test data and reactor transients.
While the results correspond generally with the

'events, some discrepancies exist and deserve
further investigation.

4. At the time of the TMI-2 accident, elaborate -

computer codes (TRAC and RELAP) were available for
analysis of the severe reactor accidents being
investigated by the NRC under their LOFT program.
These computer analyses were tailored to the
brief durations of the LOFT tests (just minutes
long) and had not been used to explore the longer

l ' ')
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transients represented by TMI-2 (15 hours long).
In the 6 months since the accident,
both RELAP and TRAC have been each employed to
analyze just a portion of the accident but with a
considerable expenditure of computer time; for
example, about 30 hours on a CDC 7600 were consumed
during TRAC's analysis of the first 3 hours of
tne accident. Because so much computer time is
required by these computer codes, the analyses
have been focused on just the TMI-2 accident, and
no exploratory analyses have been made of the
general class of multi-fault accidents of which
TMI-2 is but one example. New computer codes,
each specific to the transient conditions being
explored, could speed up the process and thereby
permit this broader investigation of a range of
accidents.

5. In addition to the f ailure to recognize the need
for investigating such multi-fault accidents, a
key reason that the capability to analyze such
accidents has not evolved is the lack of recorded
data from the powerplants themselves on which to
base the analyses. Because nuclear powerplants
are so costly (about $1 billion each), they have
not been subjected to deliberately imposed transients.
Although accidental transients can provide
some of the needed information, the powerplants
are generally not equipped with the data-recording
system that would make this possible.

6. Fortuitously, such a data-recording system (B&W's
Reactimeter) was installed at TMI-2 at the time of
the accident. The data it recorded has been of
great value in the accident's postmortem.
These data are also potentially useful as input to
training simulators. Although use of such recorded
data would extend the range of training programs
and give an air of realism to an otherwise
synthetic process, use of such recorded data in
training is not an industry practice. Had, for
example, data recorded at Davis-Besse been used in
a simulator for training operators at TMI-2, those
operators might have learned how to properly cope-

with the similar accident that did occur at TMI-2.
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7. Many of the transient studies are terminated
early, and En so doing) do not examine other
abnormal conditions that might develop in the
course of bringing the plant to cold shutdown.

Accident Analyses

There are many accident analyses performed in the
course of safety evaluations and preparations of safety
analysis reports for submittal to the NRC. The number of
models is also rather large.

The objectives of the eFtensive safety studies performed
in the licensing process are to define the worst cases and
to show that they satisfy the requirements of Title 10, Code
of Federal Regulations, Part 50 (10 CFR 50), Appendix K.

The Appendix K, 10 CFR 50, specifies many of the
details of the required analyses. As an example, for a
LOCA, it not only specifies initial conditions, rates of
power generation, and certain model features, but it also
identifies the peak fuel clad temperature not to be exceeded
and the malfunction characteristics to be employed. Generally,
the LOCA analyses are performed for a specific set of break
sizes with the plant at 102 percent of power and with the
assumptions of reactor trip, no off-site power and one
single failure such as one complete train of the emergency
water cooling system not being available.

Findings

1. A large number of worst-case accidents are
examined with the assumption that lesser accidents
are covered if the large ones can be handled.

2. The available models take several hours on the
fastest computers to carry out simulations of
accidents.

3. Event tree / fault tree analyses of accidents have
not been employed fully. They have not adequately
considered operator information and operator
actions. Such analyses can surface sequences

'

of events which are more probable or more
severe than those presently prescribed in the
licensing process.

4. Modeling of accidents for licensing purposes on
a "best estimate basis" and adding a safety margin
may be superior to the present mode of adding
conversatism to the scenario, i.e., taking a worst
case for a " design basis accident". This approach
can lead to a better understanding of phenomena
and make more information available to operators.
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Damage Analysis

Following the accident at TMI-2, there was a need to
estimate the degree of core damage and, in particular, the
reactor core configuration. This knowledge was necessary to
evaluate alternate modes of transition to cold shutdown at
TMI-2. Models have been developed to deal with such post-
accident damage. These models vary with the type and degree
of resultant damage. For example, during a LOCA, the fuel
cladding will balloon and fail and lead to flow blockage in
the fuel assembly. If the fuel clad temperature continues
to rise, metal (zirconium) -water reaction takes place and
brittle clad failure occurs. In the case of a very strong
reactivity accident, the fuel clad will rupture and some
fual fragments might be dispersed in the coolant. Many out-
of-reactor and in-reactor experiments have been performed to
help predict the resulting damage and to verify the many
available models.

In performing such predictions, one of the key results
is to define the prevailing geometry because it will
determine the flow at each location and the fuel capability
to transfer heat to the coolant. As expected, uncertainty
in geometry increased rapidly with degree of core damage.

Findings

1. Damage models have been developed and they are
validated against experimental data. These
models tend to deal with the early stages of
damage and to overestimate the consequences in
order to satisfy licensing requirements.

2. There are uncertainties in the models and continued
experimentation and modeling efforts need to be
carried out. Several in-reactor experiments have
been performed to simulate LOCA accidents. These
experiments are being sponsored by NRC. In the
past, overemphasis may have been placed upon
modeling and testing the rapid-damage scenarios
rather than slowly developing damage as occurred.

at TMI-2.

Training Simulator Models

The use of nuclear reactor training simulators began in
1968. The purpose of simulators is to provide a realistic
facility for training reactor operators. The major advantage
of a simulator over a real control room is that it can
provide the operator with exposure to unusual events which
might otherwise take an entire career to experience or
endanger a facility.
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The models which are used in these simulators to
represent the water flow, steam flow, core power, valve
position, control. rod position, etc., are much simpler than
the models described earlier in this report. There are two
reasons for this: first there is less need for detailed
information in a training simulator, and second it must be
simple in order to perform the calcuations in real time.

A set of prescribed transients are run on the si.nulator
model once it is assembled, and adjustments are made to make
the control room indicationc to be the same as that expected
on the real reactor, within the tolerance limits allowed.

Findings

1 The current-generation training simulator models
are very capable of modeling operational manuevers
such as startup, shutdown, turbine trip, and load
demand changes. To varying degress they are also
capable of simulating multiple component failures
and instrumentation and control malfunctions.

2. The March 28, 1979 capability of simulation of the
TMI-2 event with the training simulator was
virtually non-existent. For example, the Lynchburg
training simulator could not take into account
steam vcid formation or simulate the breakdown
of natural circulation when the plant is employing
that mode of cooling. Even the most recent generation
of simulators, which do a much better job of simulating
the TMI accident, have a problem of coarse noding
in the primary loop, which makes the natural
circulation calculations marginal.

3. The computer / simulator industry appears to have the
capability of designing simulators which are much
more sophisticated through the use of faster,
larger computers and improved programming
techniques.

4. In aerospace applications, the models for aircraft
simulation are relatively simple, with the flight

'

motion and visual simulator requiring large computing
capacity. The nuclear simulation models are
generally more complex than aerospace simulation
models, but have the advantage of not needing
complex visual and cockpit motion simulation.
Aerospace simulation appears to be more advanced
than nuclear simulation because of the need for
speed and capacity for cockpit simulation. However,
the overall level of technology appears to be
equivalent between the aerospace and nuclear
industries.
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5. Simulators r:e often calibrated against analytical
results whic/ are presented in licensing documents.
These licensing calculations are usually very
conservative, rather than being "best estimate",
and therefore often introduce a bias into what
is presented to the trainee as a normal event..

6. NRC reviews the degree to which a simulator
duplicates the type of plant only once. There
is no periodic reassessment of the ability to
cope with new experiences and accidents.

7. Flow of informatien between designers, operators,
and simulator designers could be increased to
the benefit of all.

Simulator Location

Although some utilities own a training simulator,
Metropolitan Edison relied on Babcock and Wilcox's simulator
in Lynchburg, Virginia, a common practice in the nuclear-
power field. The result was that the operators at TMI-2 had
fewer training opportunities than if such a training simulator
had been located on site at TMI.

If we also consider the aid and counsel that the
current state of the art in computer simulation could have
provided the operators, they were also handicapped in their
ability to judge just what actions they should have taken.
An appropriate computer (or simulator) on-site could have
(1) displayed to the operators the severity of imposed
reactor operating conditions and recommended corrective
actions and (2) could have traced at high speed the future
course resulting from contemplated actions. Two examples
illustrate the potential impact on TMI-2. When boiling took
place in the reactor and the pressurizer when off scale
high, a computer could have displayed this. condition and
cautioned the operators not to turn off high-pre.asure
injection from ECCS, as they did. When at 7 hours and 30
minutes the operators opened the PORV block valve in an
attempt to lower reactor-loop pressure to 400 psig and then

'

to shift the Decay Heat Removal, a computer at the site
could have raced ahead to trace the future course of this

- plan and predicted for the operators that their attempt
would fail.

Findings

1. In contrast with the practice of some utilities,
the simulator for training operators for TMI-2
is in Lynchburg, Virginia. This remote location
diminished the opportunities for operator practice
and training compared with what could have been
achieved if the training simulator had been at the
TMI site. ,
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2. In forming judgments on how to handle the
accident, the operators were handicapped by a
lack of display of relevant data, in comparison
with the information that an on-site computer
could have provided.

In general, all simulation could benefit from the ,

following:

1. Greater use of fault tree / event tree analyses to
point up most probable events and sequences.

2. A rigorous requirement to insure that experienced
events, transients and accidents can be duplicated
by all of the relevant models and for new sequences
of events to be exercised on the simulators to
test adequacy of understanding of designers and
operators as well as the adequacy of the relevant
procedures used by operators.

3. To provide for 2 above an adequate engineering
record of transients experienced by all plants
should be assured.

4. Continuous updating of simulators based on new
experience involving the utility's own engineers
has been found to assure the highestlevel of
understand..ng of the plant a.c its responses
to accidents at the plant when it is needed.

.
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EQUIPMENT CONSERVATISM

The objective of this study was to evaluate equipment
conservatism or margins built into the equipment utilized in
TMI-2. The study looked into design considerations and.

evaluated the controls exercised to insure that margins were
preserved.

This study was performed by a contractor with considerable
experience in design of nuclear systems as well as other
systems requiring high reliability. Three components which
had experienced some problems during the TMI-2 accident were
selected for this study: the high pressure injection pumps
(HPIP), the pressurizer heaters (PH), and the condensate
polisher (CP). The first two are designated " safety-related"
the third is not.

Significant Findinas

o Statements of design conservation (margins) are
not stated in quantitative figures for functional
equipment or system performance. This statement
applies to the carious Regulatory Guides , Codes,
Specifications, etc. utilized .by the Nuclear
Regulatory Commission (NRC) . The NRC does require
compliance with the ASME Boiler and Pressure
Vessel Code for pressura vessels, pumps, piping,
and containment structures.

o Design Conservatism Margin * - Components evaluated.

For the components / subsystems studied, the design
margin in terms of performance and structural
adequacy is summarized as follows:

a. Pressurizer Heater System

Based on the design criteria specified,
the heater system capacity provided represents ,

a design margin for the worst demand condition,

of .$ or 50% greater than what is required
of the system.

~

The pressurizer heater system has considerable
redundancy and the heater elements themselves
are of a rugged construction. The system has
sufficient overdesign in terms of heat capacity
and redundancy such that a number of elements

* Note: Design ccuservatism for purpose of this report is
defined a . the amount of margin or excess capacity
over demand (c) that a system or component is capable
of and has included within the design.
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could fail without adversely affecting
system performance. In summary, it appears
that the system is over designed, and
includes good redundancy provisions.

b. Make-up Pump /HPIP Margins
.

In the normal make-up mode, the MUP/HPIP
units can each provide a factor of 1.62 times
the flow required to maintain normal system
make-up requirements. The data shows that
the two pump's combined capacity exceeds the
system demand by a factor varying from 1.57
to 2.57 depending on system pressure condi-
tions.

c. Condensate Polishing System

The hydraulic performance of the CPS to
handle the maximum required condensate flow
is assessed to be satisfactory. The pol.sh-
ing system is sized in accordance with an
empirical industry standard of 50 CFM of flow
per square foot of polisher bed area (in the
direction of flow). The design flow capacity
of the CPS of TMI-2 per the above standard is
17,572 GPM.

The hydraulic performance of the CPS, to
assure at all times and for all operational
flow ccndition that enough parallel polisher
legs will be available to adequately feed the
Condensate Booster Pumps, is assessed to be
inadequate. This assessment is based on the
fact them the CPS is a full flow system, but
does not have an active (automatic) by-pass
system. Secondly, the availability of
sufficient numbers of parallel polisher legs
cannot be ensured because it is subject to
manual operator procedure and adjustment.

'The condensate polisher instrumentation and controlo
system does not have adequate fail-safe provisions
incorporated into the design. No analysis was
performed or requirements formulated to assure -

that an adequate number of polisher legs would be
in operation to adequately feed the condensate
booster pumps under all operations flow conditions.

' ; t,
,
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o End-to-end functional schematics or flow
diagrams do not exist that co"er all aspects
of a given system.

o Independent design reviews were conducted by the
A&E contractors and outside consultants. Comments
were constructive and indicative of a review
of fair depth.-

o Design practices / controls imposed on the TMI-2
. design by either the NRC or GPU-SC were less

rigorous than those imposed by the NASA (high
reliability and safety oriented programs).

In summary, the two safety-related systems, the High
Pressure Injection Pump and the Pressurizer Heaters are over-
designed. Their design is governed by codes and standards
rather than by a quantitative statement of margin requirements.
The Condensate Polisher meets the flow requirements, but has
a control system that permits total flow disruption upon
failure. This may be an oversight or symptomatic of a lower
degree of attention period to non-safety related programs. A
sample of three is hardly enough from which to draw conclusions
of this type.

The study points out that the TMI-l condensate polisher
was required to carry only half the total flow - that isyone-
half the required flow was bypassed around the polisher so
flow could not be totally interrupted. In addition the TMI-
1 polisher had an automatic bypass in the event of failure
for the half that it did handle. These fail-safe conditions
of TMI-l were not incorporated in TMI-2.

.
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SAFETY DESIGN MARGINS

The Levy Report (Chapter 4) was prepared in response to
a request by the staff to " assess design margins in the TMI
nuclear plant".

,

The Levy Report addresses three aspects of safety
margins. First, it addresses the approach taken during the

- present nuclear plant licensing process towards defining
safety margins aimed at improving this approach. Second, it
addressed the actual design margins present in existing
nuclear plants in these specific areas: peak fuel duty
(kilowatts / foot), critical heat flux margins, and peak clad
temperature (during LOCA) margins. The report concludes that
"the course of events at TMI-2 would not have been changed
considerably or the consequences seriously reduced if the
design margins at TMI-2 had been greater." Third, the
report compares the equipment margins among modern nuclear
plants (PWR's) produced by B&W, Westinghouse and Combustion
Engineering in several important areas, such as secondary
side boil-off time at full power, high pressure injection
capability, etc.,and makes some general observations about
the relative safety margin in these three plants.

Some of the more signficiant conclusions, and staff
comments, in sach of these three areas, are as follows:

1. Approach Taken During Licensing In Determining Adequacy
of Safety Margin

The report criticizes the present approach used by
NRC and industry to estimate safety margins as
being too narrov, and suggests that a broader and
more systematic approach would be beneficial. For
example, the report suggests that there may be
accident scenarios other than those presently
focused on the licensing process, and other than
the TMI scenario, which are of higher probability
and may produce extensive damage. The report
suggests a systematic approach towards evaluating'

an expanded set of accident scenarios and that
careful consideration of operator errors be

- included in this systematic approach. In the past,
several organizations have recommended that
quantitative safety goals be defined in the
licensing process so that rigorous safety
evaluation methods would have some meaning
(e.g., Atomic Industrial Forum Report on Reactor
Licensing, 1978,and letter from the ACRS Chairman
to Joseph Hendrie dated April 1979) but this has
still not been implemented by the NEC.
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2. Design Margins at TMI

The Levy report states that even if design margins
at TMI-2 had been greater, the course of events
would not have been nnch different. While this
may be true for the particular parameters selected
by Levy (peak fuel duty, critical heat luxf and
peak clad temperature), we believe it is not true -

for the other types of design margins that should
normally be considered in designing a power plant.
For example, elsewhere in this staff assessment we .

point out that the condensate system at TMI-2 has
inadequate design margin, and this contributed to
the initiating events on March 28. If this is
true for the condensate system at TMI-2, then it
may well be true for many other auxiliary systems
at TMI and elsewhere, systems which are not generally
considered to be safety-related, and hence do not
receive the same focus of attention during design
and licensing as the primary heat transport sys*em.

3. Equipment Margins

The Levy Report notes substantial differences in
equipment margins between B&W, Westinghouse,and
Combustion Engineering designs. In some cases,
such as thermal inertia in the steam generator,
the B&W units have less margin. In other cases,
such as high pressure injection system capability,
or natural circulation thermal driving head, the
B&W units have more margin. 'The Integrated
Control System of the B&W plants not only makes
the plants easier to operate but also by making
the plants more responsive to load change, dim-
inishes the frequency of reactor trips.

Levy further notes that raising the steam generators,
as in the Davis-Besse powerplant, increases the
operating margins during abnormal or accident
conditions. The capability for removing heat from
the reactor by means of natural circulation is
substantially augmented, thereby improving on an ,

already exiruing advantage of once-through steam
generators o rar the U-tube type. In addition,
during a severe accident, as at TMI-2, nearly the

'

entire inventory of reactor coolant in the steam
generators could drain into the reactor rather
than being trapped there as at TMI-2. Overall,
the report concludea that margins appear to be
about equivalent.

7 a77-
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The staff has no basis for disagreeing with
this conclusion. We do not consider it to be
possible, nor would it be useful, to attempt a
critical evaluation of basic plant design features
of the different types of plants now in use. Our
general view is that the safety of these plants is
more dependent on how the design features are*

implemented in actual practice (i.e., the details
of control systems, quality assurance, operating

- procedures, etc.) than on the basic features
themselves. The staff did, however, find some
system component inadequacies and questionable
designs. For example, the staff reports on the
Polisher and the PORV describe some of these
design inadequacies.

General Comment

The staff found the Levy report to be quite useful in
providing insights and innovative viewpoints on the subject
of reactor systems, regulation, and reactor safety. Many
individual observations, conclusions and findings are
included which are not mentioned in this summary, and which
we believe may be useful for the Commission and others
considering the matter af nuclear power plant safety.

Additional Comments

The report also contains two papers on NRC's approach
to systems safety consideration and their approach to
changes in requirements deemed necessary in the interests of
safety. These relate to actions taken by NRC to improve
safety margins as a result of TMI-2 as follows:

1. PORV Margins

For operational convenience, B&W reactors use PORV
and ECCS to avoid using scram in normal transients.
Other PWR designs do not, because their PORV
pressure settings are above the reactor scram
setting and reactor scram is tied to loss of-

secondary cooling. Essentially, this exposes the
B&W reactors to more demands on PORV, hence more

.

chance of small LOCA, hence more demand on
HPSI, hence more risk of fuel melting, (ref. event
tree report). There is more chance of a small
LOCA in the B&W design without anticipadory scram.
Since TMI-2 NRC has required B&W reactors to
include anticipatory scram.
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2. ECCS Margins

High-pressure ECCS coupled with proper PORV
operation is sufficient to cool decay heat from
B&W reactors during transient loss of secondary-
side cooling. In Westinghouse reactors,
secondary-side cooling must be restored within ,

about an hour in order to prevent fuel melting
(ref. WASH 1400, TML sequences) . There is a
better capability in B&W designs than in Westing-

-house to handle transient loss of secondary-side
cooling. This capability is decreased since NRC
required the PORV set-point to be raised.

3. General Observation

Design changes to improve the safety margin in a
reactor have been made without detailed analysis
of the effect of the changes on other parts of the
system, and can actually lead to degraded safety.
To lessen the demand on PORV and hence the
likelihood of PORV failure in B&W reactors, NRC
currently requires that the pressure set-point for
opening PORV be set above the reactor
scram-pressure set-point. However, this raises
the. pressure against which ECCS must work in
feedwater transients, and reduces the capability
of ECCS coupled with the PORV to cool the reactor
for an extended period of time.

Changes such as these can have other effects on
the whole plant making desirable the use of
WASH 1400 risk assessment methodologies for
evaluating safety margins between existing
and alternate systems.

.

=
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PILOT OPERATED RELIEF VALVE

The failure of the Pilot Operated Relief Valve (PORV)
to close when the Pressurizer Pressure returned to safe
operating levels was a major contributor to the TMI-2.

accident. The failure of the operators to recognize this
fact for 2 hours and 20 minutes is discussed in the sections
of the report dealing with operator performance, training.,
and procedures. Because of the criticality of the PORV to'

this event, a detailed study was made of its purpose,
history of occurrences, reliability, performance of other
available values, and its recognition as a safety related
item.

Purpose

The purpose of the PORV is to relieve Reactor Coolant
System (RCS) pressure increases due to transients without
operating the Code Safety Valves. When the Code valves are
operated they often leak upon reseating and the plant must
be returned to a cold shut-down for refurbishment or replace-
ment of these valves. Safety precludes the use of block
valves in series with code valves. Since at TMI-2 the
reactor is not automatically tripped on the onset of
transients that induce RCS pressure excursions, the PORV is
used operationally to avoid a reactor shutdown and the
resultant time that it would take to shut down and restart
(approximately 8 hours) . All PORVs leak after a few
operations. Small leaks of the PORV (up to 1 gpm) are
allowed in the Tech Specs. A procedure exists calling for
the closing of PORV block valves if the discharge line
temperature exceeds 130*F. Practice, however, tolerated
higher discharge line temperatures.

History

PORVs have been operated hundreds of times in operating
plants. Although there has been some improvement in
reliability over the last few years, failures still occur.
Nine failures have been identified in B&W plants, 1 in a'

Combustion Engineering Plant and 1 in a Westinghouse plant.*
Boiling Water Reactors (BWRs) are much more responsive to

- transients than Pressurized Water Reactors (PWRs) because of
the absence of steam generators so they make much more use
of PORVs (they call them Pilot Actuated Relief Valves,

*0n August 24, 1974 the PORV failed to close at the Beznau
plant in Switzerland. This was not reported to NRC until
after TMI-2.

.
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PARVs) and 21 failures of these between 1970 and 1978 are
identified.

Since these valves, when operated, are breaching the
primary RCS boundary, a clear line of defense or safety, the
acceptance of the safety-of-the-art in PORV reliability and
its use for operational convenience needs to be carefully .

re-examined. The NRC has already moved in this direction by
ordering an increara of the pressure level at which the PORV
is opened and by ordering that the reactor be tripped on ,

Inss of'feedwater. These actions both minimize the number
of PORV operations called for and the requirement for it to
be used at all,

Observations

PORVs are subject to leakage and failures.

Existing procedures did not realistically take.

into account operations under leaking conditions

Training and simulation did not reflect probability.

of PORV failure

Acceptance of operational convenience use of PORV.

should have been critically weighed in light of
its breaching of a safety boundary and the
possibility of operator error.

The PORVs may not be requirAd when taking into.

account the new requirement for anticipatory trip
of the reactor.

The PORV at TMI-2 was not recognized as a " safety.

related" component.

.
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CONDENSATE POLISHING SYSTEM

The function of the Condensate Polishing System is to
maintain water quality by removing impurities from the
condensate; the objective being the prevention of problems.

in the Power Conversion System caused by scale formation,
corrosion carryover, and caustic embrittlement. In addition,
the sytem design provides for removing impurities in the

~

condensate caused by in-leakage in the steam generator of
reactor coolant liquid, and intermittent in-leakage in the
condenser of cooling water from the Circulating Water
System.

The Condensate Polishing System is composed of eight
parallel Condensate Polisher units. The design of the
polisher units and regeneration equipment is based on a 28
day resin in-service life, that is, each of the eight
polisher units, or tanks, nominally needs to have resin
removed and replaced once each 28 day period. The system is
so designed that seven of the polisher units can handle the
full condensate flow, while the remaining one is being
replenished.

The equipment in the Condensate Polishing System is in
accordance with ASME Boiler and Pressure Vessel Code,
Sections VIII and IX, however it is not classified as
" safety related" and thus does not receive the same care and
attention, as from Quality Control during its operational
life, nor did it receive such when it was designed,
fabricated, transported, stored, installed, and checked out.

As reported by several sources, and as noted in various
interviews, depositions, and hearings the TMI-2 plant
operating staff had been working for some time when the
accident was initiated to clear resin from polisher tank
Number 7. This work was reportedly being accomplished in
accordance with operating procedures and had been in
progress for about eleven hours prior to the accident. The
work involved the use of compressed air and water, as per

~

the procedure to force the spent resin from the tank.

At the time the turbine trip was announced an operator
- reported that the condensate polisher panel indicators

showed condensate polisher isolation, which indicates no flow
through the polisher. This condition could be caused by
closed polisher effluent valves. This state of no flow at
this time was confirmed through a review of records. This
no flow condition would then result in the condensate pump
trips that did occur initiating the loss of feedwater.

.
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The Investigation

Investigation into the causes for polisher failure
included examination of design, history, procedures, and
post accident tests resulting in the following findings.

*
Design

Without using the manual bypass valve provided in the
TMI-2 condensate polisher, the system had essentially no .

capacity beyond that required of normal 100% operations. In
addition, polisher system did not have the automatic fast
acting bypass of TMI-1.

History

On at least two occasions (5/15/78 and 11/4/77) prior
to the accident, operators documented serious concern over
loss of flow through the polisher system due to sudden
closure of polisher effluent valves resulting in loss of
condensate flow as it did on March 28, 1979. Design de-
ficiencies were.not effectively corrected.

Procedures

A recently revised procedure was being used for work on
the polisher. No Quality Assurance audit was being performed
since this system is not classified as " safety related"
equipment.

Post Accident Tests and Inspections

Water was indeed found in the service air system
although attempts to repeat the failure with water in the
system have not yet reproduced the closure of the effluent
valves. Other differences were found to exist between
equipment and drawings.

The effluent valve solenoids were not wired per the
drawings. The effect of this is not yet known.

.

Summary

It is still not proven at this time that the work on
the polisher caused the initiating event of the accident

,

although it is most probable. The study of Component Con-
servatism contains an analysis of a possible mode for
failure of the Polisher in the manner experienced at TMI-2.

7 a7O^
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The reliability of this system is questionable. There
was a lack of management attention to recurring problems
with the system prior to TMI-2 and a corresponding lack of
attention given to operator's expressed concerns over the
consequences of a malfunction of the system. There is an
absence of Quality Assurance overview of the equipment or
procedures involving it because of its nondesignation as-

" safety related".

Perhaps the most questionable design decision was that.

of not providing fcr a routine and automatic bypass
capability on the TMI-2 polisher system. Various
arrangements of this bypass capability which provide
operational margin are in use in other nuclear plants.

.

*
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QUALITY ASSURANCE AND RELIABILITY

A review of the independent assessment program at TMI-2
and the requirements thereof as defined by NRC regulations
was conducted. A team of the Commission staff and consultants
studied the regulations, organizations, procedures and'

practices involved in both the NRC and the Utility's activ-
ities,which are intended to assure the safe operation of

- nuclear plants.

Requirements for Quality Assurance and Reliability
activities are contained: in 10 CFR 50, primarily Appendix
B, Quality Assurance, for the Utility; in the Standard
Review Plan for the design and review process conducted by
the Office of Nuclear Reactor Regulations; and in the
Inspection and Enforcement Manual for the audit program
conducted by the NRC Office of Inspection and Enforcement.

The review team found that the regulations and overall
review process applies only to those portions of the plant
defined as " safety related"* and that it does not call for
the rigorous safety analysis and reliability engineering
techniques currently being applied in other safety critical
programs and industries. The review shows that management
structures that have evolved as a result of the narrow
definition of NRC responsibilities do not provide for an
independent assessment and check of many critical systems,
functions, and operations.

The narrow approach by NRC is reflected in the response
of the utility in the scope of responsibility, staffing, and
management attention to this very important area. It is
believed that this situation made possible some of the
conditions contributing to the TMI-2 accident.

An adequate Quality Assurance and Reliability program
provides management with insight into the performance of
existing organizations, procedures and practices as well as
of the performance of plant equipment. This was not available
either to Met Ed or NRC.~

*See Appendix B on Definition and Application of " Safety
Related"

1233 0Bi



18-2

Findings

o The NRC organization, procedures and practices
do not provide the necessary management, engineering,
and quality assurance review of utility performance
to assure early identification and correction of
deficiencies in utility systems, procedures, and

*

practices.

o There is a lack of independent on site quality
assurance or safety assessment of non " safety -

related" equipment and systems.

o There is no independent quality assurance or
safety assessment of plant operations and pro-
cedures,

o There is a lack of detailed safety and
failure modes analyses of all plant systems.

o Systems Engineering, such as systems inter-
action and the interaction between the many
facility systems themselves and with operators has
generally not been considered in the NRC overview
process.

o There is no comprehensive non-conformance,
problem reporting, failure analysis, corrective
action review. The current Licensee Event Report
(LER) system does not assure, adequate total
systems consideration to the event noc dissemi-
nation of and attention to the lessons learned by
all elements of the industry.

o Full use is not being made of management,
engineering, safety, reliability and quality
assurance prsctices which are used in other
industries where safety and reliability are
critical.

.

9
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PRE- AND POST-ACCIDENT SECURITY STATUS AT
THREE MILE ISLAND

A review was made by LASL of the physical security
measures in place at Three Mile Island before and after the.

accident on March 28, 1979. The study concluded that before
the accident, the plant security complied with 10 CFR 73 and

'

was protected from external attack, but that there was not
adequate protection against sabotage by an insider. The
same situation exists today except that protection from
external attack has been enhanced. Some details of the
study are summarized below.

In regard to sabotage by an insider, it is the control
of vital areas that is of concern at TMI. A vital area is
defined in 10 CFR 73.2 as "any area which contains vital
equipment within a structure, the walls roof,.and floor of
which constitute physical barriers." Vital equipment is in
turn defined as,"any equipment, system, device, or material,
the f ailure, de'truction, or release of which could directly
or indirectly endanger the public health and safety by
exposure to radiation. Equipment or systens that would be
required to function to protect public health and safety
following such a failure, destruction, or release or which
could directly or indirectly endanger the public health and
safety by exposure to radiation are considered vital.
Equipment or systems that would be required to function
to protect public health and safety following such a
failure, destruction, or release are also considered
vital." The NRC defines Type I vital areas as those
wherein successful sabotage can be accomplished by
compromising or destroying the vital systems or components
located within this area. All other vital areas are Type
II.

Only the control rooms and containment buildings are
considered to be Type I at TMI although the turbine buildings,
the diesel generati17 buildings, and the auxiliary and fuel
handling buildings also n.eet the definition. The "two-man"

* rule requiring that no one be allowed in a Type I vital area
without another person accompanying him had not yet been
implemented.

.

The plant was insp2cted by Region I of the Inspection
and Enforcement Office of the NRC in March 1979 and was
found to be in compliance with the existing rules except
that some vital area doors that should have been locked and
guarded were found to be open and unguarded. There was in
fact very little protection against the sabotage actions of
the insider. There was little or no control of the whereabouts
of people inside the vital area; so it cannot be said that
sabotage to the Auxiliary Feedwater System was impossible.
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During the period March 28, through April 6, 1979, all
pel t ons not required for safety operations were barred from
the island. During this time compensatory measures for loss
of intrusion detection were not in place. On April 6, 1979,
conditions reverted to what they had been before the accident.

The accident seriously delayed the installation of
security hardware at TMI but certain measures have been -

taken to enhance security beyond the status prior to the
accident. The same situation exists now, however, as
existed before with respect to vital areas Although the .

plant is considered in compliance with 10 CFR 73.55, there
is still little protection against the actions of an insider.
Approximately 1500 persons have unescorted access to the
island, 900-1000 have unescorted access to Unit 2 and 500 to
Unit 1. Most of these people are contractor personnel.

The general attitude seems to be that under the current
circumstances with large numbers of contractors having to
trave access to TMI-2, not much can be done to improve
security. Repairs and cleanup should be executed as rapidly
as possible to return to a managable security situation.

Three Mile Island Sabotage Analysis

Three Mile Island Units 1 and 2 were evaluated to
determine where sabotage could be accomplished. Sabotage
for this study is considered to be any act resulting in the
unplanned release of radioactivity or the compromise of
plant radiological safety. Information from site visits,
FSAR studies, and other documentation whs used to prepare
detailed sabotage event trees for both TMI units. Output of
the analysis is an ordered list of combinations of locations
where successful sabotage can be accomplished. The analysis
assumed that an adversary is a knowledgeable insider possess-
ing explosives.

The study concluded that successful sabotage can be
performed at either Unit 1 or Unit 2. Many of the successful
sabotage acts described would probably not result in sign-
ificant radiation release to the public.

.

Because of the unusual conditions at Unit 2, *he event.

trea for that unit is more complex than for Unit 1; furthermtre,
the results of sahotage would be more severe, due to tie

'

larger quantities of stored radioactive water, gas, and
solid material. The following events were identified as
possible sabotage events and have bann evaluated in depth:
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o release of radioactive gas from the Reactor
Building;

o release of radioactive water from the Reactor
Building;

o release of primary coolant water to areas
exterior to the Reaction Building;

return to reactor to criticality;,- o

o loss of all ac and de electrical power;

o disablement of all decay heat removal systems;

o release of primary coolant through pressurizer
relief line and disablement of makeup systems;

'

o radioactive release from liquid, gas, and solid
radwaste systems;

.

.
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CLOSED EMERGENCY FEEDWATER VALVES
(FFVs 12A & 12B)

These valves were in a closed position at the initiation

'
of the accident at TMI-2 preventing the supply of Dmergency
Feedwater to the steam generators when normal Feedwater flow
was interrupted. It took operators approximately eight
minutes to recognize and correct the situation. The control
panel lights correctly showed the valves closed at the time

*

of the accident.

A surveillance (routine test) of the Emergency Feedwat.er
pumps was performed on March 26, 1979, in which the EFVs
were to be temporarily closed. Statements at the Commission
hearings of those involved were that the EFVs were returned
to open positions at the conclusion of that surveillance.
An investigations was undertaken to try to determine why the
valves were in closed condition at 4 a.m. on March 28, 1979.

The Investigation

The investigation looked into a number of possible
causes for the closed valves. Each was examined in some
considerable detail. In addition some employee records were
examined. The findings are as follows:

o there is no record kept of valve line up;

o operators are not required to systematically
periodically review control room status.
There is no checklist for such a review;

o switches and valve incorrect positions have
been experienced possibly more often than
formal documents indicate;

o many people have access to plant positions
from which valves can be operated;

o auditing and inspection of procedures are-

inadequate;

, o procedure changes receive inadequate review; and

o deliberate valve mispositioning cannot be
confirmed or completely dismissed.
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In regard to the last point, the Commission Chairman
requested that the FBI re-examine this possibility. The FBI
re spont ' indicates that they have not found sufficient
grounds for further investigation.

Summary

The findings from this analysis are as followse
'

o There has been no positive identification of an
explanation for the valves being in the closed
position.

o Of all the explanations analyzed the most likely
explanations,each with , comments to the contrary
are:

a. the valves were not reopened at the
conclusion of the most recent surveillance
procedure, requiring them to be closed,
conducted prior to the accident;

b. the valves may have been mistakenly
closed by control rcom operators during
the very first part of the accident; and

c. the valves may have been mistakenly
closed from other control points
within the plant.

.

1233 087



21-1

PAST ACCIDENTS IN NUCLEAR REACTOR FACILITIES
AND

NUCLEAR POWER PLM T AIRBORNE RADIOACTIVITY RELEASES

Part I of this report describes selected accidents-

which have occurred in nuclear reactor facilities worldwide.
Included are accidents involving central station power
plants, plutonium production reactors, demonstration plants,
and experimental and research reactors. The condition for
inclusion in this compilation is that the accident fulfill
one of the following criteria:

o caused death or significant injury
o Released significant radioactivity offsite
o Results in core damage
o Causes severe damage to major equipment

*

o Was a precursor to a potentially serious accident
o Resulted in inadvertent criticality
o Resulted in significant recovery cost

Of the 40 accidents considered, 22 resulted from equipment
failure,10 from human failure, and 7 involved both equipment
failure and human failure.

By type, there were 27 nuclear accidents and 13 non-
nuclear. The latter are defined as cases where criticality
of the core was not a factor; either the reactor was unfueled,
shutdown, or systems not associated directly with reactor
operation were involved. In this type of accident two
people were killed and 8 injured. Rzdioactive release
accompanied three of these but in no case was it significant
offsite. All of the nonnuclear accidents involved central
station power plants.

Nuclear type accidents to central station power plants
resulted in no personnel injuries or deaths. Three Mile
Island received by far the most attention because of the
nature and duration of the accident and the number of people
involved. It was the first central station power plant

,

accident to release more than trivial amounts of radiation.
Inadvertent criticality at two power plants did not release
any activity or cause any core damage.

.

The most serious accident radiologically happened to
the Windscale productionreactor in England when part of the
uranium-graphite core was destroyed by a smoldering fire.
Milk consumption in a 200 square mile area was restricted
because of iodine contamination through animal feed.
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The only serious criticality accidents have occurred
with experimental and research reactors. In one of these
where were three fatalities and the reactor was destroyed.
Serious core damage was incurred at four other reactors of
this type when they became supercritical. No serious off-
site contamination resulte.3, however, for any of these
accidents. ,

In the second part of this report, yearly releases of
noble gases and halogens are tabulated for power plants
operating in the United States. Some of the higher routine
yearly releases from operating nuclear power stations have
been comparable to the single event release of the Three
Mile Island accident.

.

6
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II. Nuclear Power Plant Airborne Radioactivity Releases

The release of fission products from the TMI-2 accident
consisted of 2.5 million curies of noble gases, primarily
xenon and about 15 curies of iodine-131. The question
may be asked, how does this short-term, single-event,

release compare with the historical record of allowed
annual release of fission products from operating
reactors? The following two tables present information
taken from NRC reports 1,2/, cancerning routine releases
of noble gases, halogens and particula'tes from operating
nuclear reactors in the United States Annua). releases that
are comparable to releases resulting from the TMI-2
accident are underlined.

We point out that in 1975 and 1976 amendments to 10 CFR
Part 50 (Appendix I) severely limited the allowed
releases from routine operations. The concept of "as
low as practicable" releases required power stations to
install equipment limiting releases to low values.

The release of radioactive noble gases from TMI-2 led
to a low average radiation dose to individuals in the
neighborhood and to a collective dose to the total
population within a 50-mile radius of about 3,300
person-rem.3,5/ For comparison purposes the population
doses from operating nuclear power plants in 1975 has
been estimated.4/ These ranged from a high of 750

-

person-rem to a low of 0.008 person-rem.

1/ NUREG-0077, " Radioactive Materials Released from Nuclear
Power Plants, 1974, U.S. NRC, June 1976.

2/ NUREG-0521, " Radioactive Materials Released from Nuclear
Power Plants, Annual Report 1977," U.S. NRC, Jan. 1979.

3/ Report of the TMI Ad Hoc Population Dose Assessment
Group, " Population Dose and Health Impact the Accident on
the Three Mile Island Nuclear Station", May 10, 1979.

4/ " Population Dose Commitment Due to Radioactive Releases
from Nuclear Power Plant Sites in 1975", PNL-2439, October,.

19 77, by Baker , Soldat and Watson.

5/ " President's Commission on the Accident at Three Mile
Island - Report of the Task Group on Health Physics and
Dosimetry", J.A. Auxier, et al. Sept. 28, 1979 gives an
estimated collective dose of 2,890 person-rem.
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HLICLEAR POWER PLAllT AIRBORHE RELEASES ' 2I
-. .

Curles of Hohle Gases (Kr. Xe, etc.) '

f,'

.Py 19]O M 1972 1973 1971 19]5 1976 1977
-

Bfg Rock Point 1 280,000 284,000 250,000 230,000 188,000 50,600 15,200 13,400
*

,

Browns Ferry 1, 2, 3 64,000 92,400 4 80,500 4166,000
.

-- -- -- --

Cooper Station 2,000 19,800 38,000 1,270-- -- -- --

*

Dresden 1 900,000 753,000 077,000 840,000 90,000 520,000 452,000 520,000

Dresden 2, 3 -- 580,000 429,000 880,000 627,000 369,000 323,000 313,000

,, limboldt Day 3 540,000 514,000 430.000 350,000 572,000 297,000 93,000 7 -

T
-r- Lacrosse 1,000 1,000 31,000 91,000 49,000 57,100 124,000 42,500

*

Hillstone Point 1 276,000 126,000 79,000 912,000 2,970,000 507,000 620,000
--

Honticello 76,000 751,000 870,000 1,480,000 155,000 11.400 5,8hDg --

Hine Hile Point 1 10,000 253,000 571,000 872,000 550,000 1,300,000 176,000 3,530
Dyster Creek 110,000 516,000 866,000 810,000 279,000 206.000 167,000 177,000

'

Peach Bottom 2, 3 '

41,000 <1,000 13,000 209.000 71,100
-- -- --.

Pil8 rim 1 18,000 230,000 546,000 46,060 103,000 413,000
-- --

Quad Cities 1, 2 132,000 900,000 950,000 110,000 33,600 25,600
-- --

.

Veruvmt Yankee 55,000 180,000 64,000 4,080 3,030 3.350
-- --

Arkansas 1 -- -- --
196 1,030 5,690 13,900

, --
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Connecticut Yankea 1 3 1 32 7 480 452 3.120

!Fort Calhoun 67 303 429 1,940 3,810-- -- --

41 41 3,100 2,310 1,170 640 476 ;II. B. Robinson --

Indian Point 1 2 41 1 122 611 i-- -- --

Indian Point 2 15 6,580 8,200 ll,60G 16,000-- -- --

I
,

IKewaunee 3,3h6 2,450 1.400 2,430-- -- -- --

|
'

Hafna Yankee 41 161 6,360 4,090 1.300 266 l'
-- --

lOconee 1, 2, 3 9,300 19,400 15.100 43,900 35,600 i |
-- -- --

~
. ,

Palisades 1 454 41 2.610 30 60
'-- --

iPoint Beach I, 2 1 3 - 5,750 9.740 44.500 1,910 1,130 j
'--p :
i.

-
,

j,PrairiaIsland1,2 9 358 2,170 1,740 673 I-- -- --

R. E. Ginna 10 32 12 576 757 10,400 . 5.520 3.200
'

-

San Onofre 1 <1 8 19 11,000 1,780 1.110 416 154
*
.

{ Surry 1, 2 41 866 55,000 8,040 19,100 19,000 ."
-- --

$ThreeHileIsland1 ' 916 3,630 2.760 16,600
-- -- --

.

Turkey Point 3, 4 530 4,660 13,400 15,600 23.300
-- .-- --a

e
rv Yankee Rowa <l 41 41 35 40 22 26 12 s

tZion 1, 2
4 2.990 48,000 114,000 32.200

-- -- --

! !
,
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r..INUCLEAR POWER PLANT AIRBORNE RELEASES , 2 - .

Curles of llalo9 ens and Particulates (half Ilfe t 8 days) .

1971 1975 1976 1977 i[ lag 1970 .19771 1972 1973 7

Big Rock Point 1 0.13 0.61 0.15 4.60 0.16 0.12 0.05 0.01

0.12 0.27 < 0.07 0.10Browns ferry 1, 2, 3 -- -- -- --

Cooper Station 0.24 0.05 < 0.04 4 0.02-- -- -- --

Dresden 1 3.3 0.67 2.75 0.04 0.68 0.96 *n. 84 4.93

Dresden 2, 3 1.6 8 68 5.89 6.70 6.50 4.31 _ .49 6.85
--

_ _.

Ilimboldt Day 0.35 0.3 0.48 0.29 0.84 1.06 0.08 0.004
i

Lacrosse <0.06 4 0.01 0.71 0.20 0.04 0.10 4 0.07 0.17 [
l

Hillstone Point 1 4.0 1.32 0.20 3.26 9.98 2.33 4.86--
,D ^

-

.

7 Hanticello -- 0.05 0.59 1.20 5.69 3.71 0.17 0.00
'

-

C
Nine Hile Point ! .<0.01 0.06 0.97 1.98 0.89 2.78 2.20 0.20

.

Dyster Creek 0.32 2.14 6.48 7.02 3.51 5.64 6.39 9.05
-

_- _

Peach Bottom 2, 3 4 0.01 0.01 0.04 0.98' O.27-- -- --

P119rlm 1 0.03 0.47 1.45 2.58 0.67 0.69-- --

..

Quad Cities I, 2 0.75 5.5 0.88 1.31 1.33 1.69-- --

Vermont Yankee 0.17 0.07 0.36 0.01 4 0.01 0.01-- --

.

Arkansas 1 0.05 0.74 0.06 0.01
-- -- -- ---

N u
U You m -

C.J
%0 *

b4 :,

'

I. .



,e.

* ~.
.

21-7=- . . = . _ . . . _ _ .

'

t'

. S .

.

N .e

p. N w 4.t1 in C3 C C
C e C u|2 N C air .* C C M C N M e C m

6 C. C. C. in. C. C. C. C. C. ."'. C. C. C. C..

C. C. C. g

.C C C C C C C C C C C C C C =* C C

.

.
=

' m N C w en .* N w N e m m sn ** N e o

C. C. e. N. C. C. N. C. C. C. C. C. M. C. v. C. C.e
g

C C C C C C C C C C C C C C C C C

Y N y V V V

*
m .e N N up * == -3 N N N v in ad M e v

C. C. M. C. C. C. C. C. C. v. c. e. -I W3 W3
C. C. C. g

C C C == C C C C C C C C C C C C C
-

-

.

y V V V

* .=e .* in .-e M N in M up g M M e
** e u'3 C.* * C. C. C. C. C. C. C. C. to.C. C. C. . .

. .

. C C C C C C C C C C C C C C C M C C

y V Y Y Y y
.

.

in == C .e .-* w == == in .e .-. .= w u3 m .*

C. C.o. C. M. sa. C. C. u3 C. 1 m
I C. C. M. C. C.

e
s .

s
C C C C C C ** C C C C* C C C C ~y

V v 9 Y

.I
N N 4*l M .d me M e4* we we e .e

8I I C.E i C. C. C.C. C. C.8 I I
C. C. m.a I

3 3 I e
3 3 8

C C C C C C C C C C

y V V Y Y

.

* .
m N .= .4

t*T .*
C.

t1 I I
C.N. I I I L 8 C **

C. 8 tt 4 g
I I 3 4 I * 8 .I

C C C C I C C C

Y Y y
.

E

m C W .e SW

C.
95 8 I

C. C.f 8 C f 8 9 8 8 9 I
C. II l I

8 I * I I e 1 8 8 9

C- C C C C
Y YM*

.

s

N ***
.

O * "3 vc N == C.as ne e
C*

g5 C ** N M * "3 - M
m C wt>= 0

C vs M M c e as =* == #

M C C C C c N ." * m3 C C*

3== == .;d 4.J we C C N O .--C c ==,;= C C C * we as m C b - C c N
.3

. .u .=
m o G c. O e ** 4J c w % * = L C

e as C U 3= "O C3 C C C * C e

u 4.3 C C C C e = C % C ==
*

C h c c cc . as se = c c we & b *

C === W b SJ .ad .;.s C= .== ats C C **C M C
w o e - 4 C b b 6 C OC b **J "J 3 .C = as =

m C C = -C b . 4 3C 45 V 4
_C _CC C . - - - ~m C mm m = _

.

1233 094
.

.



22-1

SUMMARY OF THE TMI CLEANUP
AND DECONTAMINATION

As a result of the accident on March 28, large
quantities of radioactive fission products were released
from the damaged reactor fuel rod 2 and distributed-

through ut oortions of the Unit-2 facility. The major
fraction of these fission products were short lived and have
largely decayed away. For example, of the approximately 35
million curies of Iodine-131 estimated to have been released
from the fuel during the accident, less than one curie
remains as of mid-September.

At present, the radioactive material remaining in tha
facility includes: the damaged core itself; fuel debris;
that has possibly been transported to locations in the
primary coolant system; fission products dissolved and
suspended in the primary coolant and in water contained in
the reactor containment building and the Unit-2 auxiliary
building; gaseous radioactivity in the containment building
atmosphere; and radioactively concaminated materials in
various forms which have precipitated and settled onto
numerous surfaces (equipment and building interiors) in the
Unit-2 containment, auxiliary, fuel handling, and diesel
generator buildings.

The bulk of the remaining radioactive material which is
distributed outside of the fuel is contained in several
volumes of water. This water contains in total approxi-
mately 850,000 curies of longlived fission products (mostly
cesium-137 and strontium 89 & 90) and consists of
approximately: 90,000 gallons in the primary coolant system,
600,000 gallons in the reactor containment building, and
about 380,000 gallons in several large tanks located in the
Unit-2 auxiliary and fuel handling buildings. The atmosphere
in the containment building contains about 51,000 curies of
krypton 85 (half life 10.7 years, a noble gas).

Floors, sumps, and equipment surfaces in the above
,

mentioned facilities were extensively contaminated; largely
due to flooding and subsequent water leakage from tanks onto
floors and sumps. No estimate is available regarding the
total amount of radioactive material which is involved in
this contamination nor of the total number of curies*

remaining, but it is generally comprised of the same isotopes
as contained in the inventory of contaminated water in the
Unit-2 facility.
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Work has been under way by Met Ed/GPU, supported by
several contractors, since April on the decontamination of
floors and accessible equipment in the Unit-2 diesel generator,
fuel handling, and auxiliary buildings. Decontamination of
floor areas in the buildings is about 80 to 85 percent
complete as of October 1. Additional work is limited
because of high radiation Jose rates in the vicinity of -

tanks containing Omdaminated water.

Major remaining cleanup tasks include. processing the
contaminated water in the primary coolant system, the
containment building, and in the auxiliary building and fuel
handling building tanks; completion of the decontamination
of building interiors and equipment; processing and
disposition of the contaminated containment building atmos-
phere; removal of the damaged reactor core; and disposition
of the core and the large volumes of solid radioactive
wastes generated by decontamination and clean-up operations.

A system to process (decontaminate) the approximately
380,000 gallons of water contained in the Unit-2 auxiliary
and fuel handling building tanks has been designed and
installed on the site. This system has been designed to
process large volumes of water containing concentrations of
between one and one hundred microcuries per milliliter of
cesium-137. The system is known as EPICOR II (named after
the company who developed the basic process). Processing of
water by the EPICOR II system has been approved by the NRC.

Design work has started for a system to decontaminate
the water in the containment building and the primary
coolant system. This water contains concentrations of
cesium and strontium (the principal isotopes remaining) at
higher levels than can be effectively handled by the EPICOR
II system, hence the need for a separate treatment system.

Met Ed/GPU, with the assistance of several contractors,
has examined alternatives for disposition of the contaminated
air in the containment building. A proposal for treatment
by filtration to remove radioactive particulates with
subsequent venting to the outside atmosphere under controlled ,

conditions to dispose of the krypton has been prepared.

At present, the containment building remains sealed to
contain the contaminated air and water. Human entry has not -

been made because of high radiation levels therein and the
need to maintain the building integrity. A preliminary
assessment of the containment building entry and
decontamination was completed for GPU by Bechtel Corp. in
July. Development of detailed plans and procedures is
continuing by Met Ed/ GPU with assistance by Bechtel and

123.3 ', ?' A.



22-3

other contractors. Detailed assessment of the containment
building decontamination effort must await actual entry,
radiation mapping, and direct examination of conditions
inside the building. Entry is not contemplated until the
containment building atmosphere has been decontaminated or
purged and the contaminated water removed. Entry is not
expected until January 1980, at the earliest.,

A joint agreement has recently been reached between
GPU, DOE, NRC and EPRI regarding research and development
needs related to TMI clean up and recovery among other
things. One of the primary tasks under this agreement is a
preliminary assessment of the handling and disposition of
the damaged reactor core and associated components. This
assessment will also identify the facilities necessary to
handle the core and accomplish the ultimate disposition of
the core fuel material. The task group will also prepare
recommendations concerning the necessity to use government
owned facilities for receipt and disposition of the fuel.

The final major aspect of the TMI cleanup is the
handling and disposition of radioactive waste generated as a
result of decontamination and recovery activities. This
waste consists of several major categories of material.
These include: filter beds and spent ion-exchange resins
produced from processing contaminated water; filters from
air cleaning systems; clothes, rags, shoe covers; tools and
small equipment used in decontamination work; damaged
equipment removed from contaminated areas; temporary shield-
ing and construction materials u'ad in clean-up and recovery
operations; and sludges and residues from decontamination
solutions. -Preliminary design v srk has begun for a large-
scale liquid evaporator facility (30 gallons per hour) to
concentrate the radioactivity from the large volumes of
liquid decontamination solutions which are expected to be
generated in the containment building clean-up. It has been
estimated that about 500,000 cubic feet of radioactive waste
material will be produced in the cleanup of all TMI-2
facilities.

To date, twelve truck loads of solid radioactive waste
~

have been shipped from TMI since the accident. Initially,
it was intended to ship wastes from the cleanup in accord
with the previous practice of shipping routine radioactive
wastes from normal plant operations to the nearest com--

mercial disposal site at Barnwell, South Carolina. However,
the Governor of South Carolina intervened and the Barnwell
site was, in effect, prohibited from receiving any post-
accident wastes from TMI. Subsequently, arrangements were
made to ship waste from TMI cleanup to the commercial
burial site at Richland, Washington. The initial arrangcment,
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with which Washington public officials have concurred, is
for the receipt of approximately 200 shipments (truckloads)
over the next two years. This agreement is intended to
accomodate the bulk of solid wastes expected from the use of
the EPICOR II system in processing the water currently
stored in the Unit-2 auxiliary and fuel handling buildings
and from the decontamination of the auxiliary, diesel
generator, and fuel handling buildings. This does not -

include wastes from the processing of water in the con-
tainment building and primary coolant system, nor wastes
from the containment building decontamination and refurb-
ishment. Radioactive wastes from these operations are
expected to amount to as many as 2000 shipments. Specific
agreements and plans for the disposition of this material
have not yet been made.

A special problem may be presented in the disposal of
ion-exchange resins used to procecs the higher activity
contaminated water. The radioactivity removed from the
water will be concentrated onto a relatively small volume of
resin. These resin beds are expected to contain concen-
trations of cesium and strontium ranging from several
curies per cubic foot up to several thousand curies per
cubic foot. Present federal policy and regulations on the
subject are not well defined, but it appears that this
macerial would be classified as high-level waste and hence
precluded from disposal at existing commercial radioactive
waste disposal facilities. Only very preliminary estimates
of the amount of this material expected from the clean-up
are available. These estimates indicate that from 2,000 to
6,000 cubic 'eet of high activity resin will be produced.
The resins will be dewatered and solidified on the TMI site
before shipment.

Clean p operations entail work in high radiation areasu
and the handling of highly radioactive materials and will
present risks to workers from exposure to radiation, in
addition to the accident risks associated with a large scale
industrial operation. Precautions will be taken for worker
protection such as protective clothing, extra shielding,
remote handling, and respiratory protection (such as filter
masks and self contained breathing apparatus) where appro- .

priate.

Some information is available regarding the radiation
*

exposure experience associated with cleanup and recovery
efforts conducted thus far. For the third calendar quarter
of 1979, the collective exposure for decontamination
workers was 26 person-rems. A total of 182 workers were
involved. By way of comparison, the three month total
(June - August) for all on-site personnel at TMI was 285
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person-rems. The average on-site population during this
period was about 3,000. Thus far whole-body counting and
bioassay results on decontamination workers have not shown
detectable uptake of radionuclides. However, in August,
five workers involved in a maintenance procedure received-

over exposures (in excess of NRC limits) to the skin and
extremities.

.

In one aftermath of the accident, extensive environ-
mental radiation surveillance programs were' established by
several federal agencies in response to the accident. The
various agency efforts have since been consolidated in a
comprehensive long-term surveillance program. It is designed
to provide monitoring of air, water, and direct radiation,
as well as selected food pathways. The plan contains
provisions to follow cleanup and recovery operations and
contains emergency notification and response procedures. An
agreement has recently been signed by the Federal EPA, NRC,
DOE, HEW and the state of Pennsylvania. In addition, a
protocol has been established betseen Met Ed, NRC, and the
State of Pennsylvania regarding notification and monitoring
of all radioactive waste shipraents leaving the site.

The volume of contaminated water that must be contained
continues to grow. This is from two sources. In-leakage of
non-contaminated water from miscellaneous sources continues
to flow into the numerous sumps and drains in the Unit 2
auxiliary building. This in-leakage which has been reduced
to the extent possible, amounts to about 800 to 1,000
gallons per day. The in-leakage mixes with a smaller
amount of contaminated water which has leaked from the
contaminated water holding systems into the sumps. It must
be then collected and routed to the radioactive water
storage tanks. Met Ed has projected that at current in-
leakage rates, they will be down to a 10,000 gallon reserve
unused storage capacity in Unit 2 by mid-October. The
recent NRC decision to permit processing of the intermediate
level water by EPICOR II should provide an additional margin
of storage capacity for the remaining untreated water.,

.
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The other source of increase in the contaminated water
is the approximately 1,000 gallons per day which leaks from
the primary coolant let-down system directly into the
containment building from pump seals and glands in the
primary system. This leak rate represents the minimum loss
rate from the let-down system under present plant conditions.
This loss must be replaced in the primary system through the -

make-up system to maintain coolant inventory and boron
concentration in the coolant. This does not appear to
present any immediate problems, however. .

A number of preliminary conclusions regarding the
cleanup and recovery can be drawn. It is clear that the
cleanup and recovery of the TMI-2 facility from the
accident of March 28, 1979, represents a task in both
magnitude and complexity which has not been previously
encountered by the U.S. civilian nuclear power industry.
This is easily borne out on the basis of preliminary cost
estimates for the cleanup, which range from about 100 to 200
million dollars. It is also apparent that extensive
experience in the decontamination and recovery of a large
number of nuclear facilities has been gained over the past
30 years by both governmental and civilian organizations.
Successful completion of cleanup and recovery operations
which include tasks faced by the TMI-2 cleanup have been
performed at various facilities, including the handling of
damaged irradiated reactor cores.

It can be concluded on the basis of present information,
and with appropriate caveats, that the cleanup and recovery
can be successfully completed using presently available
technology. That is to say that the scientific and
practical experience base in the U.S. is adequate to do the
job. Engineering and chemical process development work is
required, however, and is under way for various tasks. It

is possible that facilities and expertise of the U.S.
Department of Energy (DOE) and its contractors will be
necessary for the removal, handling, and disposition of the
damaged reactor core. This depends in part upon decisions
yet to be made regarding the interim and ultimate disposition
of the fuel material after it is removed from TMI. .

Additional engineering development work may be required
in order to satisfy environmental release constraints which
could be applied to the TMI-2 cleanup. For example, if *

Met Ed is precluded from disposing of the 51.000 curies of
krypton-85 presently in the containment building air by
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venting to the outside atmosphere, alternatives such as
cryogenic trapping, absorption on charcoal, or concentration
and storage under pressure will have to be considered. None
of these potential alternatives have been successfully
demonstrated on the scales necessary for TMI-2..

Attention should also be given to institutional and
political issues, as well as health and safety, engineering,

'

and financial aspects when assessing the likelihood of
successful cleanup of TMI. One aspect of this is the cap-
ability of the utility organization in terms of both its
financial capability and its ability to manage the complex
cleanup and recovery task. The second aspect is the
uncertain regulatory and political climate in which the
cleanup and recovery from the accident is conducted.

The Met Ed/GPU organization recognized that it did not
possess the in-house experience and capability to manage and
perform the cleanup and recovery from the accident. They
have hired a number of commercial firms and consultants
(including consultants from DOE) to assist in planning and
implementing the cleanup and recovery activities on the
site.

One area of concern which has been noted is the lack of
experience in the Met Ed/GPU organization in operating in
radiation environments such as presented by the post-accident
situation at TMI-2. The GPU organization appears to have
recognized this problem as they hav'e taken steps to strengthen
their health physics organization through the acquisition of
additional professional staff members.

Continued presence of materials in the TMI facility
dispersed in the large volumes of air and water present
increased risk (however small) of uncontrolled release to
the environs. The orderly, systematic cleanup and decontam-
ination of the facility with concentration and confinement
of the radioactive materials would result in an overall
reduction in exposure risk to both workers and members of
the public living in the vicinity of TMI.'
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Findings

1. The TMI-2 facility cleanup and decontamination
represents a task which is greater in magnitude
and complexity than previously encountered in the
U.S. commercial nuclear power industry. ,

2. Cleanup cost is expected to be between 100
and 200 million dollars. This does not include
costs for refurbishment and return of Unit-2 to

~ -

service.

3. Overall planning and task definition, and the
development of a preliminary schedule have been
completed. The entire cleanup is expected to take
at least two years.

4. The cleanup, concentration, and confinement
of radioactive materials presently dispersed in
large volumes of air and water contained in the
facility will result in the reduction of radiation
exposure risks to both workers and members of the
public.

5. The cleanup will produce large volumes of
radioactive waste materials (over 500,000 cubic
feet) which must be disposed of. Final disposition
of the radioactive waste and the damaged reactor
core is yet to be determined.

.
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COST OF THE ACCIDENT

The accident at Three Mile Island on March 28, 1979,
generated considerable economic disturbance. Some of the
impacts were short-term, occurring during the first days of

~ the accident, while others have yet to occur. Many of the
impacts were experienced by the local community; others will
be felt at the regional and national levels. To add to the
understanding of the effects of the accident, the Stanford
Research Institute was asked to make a study of the costs of
the accident.

The assessment was carried out during a seven-week
period four months af ter the accident occurred. The purpose
of the effort was not to develop an exhaustive data base
from which the costs of the accident could be determined
precisely, but rather to estimate the approximate magnitude
of the accident, using the best data available at this time.
The estimates are based on cost data provided by affected
parties. Wherever possible, an attempt was made to verify
the estimates through consistency checks and checks with
other sources. The information on which this report is
based is necessarily sketchy, as not all of the impacts have
occurred, nor have all of the affected parties fully accounted
for their costs. We therefore expect that future assessments
of the economic impacts of the accident will change as later
technical and accounting information become available.

The economic impact of the accident was organized into
two broad categories: those incurred as a direct result of
the accident; and indirect income lesses and other potential
impacts on the growth of regional and national economies.

The following lists the categories of expenditures
directly attributable to the accident.

EMERGENCY REPLACEMENT REPLACEMENT HEALTH
MANAGEMENT POWER CAPACITY EFFECTS

- EVACUATION GENERAL DECONTAMINATION P HYSICAL
MANAGEMENT PUBLIC EFFECTS

UTILITIES

RADIATION OTHER BABCOCK WASTE DISPOSAL MENTAL EFFECTS
MONITORING AND WILCOX

PLANTS

PLANT REFURBISHMENT HEALTH MONITORING
MANAGEMENT OR

DECOMMISSIONING
AND REPLACEMENT

INVESTIGATIVE
j}}} }Q}STUDIES
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Other impacts considered are both directly and
indirectly realized at the local, regional and national
levels. The following were considered here:

LOSS OF LOCAL INCOME

BUSINESS DISRUPTION ,

- MANUFACTURING

TOURISM
~

-

- AGRICULTURE

- REAL ESTATE

CHANGES IN REGIONAL GROWTH

- GROSS REGIONAL PRODUCT

- EMPLGYMENT

.
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SUMMARY OF DIRECT EXPENDITURESl_/
ASSUMING REFURBISHMENT
(Millions of Dollars)

Low 3_/ Medium 4_/ High 5f
.

Emergency Management $ 120 $ 160 $ 225
*

Replacement pow 3r 2,/ 678 966 1128

Plant refurbishment 249 306 503

Health effect 7/
-Total S 1047 $ 1433 $ 1856

SUMMARY OF RESULTS ASSUMING CAPACITY 1/
REPLACEMENT WITH COAL 6/

-

(Millions of dollars) -

Low Medium High

Emergency Management S 120 S 160 $ 225

Replacement power 2/ 1386 1506 1746

Plant replacement 468 503 6'

Health effects 7/ ,

Total S 1974 $ 2170 $ 2.5 9

_
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SUMMARY OF RESULTS ASSUMING CAPACITY 1/
REPLACEMENT WITH NEW NUCLEAR FACILITY 6/

(Millions of Dollars)
-

Low Medium High

Emergency Management S 120 S 160 $ 225 -

Replacement Power 2/ 1626 1746 2106

Plant Replacement 538 593 719

Health Effects 7/

Total 2284 2500 3050

1/ Cost are in 1979 dollars.
-7/ Assumes replacement costs for TMI-l are $10 million/

month; $14 million/ month for TMI-2.
3/ Low estimate assumes TMI-l resumes service in January

1980; TMI-2 in January 1973.
-4/ Medium estimate assumes TMI-l resumes service in Jan.

1981; TMI-2 in Jan. 1984
5/ High estimate assumes TMI-l resumes service in April

1981; TMI-2 in January 1985.
6/ For Replacement cases, Low, Medium and High are a

range of estimates.

-7/ The costs associated with health effects have been
deleted from this table. The costs projected by the
study were in the range of 0.1 to 2.5 million dollars
and had a minimal effect on the total costs projected.
The Commission believes that the analysis of health
effects costs was insufficient to reach the conclusion
set out in the study.

In these cases, the costs of decontamination of TMI-2
are included with the plant refurbishment costs or the plant
replacement costs.

.
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DIRECT AND INDIRECT EFFECTS ON
THE LOCAL, REGIONAL, AND NATIONAL ECONOMY

The accident at Three Mile Island resulted in a number
of economic impacts for which direct expenditures were not

-

made. These impacts were felt at the local, regional, and
national levels. The following summarizes those effects.

Direct Impacts on the Local Economy

Manufacturing Sector

Based on a survey by the State of Pennsylvania and
preliminary survey data gathered it is estimateJ that lost
wages in the local manufacturing sector range from S5.7
million to $8.2 million, with a most likely estimate of S6.3
million. The Pennsylvania Department of Commerce survey
covered 383 manufacturing establishments, representing
80,720 employees, in the af fected area. The survey covered
all firms with 100 or more employees, all food processors,
and a representative sampling of the remaining firms. The
data gathered appears to correlate well with the state
findings. The surveys found that most of the losses
occurred within a few days of the accident and quickly
subsided thereafter. The available data indicate no evidence
of permanent layoffs resulting from the accident.

A few food processors incurred extraordinary expenses
as a result of the accident. Some firms purchased equipment
to detect radiation levels and converted their dairy production
to powdered milk. These expenses are estimated to be
$250,000.

Nonmanufacturing Sector

Surveys of the nonmanufacturing sector have been begun
by the State of Pennsylvania, but none is yet completed.

One industry of particular concern is tourism. La cking
estimates from state and local officials on the accident's

- impact on tourism, SRI contacted a major resort representing
approximately 10 precent of the total southcentral Pennsylvania
tourist trade. Declines in tourism during the period of the

.
accident were noted by the resort, but it should also be
pointed out that there was a gasoline shortage and polio
scare during the same period. Based on these discussions
and extrapolating to seasonally adjusted tourism figures for
the five-county area, it is estimated that totallost tourism
revenues of S6 million to S8 million, with a most likely
estimate of $6.5 million. Lost wages in the tourism sector
are estimated to range from S2.8 million to $3.8 million.
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Losses to the agricultural sector from the accident
appear to be minimal. For non-dairy agricultural firms,
the accident occurred during the off season, with both
employment and production relatively low. Initial results
of a State Department of Agriculture study indicate that the
losses in agriculture were "significantly less" than $1
million. -

Immediately following the accident, considerable
concern was expressed by members of the community that
land values in the vicinity of the plant would decline.
However, an inspection of county records and interviews
with realtors, community development officials, state
and local government officials, and private home owners
indicate that no such decline in property values has occurred.

Total direct impacts on the local economy are
summarized in the following table.

.
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DIRECT IMPACT ON THE LOCAL ECONOMY
(Millions of Dollars)

Low Medium High
.

Manufacturing

Lost wages S 5.7 $ 5.3 $ 8.2,

~

Extraordinary purchases 0.2 0.3 0.5

Nonmanufacturing

Tourism

Lost revenues 6.0 6.5 8.0

Lost wages 2.8 3.1 3.8

Agriculture

Lost wages 0.0 0.1 1.0

Real Estate (No appreciable effect)

Other nonmanufacturing

Lost wages 8.6 9.6 14.6

Total lost wages

and extraordinary

purchases $17.3 $19.4 $28.1

Note: Lost revenues in the tourism sector are not included
in the total of lost wages and extraordinary purchases.

,

.
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Impact of Capacity Replacement on the Local Economy

The replacement of capacity will have a significant
impact on the economy of the Harrisburg ared. Refurbishment,
or the construction of a new plant, will involve hundreds of
workers onsite at the plant and expenditure of tens of
millions of dollars for equipment and materials in the
vicinity of the plant. These effects are summarized in the
next table for the various conditions of refurbishment,
decommission, and replacement of plant with another nuclear
or a coal facility. * *

A

IMPACT OF PLANT DISPOSITION ON LOCAL ECONOMY

o Impact of refurbishment effort on local economy

Increased employment = 1,900 persons per year
,

Increased earnings S13 million per year=

o Impact of decommisson on local economy

Increased employment = 2,000 persons per year

Increased earnings S20 million per year=

o Impact of replacement construction on local economy
Nuclear: ,

Increased employment = 1,800 persons per year

Increased earnings S17 million per year=

Coal:

Increased employment = 1,800 persons per year

Increased earnings S18 million per year=

.

9

.9. , ,
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Indirect Impact of Higher Electricity Prices on the GPU
Service Area

The long run, indirect effect of the replacement power
costs on the GPU service area is uncertain at this point,
due to regulatory and financial uncertainties.

.

Summary

It appears clear that the major costs of the TMI-2
' accident are associated with the emergency management

replacement power and with plant refurbishment or replacement.
The minimum cost estimate of nearly $1 billion supports the
argument that considerable additional resources can be cost
effectively spent to guard against future accidents.

.

.
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WASH 1400

WASH 1400 (The Rasmussen Report) was published in 1975.
It was intended to estimate the probabilities of occurrences
of accidents involving radioactivity release and to assess
the risk of such accidents relative to other cisks. The,

study involves (1) a list of potential accidents in nuclear
reactors, (2) estimation of the likelihood of accidents
resulting in radioactivity release, (3) estimation of health

*
effects associated with each accident, and (4) comparison of
nuclear accident risk with other accident risks. The study
determined the the nuclear accident risk was small - almost
negligible compared with more common risks.

The WASH 1400 risk assessment was subsequently reviewed
b/ a Risk Assessment Review Group in 1977 (the Lewis Report)
wnich concluded that "they were unable to determine whether
the absolute probabilities of accident sequences in WASH
1400 are high or low, but believes that the error bounds on
those estimates are, in general, greatly understated." They
went on however to say:

WASH-1400 was largely successful in at least
three ways: in making the study of reactor safety more
rational, in establishing the topology of many
accident sequences, and in delineating procedures
through which quantitative estimates of the risk can be
derived for those sequences for which a data base
exists.

,

Despite its shortcomings, WASH-1400 provides at this
time the most complete single picture of accident
probabilities associated with nuclear reactors. The
fault-tree / event-tree approach coupled with an adequate
data base is the best available tool with which to
quantify these probabilities.

WASH-1400 made clear the importance to reactor safety
discussions of accident consequences other than early
fatalities.

.

The NRC accepted the findings of the Risk nssessment
Review Group and issued a statement which said in part:

.

$
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The Commission accepts the Review Group
Report's conclusion that absolute values
of the risks presented by WASH-1400 should
not be used uncritically either in the
regulatory process or for public policy
purposes and has taken and will continue
to take steps to assure that any such ,

use in the past will be corrected as
appropriate. In particular, in light of .

the Review Group conclusions on accident
*probabilities the Commission does not

regard as reliable the Reactor Safety
Study's numerical estimate of the overall
risk of reactor accident.

With respect to the component parts of the
study, the Commission expects the staff to make
use of them as appropriate, that is, where the
data base is adequate and analytical techniques
permit. Taking due account of the reservations
expressed in the Review Group Report and in its
presentation to the Commission, the Commission
supports the extended use of probabilistic
risk assessment in regulator decisionnaking.

It is important to note that the Risk Assessment Review
Group, while critizing the risk assessment of WASH 1400 per
se, they commended the description of accident seguences and
the " fault-tree / event-tree" approach as an analytic tool for
quantifying probabilities of accidents.

The failure of a pressurizer relief valve to close is
discussed in WASH 1400 and its likelihood was predicted on
the basis of actual experience with relief valves. WASH
1400 goes on to state that normal response to this failure
is actuation of emergency core cooling to avoid excessive
loss of water from the reactor. It states that failure to
remove heat from the core could lead to core meltdown or
damage and that operator action is required to prevent
meltdown. (In TMI-2 the operators turned off the emergency
core cooling system.)

.

Although the absolute risk assessme nt of WASH 1400 was
questioned, the message that the reactor accident risk is
dominated by the small break loss of coolant accident and by .

transients initiated accidents is quite clear and was not
contested. Thus, emphasis should have been given in reactor
research, design considerations, operator training, and
safety procedures to the amelioration of these events. This
does not seem to be the case. NRC and the industry is still
focusing on the " design basis (large) accidents" which
admittedly have great consequence but low probability of
occurrence.

.*7,
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Lessons That Should Have Been Learned From WASH 1400

WASH 1400 contains three important messages. These
involve expected frequency of accidents, methods for improving
reactor safety, and the most likely types of accidents.
Perhaps it is a fault of the report that these messages were.

not emphasized, because the conclusions most often associated
with WASH 1400--reactors are safe--receives the primary
emphasis in the report. Perhaps it is the fault of the NRC,

that more effort was dedicated to criticism, WASH 1400 then
was applied to understand its messages. In fact, WASH 1400
predicted that accidents could happen although most would
present little or no public hazard. One message of WASH 1400
is that while nuclear accident risk is small compared to
other societal risks, accidents similar to Three Mile Island
should have been expected. These accidents were not
emphasized in WASH 1400, because they do not contribute as
significantly to risk as the more severe core melt accidents
(See Rasmussen deposition, 9/15/79, pp. 35-36).

The WASH 1400 study, in using the " event tree" and
" fault tree" methodologies, borrowed from the aerospace
industry, actually revealed a " weak link" in the safety of
the Surry reactor. This led directly to a change in
inspection procedures at Surry and reduced the probability
of one major risk contributing accident (see Rasmussen
deposition, 9/15/79, pp. 26-29) by a factor of 20 (p. 63,
Main Report). Thus, another message of WASH 1400 is that
application of these methods to analysis of a specific
reactor should be used to reveal " weak links" in safety.
Recently, NRC officials have endorsed a plan to apply WASH
1400 techniques to the analysis of other existing reactors
for this purpose (see Levine deposition, 9/15/79, pp. 25-
26). Since the accident at Three Mile Island, NRC has
applied reliability analysis to the study o'f auxiliary
feedwater availability in all U.S. commercial reactors.

Reactor safety research, both before and after WASH
1400 was published, has concentrated on the double ended
pipe break, or large loss of coolant accident. Safety
systems were designed specifically to accommodate this
accident. Yet, the WASH 1400 results published in 1975
indicated that reactor accident risk is dominated by small

'

break loss of coolant accidents and transient initiated
accidents, like Three Mile Island. A third message of
WASH 1400 is that relative efforts in reactor safety
research for large loss of coolant accidents, and transient
initiated accidents should be consistent with priorities
suggested by their relative risk contributions. Generally,
NRC has based priorities on " good engineering judgment" (see
Rasmussen deposition, 9/15/79, pp. 56-57), although the
Lewis Report and the NRC commissioners have recently
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endorsed the use of WASH 1400 techniques to more. efficiently
carry out the licensing. In fact, the NRC staff has
successfully applied the techniques to prioritize safety
issues, overpressurizing of vessels, and optimization of
inspection time intervals (see Rasmussen deposition,
9/15/79, pp. 58-59).

It should be noted with regard to small break loss of '

coolant accidents (LOCAs) that it was thought by NRC that
safety systems designed to accomodate large LOCAs would
necessarily be adequate to deal with small LOCAs (see

'Budnitz deposition, 8/27/79, pp. 28-30). 75 should have been
clear from WASH 1400 treatment of PORV tra.asient-initiated
LOCAs that such was not the case. Instead, WASH 1400 was
taken by NRC as an affirmation of their good regulatory work
(see Budnitz deposition, 8/27/79, p. 33).

Further, procedural considerations inhibit the application
of WASH 1400 techniques. It is very difficult to properly
apply the techniques, and few people are trained or
experienced in such teork (see Levine deposition, 9/15/79,
pp. 20-21) . Also, the criticisms of WASH 1400 techniques by
NRC commissioners left the NRC staff unmotivated to develop
ways to apply the techniques. Since the Lewis Report and
the Three Mile Island accident, this trend appears to be
reversing.

TMI-2 and WASH 1400 Risk Assessment

If WASH 1400 predictions of the best estimate probabilities
are valid, there was a 13% chance of having an accident at
the time of TMI-2. Further, there was an 80% chance that
the accident would occur in a PWR rather than a BWR. The
WASH 1400 upper bound probabilities yield a predicted 80%
change of having an accident after 400 reactor-years of
operations of nuclear power systems in the U.S. The TMI-2
occurrence is therefore within the bounds of the WASH 1400
predictions.

Fault-tree analysis techniques of the WASH 1400 type
are extremely valuable to determine where ef fort can best be
put to insure reduction of failure rates of critical elements
of existing plants and proposed new designs as rapidly as
experience and technology permit.

.

%
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IODINE FILTER PERFORMANCE

During the accident at Three Mile Island a quantity of
Iodine 131 was detected in the gaseous effluent. This
quantity was more than that which would be expected to pass

* through the filtering system if it performed as designed.
Replacement charcoal in the Auxiliary Building and the Fuel
Handling Building ventilation systems reduced iodine effluent
levels significantly suggesting that charcoal in the filtere

trains at the onset of the accident did not perform as it
should.

Investigation determined that airflow normally bypasses
the filters for Control Room, Auxiliary Building and Fuel
Handling Building exhaust and, if the level of radioactivity
in the airstream reaches a predetermined level, airflow is
directed to pass through the filter. Charcoal in use in the
filters was purchased in 1975. It met the regulatory
requirements in existance at that time but did not conform
to the requirements in effect at the time the TMI-2 license
was issued. The NRC approved use of the charcoal which was
installed and waived the surveillance requirements in the
Operating License Technical Specification for the Fuel
Handling Building and Control Room air cleanup systems.
Such surveillance was intended to verify correct filter
perfo rmance . There was no such surveillance required for
the Auxiliary Building system filter performance.

Although the air filtering systems were designed to be
used only when needed to remove airborne radioactivity
because of limited filtering lifetime for charcoal, the
filters had been in use about one year. This fact coupled
with the initial underspecification charcoal and the lack of
surveillance to verify system performance could explain
apparently inadequate filter performance during the accident.

Samples of charcoal filters removed from the Auxiliary
Building and Fuel Handling Building filters trains during
the accident were tested for removal efficiency. These
tests showed a degradation in removal efficiency for methyl,

iodide (which is a standard test medium). Charcoal samples
from each filter train indicated significant reduction in
removal efficiencies, with the highest, 75.6%, and lowest,s
49.1%, from Fuel Handling Building A and B trains,
respectively. Removal efficiencies obtained for the Auxiliary
Building A and B trains were 69.5% and 56.0%, respectively.
New charcoal meeting current specifications should have a
filtering efficiency for methyl iodide of 99%.
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APPENDIX A

MELTDOWN A PERSPECTIVE IN HISTORY

Power reactors in the early 1960's did not have
emergency core cooling systems, The emphasis, vis-a-vis*

i''* engineered safeguards, was on depressurizing the containment
and containment cooling systems. Dose calculations were

6 made for the " maximum credible accident," a rupture of the
largest recirculation cooling pipe, from the standpoint of
fission product inventory in the containment after the
accident. It was assumed that the cladding failed and fuel
melted to provide the source term of fission products, but
any other consequences of fuel melting were not considered.

By 1965, the loss of coolant accioent was highly
emphasized in analytical safety studies. The concentration
was on modeling, and on evermore sophisticated computer
techniques. (LOFT was just getting under construction.)
The major emphasis was on coolant blowdown phenomena and
heat transfer and fluid flow. Meltdown models were developed
in an attempt to describe premelting, slumping of fuel, and
melting of the core support plate. The consideration of
melting through the vessel was.not being handled analytically.

time, meltdown was being described in a veryAt thi.E
simple fashion. From BMI-1779: "In the course of a loss-of-
coolant accident in a power reactor it is very likely that
in the absence of preventative measures fuel-pin temperatures
will rise above the melting points of the constituent
materials and geometry change and release of fission products
will result. "

By early 1966, the AEC regulatory staff (and the ACRS)
began concentrating on requirements for emergency core
cooling systems. The question focused on the possibility of
" core melt" as opposed to " fuel melt." The Advisory Task
Force on Power Reactor Emergency Cooling, under Dr. Bill
Ergen focused on how ECCS would be improved to prevent
substantial meltdown, and looked into what might happen in as

LOCA involving large molten masses of fuel.

The emphasis of core melt studies shifted to assuring-

that ECCS would keep fuel temperatures well below clad melt
temperatures. A limit of 2600'F shrunk to 2300*F, and
finally in the early 1970's, after the rulemaking hearing,
to 2200'F.

e



It was recognized in small reactors such as the N.S.
SAVANNAH, without ECCS, that a major loss-of-coolant
accident would result in core melt, and thus time-to-melt
criteria were developed such that the ship could be moved
away from populated areas before fuel melt occurred.

" Meltdown" has become synonymous with " core melt." It
is not meant to be, or should not be considered, the same as *

" fuel melt." In Fermi 1 and the MTR there were incidents .4
involving a small amount of fuel melting. These were not '

considered core melt accidents, although the distinction is 4
only a matter of degree. No one has clearly defined the
percentage of a core that must experience fuel melt (not
clui melt) to have a definable meltdown situation. In
general, however, the context is usually stated in terms of
a " substantial fraction of the core."

.
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APPENDIX B

DEFINITION AND APPLICATION
OF

" SAFETY-RELATED".

&e ,

" Safety-related", " Saf ety-grade'' , and similar descriptive
,

terms are applied to equipment by NRC and the TMI-2 Utility
Company and their contractors. This application has a
significant affect on the way the equipment is treated and
on the way related procedures and training are ef fected.
The significance of these terms has been investigated.

A description of the NRC meaning of safety or non-
safety is described by the following quotation:

In the licensing process, the specification of the
design basis event has resulted in the classification
of systems into two types-safety related and non-
safety-related. The reliability and quality of
safety systems are controlled through NRC requirements
for their design, construction and operation. The
NRC requirements for non-safety systems are generally
limited to assuring that they do not adversely
affect the operation of safety systems.

The investigation made use of pertinent document reviews,
interviews, and depositions.

The results of this investigation are shown in the findings
and conclusions shown below:

Findings

o Significant misunderstanding exists among NRC
and TMI-2 personnel regarding the meaning
and application of terms such as " safety-
related", " safety-grade", and similar terms.

,

o Misunderstanding exists among NRC and TMI-

management and project personnel as to what
specific hardware is considered safety-related$

and what specific document defines that hardware.

o The lack of clear designation of " safety-related"
equipment and specifically what that means
contributed to inadequate hardware and procedure
review and failure analysis and corrective action
that are necessary to a .ure safe operation of
the plant.
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