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A SEQUENCE OF
PHYSICAL EVENTS

The following narrative of the sequence of physi-
cal events in the accident at Three Mile Island is
based on information from several sources: plant
computer output, automatically recorded data, log
entries, and operators' statements. For a more
detailed description of this sequence of events,
along with references to the original data sources,
the reader should consult Appendix 11.1.

In addition to factual material, the text contains
many explanatory and interpretive statements.
Inferences, interpretations, explanations, and opin-
ions have been set off by brackets [ ]. In many
cases, the physical data could support alternative
interpretations. Wherever more than one interpreta-
tion of the data is possible, the choice of interpreta-
tions that is presented has been based on plausibil-
ity, normal practice, or consensus of experts. It
should be understood, however, that this interpreta-
tion is not the only possible one. In many cases, it
may never be possible to establish exactly what
happened.

No references are provided in this section. All
events described here have been referenced in the
more detailed description of the sequence of events
in Appendix 11.1. In the text that follows, references
are made to other sections of the report. More
detailed explanations can be found in those sec-
tions.

Some events described in this section are also
covered in Section II.E. The decision as to whether
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an event should be covered in both was made on
the basis of the event's probable or possible effect
on subsequent actions of the control room opera-
tors.

March 28,1979-4:00 a.m.

At 4:00 a.m. on March 28, 1979, TMI-2 was
operating at between 97% and 98% full power. The
shift foreman and two auxiliary operators had been
working in the auxiliary building on the No. 7 con-
densate polisher. Two licensed control room opera-
tors were on duty in the control room. The shift su-
perintendent was in his office adjacent to the con-
trol room.

The condensate polishers use ion exchange
resins for purification of the feedwater (Figure II-1).
During operation, flow through the resin bed tends
to compact the material into a rather solid mass. To
transfer the resin beads to the resin regeneration
system, it is necessary to break up this mass by
blowing compressed air through it. [Apparently,
during the process of air-fluffing, water entered an
instrument air line through a check valve that had
frozen in the open position.]

It has been postulated that the water in the air
piping caused the polisher inlet or outlet valves, or
both, to close.' [Problems with the valves in the
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FIGURE I1-1. The Condensate and Feedwater System

Under normal conditions, exhaust steam from the turbine is condensed in the condenser.
Condensate (water) is pumped by the condensate pumps through the condensate polisher,
whereit ispurified. The pressureisraised by the condensate booster pumps, and the
temperatureisincreased in the low pressure feedwater heaters. The water isthen pumped
by the feedwater pumps through the high pressure feedwater heatersto the steam
generators. The polisher bypass valve can be opened so that water flowsdirectly from the
condensate pumpsto the condensate booster pumps. When the hotwell level is high,
water flowsthrough the reject valveto the condensate stor age tank; thisallows more
water to leave the hotwell than isentering from the condenser. When the hotwell level is
low, the makeup valveis opened and water isreturned from the condensate water storage
tank to the hotwell. The condenser and hotwell are always under vacuum. At the
beginning of the accident, theinlet and outlet valves of the condensate polisher
accidentally closed. The bypass valve would not open because of a control fault; this
probably caused the condensate booster pumpsto trip, followed by trip of one
condensate pump and both steam generator feed pumps. A severe " water hammer”
damaged the controls of valve CO-V57 and thergect valve so that condenser hotwell level
could not be controlled.

Thereisno radioactivity associated with the condensate and feedwater systemsnor are

they unique to nuclear power plants. The condensate and feedwater systems of
fossil-fueled plantsarevery similar tothoseat TMI.
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polisher system are discussed in Section II.C.1.d.]
Closure of either the inlet or outlet valves would in-
terrupt the flow of feedwater and cause the conden-
sate pumps and condensate booster pumps to trip,
that is, to be automatically shut down. Tripping of
these pumps causes tripping of the main feedwater
pumps, which in turn, causes tripping of the main
turbine and electrical generator.

In the accident at TMI-2, it has not been definitely
determined what caused the condensate pump to
trip, although it is a reasonable inference that the
operations on the polisher were somehow involved.
It has been established that condensate pump 1A
tripped and that both main feedwater pumps then
tripped almost simultaneously.  Approximately 1
second later, the turbine and generator tripped.

The three emergency feedwater pumps (two
electric-driven and one steam-driven) started au-
tomatically within 1 second after the main feedwater
pumps tripped. The purpose of the emergency
feedwater pumps is to ensure a continuing supply of
water to the steam generators (OTSG) when the
main feedwater pumps are not working. Water from
the emergency feedwater pumps is not normally
delivered to the steam generators immediately after
the main pumps cease to operate. The automatic
valves (EF-V11A and EF-V11B, Figure 11-2) will not
open until two conditions have been met: (a) the
emergency pumps are delivering their normal
discharge pressure (at least 875 psig) and (b) the
water level in the steam generators has sunk to 30
inches or less.

In addition to the automatic valves, there are
block valves? (EF-V12A and EF-V12B) in the lines to
the steam generators. These valves are required to
be open while the plant is operating. At the time of
the accident, however, the block valves were
closed. The closed indication of these valves, which
was shown on an indicator light in the control room,
was not noticed by the operators.

The reactor is not automatically shut down when
turbine trip occurs. [The desirability of an automatic
shutdown feature is discussed in Section I1.C.1.b.]
The integrated control system (ICS) * decreases, but
does not shut off, the reactor power. On loss of
feedwater followed by turbine trip, the energy re-
moved from the steam generators was less than the
energy added by the reactor, and the pressure in
the reactor coolant system (RCS) increased. The
pressure increase began immediately.

To protect the RCS from excessive pressure, a
pilot-operated relief valve (PORV) and two safety
valves are provided. Three seconds after turbine
trip, the pressure in the RCS had increased to the
point (2255 psig) at which the PORV opened. The
reactor was still delivering power, and pressure
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continued to rise, although not as rapidly. Eight
seconds after the turbine trip, the pressure had
reached the point (2355 psig) at which the reactor
is automatically shut down.

During the time that these automatic functions
were taking place, the operators took the following
actions:

1. Checked the turbine throttle and governor valves
for closure. (The operators found that one throttle
valve meter did not show closure. Closure of the
governor valves, which shuts off steam to the
turbine, however, was shown.)

. Switched the pressurizer from manual to au-
tomatic control. (The pressurizer had previously
been manually controlled to equalize boron con-
centrations between the pressurizer and the
reactor.)

. Verified opening of the turbine bypass valves.

. Set the generator circuit breakers in the locked-
out position.

. Manually tripped the turbine to make sure all trip
functions operated.

Immediately after the reactor trip, the operators
confirmed insertion of all control and safety rods. It
was definitely known that the reactor was now shut
down. Nuclear fission quickly stops when the con-
trol rods are inserted. The products of the fission
reaction, however, are themselves radioactive and
continue to decay after the reactor is shut down.
The power produced in this radioactive decay is
called decay heat. Immediately after shutdown, the
decay heat is about 160 MW. Dropping very rapidly
at first, the decay heat is approximately 33 MW
about 1 hour after the reactor is shut down. Ten
hours after shutdown, it is about 15 MW. After that,
the decay heat decreases more slowly.

The reactor coolant expands when heated and
contracts when cooled. The excess energy
delivered by the reactor causes the coolant to ex-
pand until the reactor trips. After the reactor trips,
the excess energy removed by the steam genera-
tors causes cooldown and contraction of the
coolant. Volume changes in the coolant are reflect-
ed in changes of pressurizer level.

When the system is operating, water is continu-
ously removed from the RCS via a drain called the
letdown system, is purified, has boric acid added or
removed, and is returned to the RCS through the
makeup pumps (Figure 11-3). In normal operation,
makeup slightly exceeds letdown so that small
losses from the system through the normal leakage
are replaced. Before the accident, leakage was
higher than usual, because a code safety valve, or
possibly the PORV, was leaking. [Additional discus-
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FIGURE 11-2. The Emergency Feedwater System

Three emergency feedwater pumps (two electric, one steam driven) are started
automatically on loss of the main feedwater pumps (Figure 11-1). The emergency
feedwater pumps take suction from the condensate storage tank; in an emergency, they
can also take suction directly from river water. The automatic control valves will open (a)
when the discharge pressure of the emergency feedwater pumps is high enough and (b)
when the water level in the steam generators falls to 30 inches or less. Until both
conditions are satisfied, the control valves remain closed. The block valves should have
been open at all times; however, at the time of the accident these valves were closed.
When the conditions were met, the control valves slowly opened, but no water was
admitted to the steam generators because the block valves were still closed. About 8
minutes after the start of the accident, the operator discovered that the block valves were
closed, and opened them. This admitted water to the steam generators.

The block valves can be operated by switches in the control room, by switchesin the

auxiliary building, and manually at the valves. It is not known from which point nor
when the valves wer e closed.
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During normal operation, water is removed from the reactor coolant system (RCS) near
the suction of the reactor coolant pump (RCP-1A). The water removed is purified and
cooled and can be sent either to the reactor coolant bleed tanks or to the makeup tank.
At least one makeup pump is always operating; this supplies water to the reactor coolant
pump seals. A small amount of the seal water leaks out and is returned to the makeup
tank through the seal return system; the remainder enters the RCS. Any additional water
required to maintain the correct inventory in the RCS is regulated by valve MU-V17 and
enters the discharge line of RCP-1A. In the high pressure injection mode (when the
engineered safeguards are actuated), two makeup pumps (normally IA and 1C) take
water directly from the borated water storage tank, and pump through valves MU-V16A,
16B, and 16D-which are wide open-to all four RCS cold legs. Letdown is stopped
during engineered safeguards operation.

When the pressurizer is in the "automatic" mode, valve MU-V17 is controlled by

pressurizer level.
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sion of plant operation with leaking valves can be
found in Section II.C.1.b.] Leakage from the PORV
went to the reactor coolant drain tank (RCDT)
where it was condensed and was then pumped to
the reactor coolant bleed tanks. The buildup of wa-
ter in the bleed tanks was then being transferred
periodically to the makeup tank.

If not compensated for, the expected shrinkage
of reactor coolant on cooldown could cause an ex-
cessive change of volume. To reduce the rate of
volume change, therefore, letdown is stopped and
makeup is increased. Thirteen seconds after the
turbine trip, the operator stopped letdown. He also
attempted unsuccessfully to start a second makeup
pump. This operator has testified that the pump did
not start because the switch was not held in posi-
tion long enough. The pump was started later, how-
ever, by another operator. (The operation of the
makeup pump is discussed further in Section
Il.C.1.c, in which it is concluded that only momentary
switch contact is required to start the makeup
pumps.)

Thirteen seconds after turbine trip, pressure had
lowered to the point (2205 psig) at which the PORV
is designed to close. An indicator light in the control
room shows when the valve has been ordered to
close-that is, when power to the valve opening
solenoid is cut off-but does not show when the
valve actually closes. It is now known that the valve
did not, in fact, close as it was designed to do. The
operators, however, had no direct means of know-
ing this.

Fifteen seconds after turbine trip, the pressurizer
level reached a maximum of 255 inches (from an
operating level of about 220 inches). Contraction of
the coolant then caused a rapid drop in pressure, as
was expected. [The operators expected to reduce
the amount of contraction by adjusting makeup and
letdown flows.] [By 28 seconds after turbine trip,
the two conditions for admission of emergency
feedwater to the steam generators had been met,
and the automatic valves should have begun to
open. Because the block valves were closed, of
course, no water could be admitted to the steam
generators even with the automatic valves open. It
appeared to the operator that the automatic valves
were opening at an unusually slow rate, and the
slow opening of these valves was initially attributed
to the delay in feeding the steam generators.]

Thirty seconds after turbine trip, an alarm of high
PORYV outlet temperature was received on the alarm
printer in the control room. This alarm was not
printed out until several minutes later, because the
alarm printer, which was receiving over 100 alarms
per minute at the time, was overloaded. Such an
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alarm does appear on an annunciator; however, the
annunciator is not readily visible from the normal
operating location. [The high temperature alarm did
not show that the valve was still open; the momen-
tary opening known to have occurred previously,
plus the known leakage, would have accounted for
this alarm.]

By 30 seconds after turbine trip, the contraction
of the reactor coolant had reduced the pressure in
the RCS to the point (1940 psig) at which the reac-
tor would have been tripped if it had not previously
been tripped on high pressure.

By 40 seconds after reactor trip, both steam
generators had boiled down to the low level alarm
point. [This fact would not unduly concern the
operators, given the apparently slow opening rate of
the automatic emergency feedwater valves.] 4

A second operator now noticed that the second
makeup pump had not started, and successfully
started pump MU-P1B. He also opened the makeup
throttling valve (MU-V16B, Figure 11-3) to increase
the amount of makeup flow. [This increased flow,
along with reduced letdown, apparently overcame
the coolant contraction.] Forty-eight seconds after
turbine trip, the pressurizer level reached its
minimum-158 inches-and then began to increase.

Meanwhile, the condenser hotwell (Figure li-1)
was undergoing some expected level fluctuations,
first dropping to 21.7 inches, then rising to normal.
At 1 minute 13 seconds, the condensate level had
reached the high level alarm point at 37.8 inches.
[These initial fluctuations were not unexpected.]
Unknown to the operators, however, an air line to
the hotwell level controller was broken, apparently
by a "water hammer" during the initial transient. °
The operators were unable to regain control of
hotwell level.

Very shortly thereafter, the temperature of the
water in the RCDT had significantly increased. Un-
fortunately, the meter showing this temperature is in
back of the main control panels and cannot be seen
from the normal operating position. [Even if it had
been noticed, this information might not have been
interpreted as meaning that the PORYV was still
open. The RCDT liquid was already warm because
of leakage and would have become hotter yet when
the PORV opened in the initial transient.]

Two minutes after turbine trip, the RCS pressure
had dropped to 1600 psig. At this pressure, the en-
gineered safeguards (ES) automatically actuate.
The ES system is designed so that when the RCS
pressure drops to this level, makeup pumps MU-P1A
and 1C will start (if not already operating), makeup
pump MU-P1B will trip (if running), and the makeup
valves will open to admit the full output of the



pumps® into the RCS. At TMI-2, the ES system
functioned smoothly. Makeup pump MU-P1A was
running. When the RCS pressure dropped, makeup
pump MU-PIC came on, makeup pump MU-P1B was
tripped, and the throttling valves were opened wide.

[If the PORYV had not been opened, it could now
be expected that increased flow of makeup water
into the system would accelerate the rate of rise of
the pressurizer level (Figure 11-4) and cause the RCS
pressure to begin to climb again. Uncontrolled filling
of the pressurizer might cause it to fill completely
(pressurizer "solid"). Control of RCS pressure is
lost with a solid pressurizer. and a very smal! tem-
perature increase in the totally filled system could
cause the pressure to rise to the point where the
safety valves would open. If this were to happen, it
is possible that the plant would have to be shut
down. The safety valves might have to be repaired,
because it is not unusual for safety valves to leak
after being lifted. Operators are trained to avoid this
situation. Operating procedures require them to
switch to manual control and reduce makeup as
soon as the pressurizer regains a normal level.
(This practice is necessitated by a preexisting
design deficiency discussed in Section I1.C.1.c.)]

The operator bypassed the ES system and re-
duced the makeup flow, but the pressurizer level
continued to increase rapidly. Pressure did not rise
and even began to move slightly downward. The
reason for the anomaly of rising pressurizer level
and decreasing pressure was not recognized by the
operators. Trained to avoid a solid pressurizer, they
stopped makeup pump MU-PIC and increased let-
down flow to its high limit, thereby temporarily
arresting the rate of pressurizer level increase.

March 28,1979-4:06 a.m.

[Loss of coolant through the PORYV and excess
of letdown over makeup accelerated the decline of
RCS pressure. At the same time, very little heat
was being removed by the steam generators.
About 6 minutes after the turbine trip, the pressure
had decreased to the point where some bulk boiling
of the reactor coolant could have taken place. At
about this same time, the pressurizer level came
back on scale.]

[If the pressure dropped low enough for boiling to
occur, control of the pressurizer level would have
become more difficult. The open PORYV would
reduce the pressure in the pressurizer steam space.
Steam forming elsewhere in the system would force
more water through the surge line, raising the pres-
surizer level. If the RCS pressure rose so that the
water was no longer saturated, the steam bubbles in
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other parts of the system would be condensed, and
the pressurizer level would fall. In other words, the
pressurizer level would be controlled by steam for-
mation, as well as by the makeup and letdown sys-
tem. At the same time, it would have been difficult
to regain a bubble by using the heaters. The rate of
energy loss through the PORYV at the system pres-
sure was many times greater than the energy added
by the heaters.]

About 6 minutes after the turbine trip, unsuc-
cessful attempts were made to restart the conden-
sate pump CO-PIA and a condensate booster
pump. The steam generators were completely dry
and steam pressure was dropping rapidly. [Very lit-
tle energy was being removed through the steam
generators. Some energy was being removed by
hot fluid flowing out the PORYV, but this was not suf-
ficient to prevent an increase in RCS temperature
after the makeup flow was reduced.]

The relief valve on the RCDT was opening inter-
mittently after approximately 3 Y2 minutes. Opera-
tion of this valve allowed the tank to overflow into
the reactor building sump. Operation of the relief
valve was not noticed by the operators. RCDT
parameters are displayed on panel 19a, which is lo-
cated out of the operator's view. The level in the
reactor building sump eventually got high enough to
cause a sump pump to be automatically turned on.

[The flow of mixed water and steam out of the
relief valve was filling the RCDT at a rate that may
have been as high as 20 pounds per second.]

[The reactor building sump is normally pumped to
the miscellaneous waste holdup tank. It appears
that at the time of the accident, however, the reac-
tor building sump pump was actually lined up to
pump into the auxiliary building sump tank-which
was already nearly full and had a broken rupture
disk. Overflow of the auxiliary building sump tank
would cause overflow to go to the auxiliary building
sump.]

March 28,1979-4:08 a.m.

At 8 minutes after turbine trip, the operator
discovered that the emergency feedwater block
valves were closed and opened them. Opening
these valves caused a rapid increase in steam pres-
sure, which had previously dropped when the steam
generators boiled dry, and a drop in RCS tempera-
ture. Steam generator level, however, did not re-
cover noticeably for another 14 minutes. [The rea-
son for the lag in recovery of the steam generator
level is that emergency feedwater is sprayed direct-
ly onto the hot tubes and evaporates immediately
(Figure 11-5). Evaporation raises steam pressure, but
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FIGURE 11-4. The Pressurizer

The pressurizer controls the reactor coolant system pressure and water level. The
pressurizer is connected to the hot leg through the pressurizer surge line. This line has a
"V" bend (a "loop seal") so that any steam bubbles in the hot leg would not enter the
pressurizer. The pressurizer is partly filled with water. The upper part contains steam. If
the pressure drops, the pressurizer heaters are turned on. This raises the water
temperature, which causes more steam to form and raises the pressure. If the pressure
rises, the spray valve is opened and water from the cold leg (1A) is sprayed into the
steam. This condenses some of the steam and reduces the pressure. The pressurizer spray
depends on the operation of pump RC-PIA for its operation. The heaters and spray are
usually operated automatically. However, they both can also be manually operated from
the control room.

The water level in the pressurizer is measured by the level sensing systems. There are three
independent level sensors. If the level drops, valve MU-V17 is opened to admit more
makeup water. If the level rises, valve MU-V17 is closed. Valve MU-V17 can be operated
either automatically, or manually from the control room.

The safety and relief valves and the vent valve are at the top of the pressurizer. One of
these is the pilot-operated relief valve, which stuck open in the accident at TMI-2. The
purpose of the safety and relief valves is to allow escape of steam if the pressure gets too
high. The vent valve is used to bleed off air and other gases when the plant is being started

up.
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FIGURE 11-5. The Once-Through Steam Generator

The water that has been heated in the reactor coolant system circulates
through the tubes of the once-through steam generators (OTSGs). In
normal operation, the feedwater is sprayed out of the feedwater nozzles
into the downcomer. There is steam in the downcomer which raises the
temperature of the already hot feedwater almost to the boiling point. The
very hot feedwater collects around the tubes near the bottom of the OTSG.
The reactor coolant system is maintained at a temperature above the boiling
point of water at secondary pressures. Some of the heat is transferred to
the feedwater, causing it to boil. The reactor coolant enters at the top,

the hottest region. Asthe steam rises past the very hot tubes near the

top, it becomes superheated.

Emergency feedwater is sprayed in through the emergency feedwater nozzles.
Thiswater, which is cold compared to normal feedwater, is sprayed directly
onto the upper part of the tubes. This action cools the reactor coolant at
the top of the tubes and causes it to contract, thereby increasing its

density. Because of the increased density the coolant flows down through
the tubes, even if the reactor coolant pumps are not operating. Thisis

called natural circulation.

Even if the reactor coolant system is not full, some circulation can take
placeif the secondary side has a high water level. Steam filling the hot
legs can condense in the steam generator asfast asit is being produced in
the reactor. Thisis called reflux flow.
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no water collects in the bottom until the tubes are
cooled down.] About 7 or 8 minutes after the block
valves were opened, sufficient heat had been re-
moved from the system that the reactor coolant be-
came cool enough so that little or no bulk boiling
was taking place. [The voids (steam bubbles) in the
system should have collapsed; their collapse would
make the pressurizer level drop. That the pressur-
izer level dropped only about 30 inches when the
RCS became subcooled shows that the steam bub-
ble voids did not yet constitute a large fraction of
the coolant volume.]

The opening of the RCDT relief valve was insuffi-
cient to keep the tank pressure from increasing.
Fifteen minutes after turbine trip, the rupture disk on
the RCDT broke as designed. The tank was now
opened directly to the reactor building. [The pres-
sure instrument on the tank actually measures the
difference in pressure between the tank and the
reactor building. An indication of the high rate of
flow through the PORYV is that the pressure measur-
ing device indicates some pressure even after the
rupture disk broke; i.e., the fluid was rushing in as
fast as it could be discharged through the rupture
disk opening. This high discharge to the reactor
building suggests that a mixture of water and steam
was coming out the PORV.] The alarm printer
shows that a second sump pump started. 8

At 19 minutes after turbine trip, the first of many
radiation alarms was received from the reactor
building air exhaust duct. [It is unlikely that any fuel
had failed at this time. What probably happened
was that violent boiling and temperature excursions
had dislodged a lump of slightly radioactive material
(crud) from the exterior of a fuel rod. It is also pos-
sible, although improbable, that the combination of
reduced coolant pressure and higher than normal
coolant temperatures could have allowed some
minor cracks to appear in the fuel rod cladding. At
any rate, there was some radioactivity in the coolant
that came out of the PORV.]

The plant computer measures each parameter,
temperature, pressure, level, etc., and then com-
pares the reading for each to a preset alarm value.
If the reading is found to exceed acceptable limits, a
notation to that effect is typed out on the alarm
printer. When the parameter is restored to accept-
able limits, another notation is typed. The alarm
printer records starting, stopping, or tripping of ma-
jor equipment.

Operators can communicate directly with the
computer through the utility typer. The utility typer
can give an operator immediate information about
selected parameters; e.g., whether the readings for
these parameters are within normal limits. Certain
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combinations of parameters can be preprogrammed
to be printed out in groups of data on request.

At the beginning of the accident, the computer
alarm printout was synchronized with real time. The
alarm printer can only type one line every 4
seconds, however, and during the accident, several
alarms per second were occurring. Within a few
minutes, the computer was far behind real time, and
the alarms being printed were for events that had
occurred several minutes earlier. The operators can
bring the computer up to date, but only at the cost
of clearing all alarms awaiting printout from memory.
The computer was brought up to date during the
course of the accident, and as @ result, nearly 172
hours of historical data have been lost. Also, when
the computer alarm printer was brought up to date,
real time information was available for only a few
minutes, then the computer began to lag again.
[Computer alarm data, therefore, was of very little
value to the operators, although it has been useful in
reconstructing the accident sequence.]

[Data of value to the operators were presented by
meters, strip charts, multipoint recorders, status
lights, and alarm annunciators. So many annuncia-
tors were lighted, however, that their value to the
operators was probably diminished.] The annuncia-
tors for RCDT alarms, like the RCDT gauges, cannot
be seen from the normal operating position.

March 28,1979-4:25 a.m.

About 25 minutes after turbine trip, the operators
received a computer printout of the PORYV outlet
temperatures. [The high temperature-285°F-was
not perceived by the operators as evidence that the
PORV was still open. When the PORV opened in
the initial transient, the outlet pipe temperature
would have increased even if the PORV had closed
as designed. The operators supposed that the ab-
normally slow cooling of the outlet pipe was caused
by the known leak in the relief or safety valves. Ac-
tually, sufficient evidence of the failure of the PORV
to reclose was now available: the rapid rise in
RCDT pressure and temperature, the fact that the
rupture disk had blown, the rise in reactor building
sump level (with operation of the sump pumps), and
the continuing high PORYV outlet temperature. The
PORV outlet temperature was read again at 27
minutes after turbine trip. The evidence of an open
valve, however, was not interpreted as such by the
operators. Many of the instruments were behind
the control panels, out of the immediate sight of the
operators. It appears that at 30 to 40 minutes, the
operators deliberately went behind the control
panels to read the instruments, but then failed to
recognize the significance of the readings.]



March 28,1979-4:30 a.m.

At approximately 30 minutes, an auxiliary opera-
tor noticed that the suction line to condensate
booster pump CO-P2B was leaking. [He believed
the leak to have been caused by the "water ham-
mer" at the time of the accident.] The pump was
isolated by closing the suction valve.

Another auxiliary operator noticed that the reac-
tor building sump pumps were on and that the meter
showing the depth of water in the reactor building
sump was at its high limit (6 feet). The background
radiation in the auxiliary building had increased.
(Although it was believed that the reactor building
sump pumps were discharging to the miscellaneous
waste holdup tank, the level in the holdup tank had
not changed. On the orders of the control room
operator, with the shift supervisor's concurrence,
the operator shut off the sump pumps.)

The auxiliary operators, after considerable diffi-
culty, manually opened the condensate polisher
bypass valve. An air line to the condensate reject
valve was found to be broken. [This broken air line
was apparently the cause of operators' inability to
control hotwell level.]

Operators were still encountering problems with
the condensate system. They were also beginning
to have problems with the reactor coolant pumps.
[The operators now could have realized that what
was occurring was not a normal turbine and reactor
trip. They continued to be puzzled by the high
pressurizer level and decreasing pressure, however,
and no one took the time to investigate the RCDT
gauges.]

[The reasons for the problems with the reactor
coolant pumps were that steam bubble voids had
formed throughout the system when the pressure
was below the saturation pressure. The system
pressure at the coolant pump inlets is required to be
significantly above the saturation pressure. This re-
quirement is called the net positive suction head
(NPSH) requirement. If the NPSH requirement is not
met, vapor bubbles will form in the lowest pressure
regions on the suction side of the pumps. The for-
mation of vapor bubbles, called cavitation, could
cause severe pump vibration, which in turn could
damage the seals and might even damage the at-
tached piping. Operators ignored the NPSH re-
quirement and left the reactor coolant pumps
operating as long as possible. Had they not done
this, more severe core damage could have oc-
curred. As long as the pumps provided circulation,
even of froth, the core was being cooled. As soon
as all the pumps were stopped, circulation of
coolant decreased drastically, because natural cir-
culation was blocked by steam.] [Some circulation
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can be maintained by refluxing. In this type of flow,
the water boils in the reactor vessel, and the steam
flows through the hot legs, is condensed in the
steam generators, and flows (as liquid water) back
to the reactor vessel. For refluxing to occur, a
spray of emergency feedwater must be hitting the
tubes, or the water level on the secondary side of
the steam generators must be higher than the water
level on the primary side and the temperature signi-
ficantly cooler. The level in steam generator A was
low (about 30 inches). The steam pressure, hence
the temperature, on the secondary side was not
much lower than that on the primary side. Reflux
circulation, therefore, would probably not have been
effective.]

[Effective cooling might have been maintained if
the steam generators had been filled to a high level
and if the steam pressure had been kept significant-
ly lower than the RCS pressure.]

[The voids in the system also caused the neutron
detectors outside the core to read higher than ex-
pected. Normally, water in the downcomer annulus
(Figure 11-6), outside the core but inside the reactor
vessel, shields the detectors. Because this water
was now frothy, however, it was not shielding the
detectors as well as usual. Not realizing that the
apparent increase in neutrons reaching the detec-
tors was caused by these voids, operators feared
the possibility of a reactor restart. Although it can
now be seen that their fears were unfounded, at the
time they were one more source of distraction.]

The emergency diesel generators had been run-
ning unloaded ever since ES actuation. These
diesels cannot be run unloaded for long without
damage. They cannot be shut down from the con-
trol room, but must be locally tripped. Once the
diesels are stopped, the fuel racks must be reset so
the diesels can be automatically restarted. At 30
minutes after the turbine trip, the operator sent a
man to the diesels to shut them down. The fuel
racks, however, were not reset. Failure to reset
these racks could have had serious consequences
if offsite power had been subsequently lost, be-
cause radioactivity restricted access to the diesels.
[This is discussed further in Section 11.C.1.c.]

[Voiding throughout the system and the
deteriorating performance of the reactor coolant
pumps decreased the efficiency of the heat transfer
through the steam generators. The rate of boiling
was lower than usual, and operators found it difficult
to keep the water level from creeping up. At 26
minutes, the steam driven emergency feedwater
pump had stopped, and at 36 minutes, one of the
electric pumps had stopped thereby throttling the
flow of feedwater. At 50 minutes, operators were
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FIGURE 11-6. The Reactor and Reactor Pressure Vessel

The reactor is contained in the reactor pressure vessel. Water is pumped in through the
four cold legs (inlets), and flows down through the downcomer annulus. At the bottom
of the vessel, the flow is reversed and the water flows upward through the core. The
temperature of the water israised asit flows past the hotter fuel rods.
Thermocouples-temperature measuring devices-are installed just above the fuel rods.
These devices are not in contact with the rods and, therefore, measure the temperature of
the fluid that has just |eft the core area. Water then flows out through the two hot legs
(outlets) to the steam generators. Neutron detectors are located inside the core. In
addition, there are two sets of detectors outside the reactor pressure vessel. The source
range detectors read relatively low neutron levels. Before the upper limit of the source
range is reached, the intermediate range detectors pick up and continue recording higher
levels than the source range can read. No instruments are provided for reading the level of
water in the reactor vessel.
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still having trouble stabilizing the steam generator
level, as well. While steam generator B was still fil-
ling, the level in A was decreasing.]

[The condition of the condensate system contin-
ued to deteriorate. Normally, the heat removed from
the primary system via the steam generators is
ejected to the atmosphere via the main condenser
and cooling towers. The condensers must be main-
tained at a vacuum to operate efficiently, however,
and condenser vacuum was gradually being lost. If
condenser vacuum were to drop below acceptable
levels, the condensate system would be automati-
cally tripped and an uncontrolled dump of secon-
dary steam to the atmosphere would occur (Figure
11-7). To prevent loss of vacuum, operators deli-
berately shut down the condensate system 1 hour
after the turbine trip and sought to maintain control
over steam pressure by controlling the atmospheric
steam dump.

March 28,1979-5:00 a.m.

[At the end of the first hour, the situation with
which the operators were confronted had severely
deteriorated: pressurizer level was high and was
only barely being held down, the reactor coolant
pumps were still operating but with decreasing effi-
ciency, the condensate system was no longer oper-
able, the reactor building pressure and temperature
were slowly increasing, the alarm computer lagged
so badly that it was virtually useless, and radiation
alarms were beginning to come on.]

At 1 hour 2 minutes, the alarm printer failed, and
alarms were shifted to the utility printer for the next
1l minutes. Alarms from 1 hour 13 minutes to 2
hours 37 minutes are irretrievably lost.

At 1 hour 11 minutes, operators initiated reactor
building cooling. Their action soon halted, and
eventually reversed, the rise in reactor building tem-
perature and pressure. [That this step was con-
sidered necessary by the operators suggests that
they were aware of increasing temperature and
pressure. ]

[The increasing temperature and pressure should
have been a good indication that a small-break
LOCA was in progress. In fact, if the air cooling had
not been initiated, the reactor building would prob-
ably have been isolated (sealed off) shortly after this
time.]

March 28,1979-5:13 a.m.
[The operation of the reactor coolant pumps was
seriously impaired. High vibration, low flow, low

amperage, and inability to meet NPSH requirements
led the operators to start shutting down pumps.] At

1 hour 13 minutes, reactor coolant pump RC-P1A
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was stopped, and pump RC-P1B was stopped a few
seconds later. [The reason for stopping pumps in
the B loop is that power for the pressurizer spray
comes from the A loop. The operators were hopeful
of regaining control of pressurizer level and wanted
to keep the pressurizer spray operable as long as
possible.]

Shutting down two pumps reduced the flow of
coolant through the reactor core. [Apparently, there
was still enough mass flow in the steam/water mix-
ture to provide cooling, but not as much cooling as
that provided when a large volume of void-free wa-
ter was circulating. There is no firm evidence of
overheating at this time. The open valve was
reducing the inventory of water in the RCS, though,
and the pressure was getting lower. Water contin-
ued to boil to remove decay heat; this boiling in-
creased the amount of steam in the system and
further impeded circulation.]

A few minutes later, analysis of a sample of reac-
tor coolant indicated a low boron concentration.
[This finding, coupled with that of apparently in-
creasing neutron levels, increased operators' fears
of a reactor restart. As explained earlier, the sup-
posed increase in neutron levels was spurious, ap-
pearing on the detector only because bubbles in the
downcomer were allowing more neutrons to reach
it. It is believed that the apparently low boron level
was also spurious, that condensed steam diluted
the sample. Neither explanation appears to have
been considered at the time. The operators did ap-
parently distrust the low boron concentration, and
took steps to get a second sample.]

March 28,1979-5:20 a.m.

At 1 hour 20 minutes, an operator had the com-
puter print out the PORV and pressurizer safety
valve outlet temperatures. The temperature of the
PORV outlet was 283°F. The temperatures on the
two safety valve outlets were 211°F and 219°F. [That
there had been essentially no change in tempera-
ture in 55 minutes should have alerted the operators
that the PORYV valve had not closed; operators
could have confirmed this by checking the RCDT
and reactor building parameters or by closing the
block valve to see if the outlet temperatures
changed.]

Also at 1 hour 20 minutes, the letdown line radia-
tion monitor began to increase. It increased steadily
to the full-scale reading. [The increase in radioac-
tivity cannot definitely be attributed to fuel failure.
Certainly, it was not attributed to this at the time.
The letdown monitor was notoriously sensitive, so

that even minor changes in radioactivity would
cause great variations in the reading.]
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FIGURE 11-7. Main Steam Lines and Dump Valves

Steam is delivered to the turbine in normal operation. When the turbine is tripped, the
steam is preferably passed to the condenser via the bypass valves. If the condenser is not
operating, steam can be released to the atmosphere through the atmospheric dump valves.
Either the bypass valves or the dump valves can be automatically controlled to maintain
steam pressure at a preset valve.




[The low steam pressure in steam generator B
and the increase in reactor building pressure were
believed to be caused by a leak from the steam
generator.] At 1 hour 27 minutes, steam generator
B was isolated (taken out of service). [With hind-
sight, it can be seen that the low pressure was sim-
ply caused by steam bubbles and a reduction of
heat transfer in the B loop following stoppage of the
pumps. A small change in building pressure was
noted when the steam generator was isolated. The
occurrence of this change at this time was probably
coincidental.]

March 28,1979-5:30 a.m.

At 1 hour 30 minutes, the apparent neutron level
increased again. An RCS sample showed even
lower boron concentration and increased radioac-
tivity. [The activity was probably due to crud.]

The temperature of the RCS coolant in all primary
system piping had been slowly increasing. Eventu-
ally, the primary side of steam generator A got hot
enough so that more steam was produced on the
secondary side, and the steam pressure began to
rise. The increased steam production had two side
effects: (1) the water level on the secondary side
dropped and the steam generator boiled dry for the
second time, and (2) the increased heat removal
brought the RCS temperature down again.

[The efficiency of the reactor coolant pumps was
still decreasing, and at 1 hour 37 minutes, the frothy
mixture became too light to circulate. Separation of
the froth would have sent the steam to the high
parts of the system, while water collected in the low
parts. An analogy is a kitchen blender with the bowl
half full of water. With the blender at high speed,
enough air bubbles are whipped into the water so
that the bowl is full. If the speed drops, the air bub-
bles are lost and the lower half of the bowl is solidly
filled with liquid water. This was reflected in the
behavior of the neutron instrumentation. Apparently
the downcomer, which had been previously filled
with froth, now filled with water. The increased
shielding stopped neutrons from reaching the detec-
tor and the apparent neutron level dropped by a
factor of 30.]

Operators recognized that steam generator A
was dry, and in an attempt to regain water level,
they increased feedwater flow.

March 28,1979-5:41 a.m.

At 1 hour 41 minutes, both remaining reactor
coolant pumps (RC-P1A and 2A) were stopped be-
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cause of increasing vibration and erratic flow. [The
only heat transfer through the steam generators
was now achieved by reflux flow (Figure 11-5). This
was inadequate for core cooling. It is now believed
that the core was drying out. The operators were
hoping to establish natural circulation in the primary
system. Natural circulation was blocked by steam,
and refluxing would be ineffective because the
secondary temperature was nearly as high as the
primary temperature.]

[The pressurizer is at a higher level than the
reactor. It was assumed that the presence of water
in the pressurizer meant that the core must be
covered. Actually, because the PORV was open,
pressure in the upper part of the pressurizer was
reduced. The strong boiling that was occurring in
the core, however, caused more steam to go into
the upper part of the reactor vessel, and the pres-
sure there was increased. The difference of pres-
sure forced the water level higher in the pressurizer
than in the reactor vessel.]

[Previous reports have alluded to a "loop seal,"
thus giving the false impression that the piping con-
figuration alone somehow created this difference of
level. Even with the loop configuration, to maintain a
higher level in the pressurizer when the water in the
pressurizer is saturated, a higher pressure is re-
quired in the reactor than in the pressurizer. If the
pressures are equalized with the hot leg voided, the
saturated pressurizer water level would drop to the
level of the connection of the pressurizer surge line
into the hot leg. Subcooled water could be main-
tained at a higher level. During most of the ac-
cident, the water in the pressurizer was slightly sub-
cooled or saturated. During the time that the surge
line was uncovered, the water in the pressurizer
was subcooled. It was the combination of loop seal
and temperature that kept the level high, rather than
the loop seal alone.]

March 28,1979-5:42 a.m.

At 1 hour 42 minutes, the decreasing level in the
reactor vessel again reduced the shielding of the
neutron instrumentation, and the apparent neutron
count increased by about a factor of 100. Emergen-
cy boration was commenced to avert a restart.
[Actually, a restart was impossible because of the
partial emptying of the core, but no one recognized
this. A further discussion of this topic is given in
Section 11.C.2.b.]

The hot-leg temperature now became decidedly
higher than the cold-leg temperature. Superheated
steam was present in the hot leg. [The superheat-
ing of the hot leg showed that a fair amount of the



core was uncovered. It is impossible to superheat
the hot leg without uncovering the core.]

Although none of the instrumentation directly in-
dicates to the operators that the saturation tem-
perature has been reached or exceeded, a copy of
tables that show saturation temperatures as a func-
tion of pressure (the "steam tables") was available
to them. [Apparently, however, operators did not
draw the inference from the superheated hot leg
concerning the core.]

[Up to this time, it might have been possible to
salvage the situation without extensive core dam-
age. If the PORV had been closed and full makeup
flow had been instituted, it might have been possible
to fill the system enough so that a reactor coolant
pump could be restarted. As the uncovering of the
core became more extensive, the opportunity to re-
verse the tide dwindled.]

[The upper part of the core was now uncovered.
The steam rising past the fuel rods gave some cool-
ing, but not nearly as much as when they were
covered with water. The decay heat-about 26
MW-was higher than the heat removed, so the fuel
temperature increased.]

[The fuel rods are clad with Zircaloy, an alloy of
zirconium. Zirconium reacts with water to form zir-
conium dioxide and hydrogen. At operating tem-
peratures, this reaction is extremely slow and does
not represent a problem. At higher temperatures,
however, the reaction goes faster. It is believed that
the temperature of the fuel rods reached a point at
which the reaction occurred rapidly, producing sig-
nificant amounts of hydrogen. Furthermore, the
reaction itself releases heat. Heat released from the
reaction would have caused the cladding to become
hotter, driving the reaction faster.]

[As long as the upper part of the system con-
tained only steam, the bubble could be condensed
(collapsed) by increasing the pressure or decreas-
ing the temperature. However, with large amounts
of hydrogen in the system, these measures would
reduce the size of the bubble but could never col-
|apse it. The accident could not now have been re-
versed by simply closing the PORV and increasing
makeup.]

March 28, 1979- 6: 00 a.m.

At 2 hours into the accident, the pressure in loop
A was 735 psig. At this pressure, the saturation
temperature (the boiling point) is about 511°F. The
loop A hot-leg temperature was actually 558° F-
definitely superheated. Shortly after 2 hours, the
narrow range hot-leg temperatures went offscale
high, and cold-leg temperatures went offscale low.
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When this happened, the hot-leg temperature read
constantly at the upper limit (620°F), and the cold-
leg temperature read constantly at the lower limit
(520°F).

The wide range temperature measurements were
still available, although the narrow range tempera-
tures can be read more accurately and the opera-
tors are in the habit of using them exclusively. One
meter shows average temperature, which is actually
an average of the narrow range indications. Aver-
age temperature shown at this time was 570°F, the
average of the constant readings of 520° F and 620°F.
[This steady average temperature evidently con-
vinced the operators that the situation was static.
The restricted range of these indicators and their in-
fluence on the accident are considered further in
Section I1.C.1.e.]

[The operators now knew that there was a prob-
lem. Natural circulation had not been established,
and they had been forced to turn off the last RCP.
Apparently, however, no one knew just what was
wrong.]

At 2 hours 15 minutes, the reactor building air
sample particulate radiation monitor went off scale.
[This was the first of many radiation alarms that
could definitely be attributed to gross fuel damage.]

At some time before this incident occurred, the
core flood tanks had been valved off. If the pres-
sure had dropped to the nominal nitrogen pressure
in the core flood tanks (about 600 psig) with valves
open, the tanks would have discharged water into
the Rcs. [The high pressurizer levels had con-
vinced the operators that there was an adequate
amount of water in the Rcs, and it was thought to
be completely unnecessary to allow the core flood
tanks to operate. Sometime later, the core flood
tank valves were reopened.]

March 28, 1979-6: 18 a.m.

At 2 hours 18 minutes, the PORV valve outlet
temperatures were again reviewed. A shift supervi-
sor who had just come into the control room isolat-
ed the PORV valve by closing a block valve (RC V2)
in the same line. [Apparently, he did this to see
whether it would have an effect on the anomaly of
high pressurizer level and low system pressure.]
The reactor building temperature and pressure im-
mediately began to decrease and the pressure of
the RCS increased. The shift supervisor who had
closed the block valve immediately recognized that
a leak had been stemmed. Others in the control
room, however, were apparently slow in recognizing
that the PORYV had been leaking consistently for
over 2 hours and that leakage of this valve had
resulted in a small-break LOCA.



[Leakage through the PORYV had now been
stopped, but there was still no way to get rid of the
decay heat, because there was virtually no circula-
tion through the steam generators. The once-
through steam generator (OTSG A) had 50% cold
water, which would have been adequate if there had
been circulation. The situation was in some ways
worse than it was before the valve was closed.
While the PORV was open, a considerable amount
of energy, as well as mass, was being dumped into
the reactor building.]

During this period of probable core damage,
there was virtually no information on conditions in
the core. Incore thermocouples (temperature
measuring devices), which measure reactor coolant
temperature at the exit from the core, could meas-
ure only up to 700°F. This limit is imposed by the
signal conditioning and data logging equipment, not
by the instruments themselves. When a tempera-
ture reading is off scale, the computer prints out
question marks: "?????". The operators, however,
cannot tell whether such an indication on the com-
puter means that the readings are outside the scale
limits, or whether there has been some other mal-
function and the readings are simply not being taken
correctly.

Many radiation monitors began to go offscale
high. [This is an indication of severe core damage.
The zirconium dioxide resulting from the same reac-
tion that gives rise to the hydrogen is much more
frangible than Zircaloy. The intense boiling could
have caused shattering of much of this material; and
the loss of cladding integrity, coupled with the high
temperatures, could have allowed the more volatile
radioactive substances in the fuel to escape into the
reactor coolant.]

March 28,1979-6:46 a.m.

At 2 hours 46 minutes, an unsuccessful attempt
was made to start reactor coolant pump RC-P1A,
and 2 minutes later, an equally unsuccessful attempt
was made to start pump RC-P2A. At 2 hours 54
minutes, pump RC-P213 was started after operators
bypassed some interlocks. This pump ran normally
for a few seconds, then the flow dropped to zero
and the pump ran at very high vibration levels; 19
minutes later it was stopped again.

At 2 hours 47 minutes, the computer-printed
alarms were brought up to date. As previously ex-
plained, bringing the alarms up to date erases all
alarms waiting for printout. The alarm summary was
at this time 1 hour 34 minutes behind, so that alarms
from 1 hour 13 minutes to 2 hours 47 minutes were

325

irretrievably lost. The advantage gained was that
operators were provided with current alarm data.
Within a very short time, however, the computer
was again hopelessly behind.

The problems with the condenser hotwell level
control were finally solved at 2 hours 50 minutes.
The broken air line to the reject valve was repaired,
the valve now operated properly, and the conden-
sate hotwell was pumped down to its normal level.

March 28,1979-6:54 a.m.

At 2 hours 54 minutes, the pressurizer heaters
tripped. Throughout the remainder of March 28,
operators were plagued by difficulties in attempting
to keep the pressurizer heaters in operation. The
heaters are necessary for maintaining control of the
pressurizer pressure, and the intermittent loss of the
heaters was keenly felt. [It was believed at the time
that the heaters were tripping because of the hot,
humid atmosphere in the reactor building. The shift
foreman went to the pressurizer heater control ca-
binet to check the circuit breakers. The circuit
breakers were actually closed, but vent fans in the
area had tripped because of high temperatures.
The fans were restarted.

[The attempted starts of the reactor coolant
pumps had not established circulation in the reactor

coolant system. It appears, however, that a slug of
water was forced into the downcomer by the mo-
mentary running of pump 2B. Flow meters indicated
that about 1000 to 1100 cubic feet of water were

moved in the 9 seconds of flow. This could have
covered the core or could have flowed into the oth-
er RC pump cold legs that were nearly empty.]

[The flow of water resulted in a sudden drop in
the indicated neutron levels, but rapid boiling soon
reduced the water level and the levels rose again.
The boiling also caused a rapid pressure rise and
probably did considerable damage to the brittle oxi-
dized cladding.]

Several high radiation alarms within the plant had
now been received. At 2 hours 56 minutes, the shift
supervisor declared a site emergency and began
to notify local authorities. By now the control room
was full of people, including Metropolitan Edison
management and technical people. One estimate is
that there were as many as 50 to 60 people
present. Another report, however, says 18 to 20
people were in the control room. [Many of the ac-
tions taken were at the direction of the Metropolitan
Edison emergency director. For simplicity, the term
"operator" is used in this report to indicate actions
taken from the control room, even though the
operators themselves may not have been taking
some actions on their own initiative.]



The letdown sample lines had now been reported
to have an extremely high radiation level (600 r/h),
and the auxiliary building was evacuated. An at-
tempt was being made to secure another reactor
coolant sample.

March 28,1979-7:00 a.m.

[By 3 hours after the turbine trip, the situation
appears in hindsight to have become quite grave. It
should have been obvious that there was no circula-
tion of reactor coolant. The abortive attempts to
start reactor coolant pumps and the attempts to
secure natural circulation by a high water level in
the steam generator indicate that this was suspect-
ed at the time. Most incore thermocouples were
reading off scale. The hot-leg temperatures were
nearly 800°F. This superheating of the hot leg indi-
cates both that the hot leg had virtually no liquid
water in it and that at least the upper part of the
core was dry. The many high radiation alarms indi-
cate that extensive fuel damage had occurred.]

RCS pressure had been moving generally down-
ward. There had been a slight recovery in pressure
just before the last pumps were shut down. After
the pumps were stopped, though, the pressure
dropped rapidly from about 1140 psig to about 600
psig. Just before closure of the block valve, the
pressure began to rise and when RC-P2B was
turned on, the pressure rose rapidly from 1200 to
2200 psig.

At the same time, the pressurizer went off scale
(above 400 inches). At this time, the loop B hot-leg
temperature exceeded the scale limit of the wide
range instrumentation (800°F).

At 3 hours, the condenser vacuum pump exhaust
radiation monitor was showing increased radiation
levels. A leak in steam generator B had been previ-
ously suspected, and the increased level of radiation
seemed to confirm this. At 3 hours 4 minutes, the
turbine bypass valves from steam generator B and
the auxiliary feedwater valves to this generator were
closed. This completely isolated the steam genera-
tor from the condensate system.

The external neutron instrumentation was show-
ing an increase in apparent neutron levels. [This
was an indication of the dropping water level in the

reactor vessel.]

March 28,1979-7:12 a.m.

At 3 hours 12 minutes, the PORYV block valve was
opened in an attempt to control RCS pressure. The
opening of the valve caused a pressure spike in the
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RCDT, an increase in reactor building pressure, and
an increase in the valve outlet temperature.

Reactor coolant pump RC-2B had been operating
essentially without flow since being started at 2
hours 54 minutes. Because of low current, zero
flow, and a high vibration level, the pump was shut
down at 3 hours 13 minutes.

At 3 hours 20 minutes, the ES were manually ini-
tiated by the operator. This was quickly followed by
a drop in pressurizer level. [The reason for actua-
tion of the ES was the rapidly dropping RCS pres-
sure.] (The ES would have actuated automatically
at about the same time.) Makeup pump MU-P1C
started and the makeup valves opened fully. RCS
temperature dropped rapidly as the cold water
flooded in. [It is believed that the sudden admission
of cold water to the extremely hot core probably
caused additional major damage to the core be-
cause of thermal shock. The external neutron indi-
cators dropped suddenly, indicating a rapid change
of level in the downcomer. The water added should
have ensured that the coolant level was above the
core height.]

Almost immediately, many radiation monitors re-
gistered alarms. The control building, except for the
control room itself, was evacuated. [These radiation
alarms are a good indication that severe core dam-
age occurred. Apparently, the brittle oxidized clad-
ding was shattered by the sudden admission of cold
water, so that the fuel pellets were no longer held in
their original position. This sudden rearrangement
of the core may have permitted the volatile fission
products to enter the coolant; these could later have
streamed out of the open PORYV into the reactor
building.]

March 28,1979-7:24 a.m.

At 3 hours 24 minutes, a general emergency was
declared on the basis of the many radiation alarms.

The borated water storage tank (BWST) low level
alarm was received at 3 hours 30 minutes. There
were still 53 feet of water in the BWST. [That the
level was falling, however, caused concern. Addi-
tional ES actuations could cause all the water in the
BWST to be used up, and the highly radioactive wa-
ter in the reactor building sump would have to be
used for high pressure injection. The HPI pumping
system would become radioactive, which could
cause grave problems if repairs became necessary.
There was thus an inclination to use ES as little as
possible (high pressure injection water is taken from
the BWST).] ES was reset and makeup pump MU-

P1C was stopped.
At the same time, the PORYV block valve was



shut. Closing this valve, with pump MU-P1A still run-
ning, caused a rapid increase in pressurizer level.

March 28,1979-7:35 a.m.

At 3 hours 35 minutes, it was noted that the aux-
iliary building basement was flooded. It will be re-
called that the rupture disk on the auxiliary building
sump tank had previously broken, so that much of
the water pumped from the reactor building had
wound up in the auxiliary building basement. High
radiation readings were found in many areas of the
auxiliary building.

The PORYV block valve was reopened at 3 hours
41 minutes. Thirty seconds earlier, there was a sud-
den jump in the source range neutron detectors.
[The jump may have been due either to water in the
downcomer flashing into steam or to a disturbance
of the core geometry. The change in the source
range is believed to be due to an event internal to
the core representing a change of geometry-
unrelated to external events.]

At 3 hours 56 minutes, there was an ES actua-
tion because of high reactor building pressure (the
setpoint for actuation is 4 psig). When the ES ac-
tuated, the reactor building was automatically isolat-
ed. Isolation means that valves in all systems not
absolutely essential for cooling the core are closed
and the systems are shut down. Makeup pump
MU-PIC started, and the intermediate closed cooling
pumps were tripped automatically. The intermediate
closed cooling pumps are needed for letdown and
seal cooling, so the building isolation and ES were
defeated 4 minutes after actuation and the pumps
were restarted. [The delay in building isolation is
discussed in Section I1.C.1.c.]

March 28,1979-8:00 a.m.

About 4 to 4 |2 hours into the accident. incore
thermocouple temperature readings were taken off
the computer; many registered question marks.
Shortly after, at the request of the station superin-
tendent, an instrumentation control engineer had
several foremen and instrument technicians go to a
room below the control room and take readings with
a millivoltmeter on the wires from the thermocou-
ples. The first few readings ranged from about
200'F to 2300°F. These were the only readings re-
ported by the instrumentation control engineer to
the station superintendent. Both have testified that
they discounted or did not believe the accuracy of
the high readings because they firmly believed the
low readings to be inaccurate. In the meantime, the
technicians read the rest of the thermocouples-a
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number of which were above 2000°F-and entered
these readings in a computer book which was later
placed on a control room console. The technicians
then left the area when nonessential personnel were
evacuated. [We have not developed evidence that
their superiors were conscious of these additional
readings on March 28.]

An attempt was made to start reactor coolant
pump RC-P1A at 4 hours 18 minutes. Current and
flow were monitored to see if the pump could be
operated. The starting current was normal, but
current quickly dropped to a low value and flow
dropped to zero. This indicates that a slug of water
may have been forced through, but the pump was
not working continuously. It was stopped a minute
later.

March 28,1979-8:18 a.m.

Both makeup pumps (MU-P1A and 1C) were
stopped at 4 hours 18 minutes. Two unsuccessful
attempts were made to restart pump 1A. The con-
trol switch was then put in the "pull-to-lock” posi-
tion. This completely defeated automatic starts of
the pump. [The reasons for doing this were ap-
parently the difficulties experienced in attempting to
restart the pump, and a desire to avoid the possibili-
ty of having the pump come on if ES actuated. The
pressurizer indicated full, and the operators were
concerned about full high pressure injection flow
coming on with an apparently "solid" system.]

[Actually, a very large part of the RCS was filled
with steam and gas, and the system was far from
being solid. This condition could have been recog-
nized from the fact that the RCS hot legs were su-
perheated. There was no danger of overpressuriz-
ing the RCS by high makeup flow.]

There was, in fact, another ES actuation at 4
hours 19 minutes. Decay heat pump DH-P1A start-
ed, and the intermediate closed cooling pump
tripped, but makeup pump MU-P1A did not start.
The ES actuation was immediately defeated and the
intermediate closed cooling pump was restarted.
Only one channel had been actuated, but the fact
that one channel was defeated satisfied the "two
out of three" logic which is required for ES actua-
tion.

Makeup pump MU-P1B was started by the opera-
tor at 4 hours 22 minutes, and MU-PIC at 4 hours
27 minutes.

Problems in the condensate system were con-
tinuing. The condensers had been steadily losing
vacuum. It was also necessary to maintain steam to
the main turbine seals in order to operate the con-
denser at a vacuum. When main steam is not avail-



able, seal steam is provided by the oil-fired auxiliary
boiler, which is shared by both TMI units. The auxi-
liary boiler broke down, so that seal steam could not
be maintained, and it was necessary to shut down
the condensate system completely.

March 28,1979-8:31 a.m.

At 4 hours 31 minutes, the vacuum pumps were
stopped and the condenser vacuum was broken.
As a result, steam was now being dumped to the at-
mosphere. The letdown temperature alarmed high
because of the frequent stoppages of the intermedi-
ate closed cooling pump. The high temperature
alarm cleared at 4 hours 36 minutes.

[Only a small amount of heat could be removed
by the steam generator because the upper part of
the RCS was filled by a steam-gas mixture. This
drastically cut flow on the primary side. The water
level on the secondary side was rising because
more water was coming in as feedwater than was
leaving as steam. At 4 hours 42 minutes, emergen-
cy feedwater pump EF-P2A was stopped.]

March 28,1979-9:00 a.m.

At 5 hours after turbine trip, the RCS pressure
was reading 1266 to 1296 psig, the cold legs were
subcooled, and the hot legs were superheated.
Many radiation monitors were off scale. The con-
tainment dome monitor showed a very high reading
of 6000 r/h. As it was apparent that conditions
were far from satisfactory, the decision was made
to repressurize. At 5 hours 18 minutes, the PORV
block valve was closed.

At 5 hours 24 minutes, there was yet another ES
actuation on high reactor building pressure. This
was immediately defeated. Decay heat pump DH-
P1A had already been stopped and put in the "pull-
to-lock" position. The intermediate closed cooling
pump tripped again, but was immediately restarted.

The diesel engines that operate the emergency
generators had been stopped at 30 minutes after
the turbine trip. These diesels provide an emergen-
cy electrical supply for the ES in the event of failure
of the regular supply. During the past 5 hours, the
diesels had been incapable of being rapidly started.
If there had been an interruption in the power,
someone would have had to go to the diesel gen-
erator area to start them. On the other hand, if the
fuel racks were reset, the diesels would have re-
started on every ES actuation. As previously ex-
plained, they cannot be run for long periods when
unloaded, and someone would have had to go to the
diesel generator area each time to reset them. Ei-
ther way, someone would have had to pass through
a high radiation area.
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It was possible to reset the fuel racks at once,
however, and then to leave the controls in position
so that the diesels would not automatically start on
ES actuation. In the event of a blackout, the diesels
could have been immediately started from the con-
trol room, as soon as the operators realized that
power was lost. Resetting the fuel racks was car-
ried out at 5 hours 29 minutes.

March 28,1979-9:43 a.m.

By 5 hours 43 minutes, the RCS was fully
repressurized. The pressure was maintained
between 2000 and 2200 psig by operation of the
PORYV block valve. When pressure got up to 2200
psig, the valve was opened and the pressure
dropped. When the pressure got down to 2000
psig, the valve was closed and pressure increased.
This control of the pressure was maintained for the
next 1 72 hours.

[It was supposed that the higher pressure might
be able to collapse the bubble and allow natural cir-
culation. In order to encourage natural circulation,
operators raised the water level of steam generator
A to 90% by using the condensate pump for feed-
ing.]

March 28,1979-10:17 a.m.

At 6 hours 17 minutes, control room personnel
had to don respirators because of high radiation
levels. These respirators made communications
more difficult.

Auxiliary building fans were stopped at 6 hours
because of the high radiation and so as not to
spread radioactivity. The fans were restarted again
at 6 hours 14 minutes.

A leak in steam generator B was suspected; this
was the reason for isolating it previously. There
was also some concern about the steam generator
A. Steam from A was being released to the atmo-
sphere, and any leak would have led to a release of
radiation. An operator was dispatched to the roof
with a meter that was held near the steam plume.
This measurement confirmed that the steam being
released was not contaminated.

An emergency feedwater pump (EF-P2A) was
restarted at 7 hours 9 minutes to complete the filling
of OTSG A. Filling was completed at 7 hours 30
minutes.

It became clear that even with a full steam gen-
erator and high pressure, natural circulation was not
being established. The next plan was to depressur-
ize sufficiently to inject water from the core flood
tanks.



Each of the two core flood tanks holds 7900 gal-
lons of borated water. The tanks are pressurized
with nitrogen gas to 600 psig. During operation, the
tanks are open to the reactor vessel, but backflow
of water is prevented by check valves. If the RCS
pressure drops below the pressure of the nitrogen
gas, borated water will be injected directly into the
reactor vessel.

When water is injected from the core flood tanks,
expansion of the nitrogen gas causes its pressure
to drop until it balances the RCS pressure. If the
RCS pressure drops slightly below 600 psig, only a
small amount of water will be injected. An amount
of water approaching the full volume of the tanks
will be injected into the reactor vessel only when the
RCS pressure is much lower than 600 psig. The
operators did not realize this and incorrectly be-
lieved that the small amount of water injected was
indicating that the core was covered.

[Other reports have mentioned the existence of a
loop seal between the core flood tanks and the
reactor vessel. These reports give the unfortunate
impression that the loop seal might somehow
prevent water from flooding the core even if the
RCS pressure is lower than the nitrogen gas pres-
sure. Actually, this can only be true if the differential
pressure is less than 5 to 10 psi. High pressure in
the RCS in combination with the loop seal will al-
ways prevent large amounts of water from being in-
jected.]

March 28,1979-11:30 a.m.

At 7 hours 30 minutes, the PORYV block valve and
the pressurizer spray valve were opened, and the
pressure began to drop. The operator defeated ES
actuation at 7 hours 42 minutes, just before au-
tomatic actuation would have occurred.

At 8 hours 12 minutes, a core flood tank high lev-
el alarm was received, indicating a level of 13.32
feet. [This alarm indicates that the core flood tanks
were taking water from the reactor coolant system,
which means that the check valve must have been
leaking slightly.] At 8 hours 40 minutes, the RCS
pressure was down to the nominal pressure of the
nitrogen gas (600 psig), and flow from the core
flood tanks to the reactor vessel should have start-
ed. At 8 hours 55 minutes, the core flood tank level
was down to 13.13 feet, indicating that a small
amount of water went into the reactor vessel.

March 28,1979-12:31 p.m.

[Evidently, operators intended to use the decay
heat removal system if at all possible.] At 8 hours
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31 minutes, operators started decay heat pumps
DH-P1A and 1B in anticipation of getting pressure
down to the level for which the decay heat removal
system is designed (about 300 psig).

Up to this time, the atmospheric steam dump
valve was open. Sometime between 8 hours 30
minutes and 9 hours 15 minutes, the atmospheric
dump valve was closed on orders to the control
room from Metropolitan Edison management, be-
cause of concern that this might be the source of
small radioactivity levels being measured outside the
plant.

The steaming rate was very low at this time, and
closing the atmospheric dump valve did not make
any noticeable change in steam pressure. On the
basis of physical evidence alone, therefore, it is not
possible to pin down the time of closure. A small in-
crease in pressure and operating level that occurred
at about 9 hours 45 minutes cannot be definitely at-
tributed to closure of the atmospheric dump.

The condenser had already been shut down.
The atmospheric dump was an alternate method of
removing some heat from the steam generator.
[The rate of heat removal was very low because
there was virtually no circulation on the primary
side. W.ith closure of the dump valve, however,
even this inadequate heat sink was lost. Energy re-
moval via the open pressurizer relief valve and the
letdown line kept the system from immediately heat-
ing up.]

The BWST level was still decreasing and there
was increasing concern that the tank would run out.
At 9 hours 8 minutes, suction from the BWST was
stopped.

March 28,1979-1:50 p.m.

[It became obvious that the RCS pressure could
not be reduced to get the decay heat removal sys-
tem in operation. Only a small amount of water was
injected from the core flood tanks.] The PORV
block valve was closed at 9 hours 15 minutes, and
was thereafter reopened at intervals for short
periods. At 9 hours 50 minutes, coincident with
opening of the PORYV, there was a very sudden
spike of pressure and temperature in the reactor
building. The building was isolated, and the ES ac-
tuated and building sprays came on. The setpoint
for the building sprays to come on is 28 psig, so the
pressure spike must have been at least that high.
The strip chart shows a peak pressure of 28 psig.

It is now known that the pressure spike was due
to hydrogen combustion in the reactor building. Evi-
dence for this is the high pressure in the building
(seen on three pressure-measuring instruments),



the high temperature in the building (seen not only
by the building temperature measuring device but
also by the reactor coolant pump air intake alarm),
and the depletion of the oxygen level in the building.
[The lack of adequate equipment to control hydro-
gen concentration is discussed in Section I1.C.1.c]

The building sprays quickly brought the pressure
and temperatures down. At 6 minutes after actua-
tion, the sprays were shut off from the control room
because there appeared to be no need for them.

Initially, the spike was dismissed as some type of
instrument malfunction. Shortly afterward, however,
at least some supervisors concluded that for several
independent instruments to have been affected in
the same way, there must have been a pressure
pulse. It was not until late Thursday night, however,
that control room personnel became generally
aware of the pressure spike's meaning. Its meaning
became common knowledge among the manage-
ment early Friday morning. [See Section I1.C.2.a for
a more detailed discussion of this issue.]

At about the same time, two 480-volt ac motor
control centers (MCC-2-32A and 42A) tripped. The
motor control centers (MCC) are in the auxiliary
building; it is not certain that tripping was connected
with the explosion. Two leakage closed cooling
pumps (DC-P2A and DC-P213) tripped at the same
time; these pumps are the largest loads on the
MCCs. The loss of these MCCs caused consider-
able inconvenience for later operation. Even though
there was standby dc equipment available for some
of the motors, the loss of the MCCs made direct
control from the control room more difficult.

[Although it was impossible to get the pressure
low enough for the decay heat system, it was sup-
posed that there would still be some advantage in
keeping the core flood tanks open to the reactor
vessel.] Operators maintained the RCS pressure
below 600 psi (down to a minimum of 410 psi) by
periodically opening the PORYV block valve.

The pressurizer at this time showed a full (greater
than 400 inches) indication. [It is possible that the
true level in the pressurizer could have been lower.
An indication of 400 inches means that the
temperature-compensated level inside the
pressurizer-measuring leg equals the level in the
reference leg. There is a possibility that the refer-
ence leg could have been less than full, although no
information to substantiate or refute this hypothesis
is available.]

March 28,1979-2:28 p.m.

At about 9 hours 50 minutes, the loop A hot-leg
temperatures came back on scale, went to a
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minimum of 460°F, and then climbed back up,
reaching 590°F at about 11 hours 40 minutes. Dur-
ing this period, there were a number of short dips
and rises superimposed on the general trend. [t is
possible that the pressurizer at this time backed up
into the hot leg.]

[An alternate hypothesis, which also ties in with
other phenomena, is that steam reflux increased at
this time. Steam flow across the top of the hot leg
would have been blocked by hydrogen. Continued
venting of the pressurizer may have removed
enough hydrogen to allow steam to flow across the
top of the hot leg and be condensed in the steam
generator. This is shown by a simultaneous drop in
steam generator level (water was boiled away), a
jump in steam pressure, and a drop in RCS pres-
sure.]

[The operators believed that they now had natur-
al circulation established in the A loop. It was
thought that the bubble in the A loop had disap-
peared. Actually, even well-developed refluxing
would not give the heat sink needed to cool the
system much further.] The RCS pressure hit a
minimum of 420 psig and then began to increase
again. [As the pressure dropped, boiling in the
reactor vessel would have increased to the point at
which the steam production exceeded condensation
plus loss through the relief valve, resulting in anoth-
er rise in pressure.]

At 10 hours 32 minutes, makeup pump MU-P1C
was started. Makeup pump 1C was stopped again
at 10 hours 36 minutes.

March 28,1979-2:38 p.m.

At 10 hours 38 minutes, the hot-leg temperatures
went off scale again. They came back on scale al-
most immediately, however, and thereafter contin-
ued to drop. Steam generator parameters indicate
that there was a momentary drop in heat transfer,
but that the steam generator quickly recovered and
began to remove heat again. Note, however, that if
the atmospheric dump valve is closed, as soon as
some of the water in the steam generator secon-
dary side has boiled and the rest of the water has
heated up, the steam generator can no longer re-
move any more heat.

At 11 hours 6 minutes, the temperature of loop A
suddenly increased. [This increase in temperature
is an indication that the secondary side of the steam
generator had become "heat soaked" and would no
longer remove a significant amount of heat from the
RCS.]

At 11 hours 10 minutes, personnel in the control
room removed their respirators.



March 28,1979-3:10 p.m.

At 11 hours 10 minutes, the pressurizer level indi-
cation dropped rapidly to 180 inches over an 18-
minute period. The drop in pressurizer indication
was more or less coincident with the increase in
hot-leg temperature and in the A loop cold-leg tem-
peratures. [There is a possibility (unsubstantiated)
that pressurizer heaters had been turned on previ-
ously.] The pressurizer level stayed low for about
20 minutes, and then began to climb, eventually go-
ing off scale again. The operator had turned on
makeup pump MU-P1C, and 20000 gallons of water
had been added from the BWST and makeup tank.

There was very little change in conditions until 13
hours after turbine trip. During the intervening time,
the PORYV block valve and makeup pump MU-P1C
were operated several times in an effort to hold a
constant pressure. The hot-leg temperature
dropped again at about 12 hours 40 minutes, coin-
cident with an increase in RCS pressure. [The
pressure increase would cause some steam in the
hot leg to condense; the condensation transfers
heat to the secondary side and gives a modest in-
crease in steam pressure.]

March 28,1979-5:00 p.m.

At 13 hours after the turbine trip, the auxiliary
boiler was brought back into operation. Steam for
the turbine seals was now available and it was pos-
sible to hold a vacuum on the condenser. Two con-
denser vacuum pumps were started. [It was now
expected that repressurization would collapse the
bubble in the hot legs, and natural circulation could
be achieved through OTSG A.] Repressurization
began at about 13 hours 30 minutes. At this time,
makeup was 425 gpm, using two makeup pumps.
At 13 hours 45 minutes, following the resolution of a
problem with the outlet valve, OTSG A began
steaming to the condenser.

At 14 hours 39 minutes, valve MU-V16B began to
close; at 14 hours 41 minutes, valve MU-V16C was
throttled until the makeup flow was down to 105
gpm; and at 14 hours 43 minutes, makeup pump
MU-P1C was stopped and valve MU-V16C was com-
pletely closed. The RCS pressure was then 2275

psig.

March 28,1979-7:00 p.m.

At about 15 hours, many of the radiation monitors
came back on scale. [It is not likely that the reduc-
tion in radiation levels was directly controlled by the
repressurization. Closing the PORYV block valve,
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however, did stop the radioactive coolant from get-
ting out to the reactor building.]

[It was now believed that it might be possible to
start a reactor coolant pump. There was some con-
cern, however, as to whether a pump would
operate. If there were voids in the system, sus-
tained running would possibly damage the pump or
blow out the seals. Therefore, the control room
personnel decided to "bump" one of the pumps (run
it for only a few seconds) and to observe current
and flow while the pump was running.]

The loss of two MCCs meant that the ac oil lift
pumps were out of service. It is not possible to
start a reactor coolant pump unless the oil lift pump
can be started. There is a standby dc oil lift pump,
but it was necessary to send people to the auxiliary
building to start it. This was done at 15 hours 15
minutes.

March 28,1979-7:33 p.m.

At 15 hours 33 minutes, operators started reactor
coolant pump RC-P1A by manually bypassing some
of the inhibiting circuitry. The pump was run for 10
seconds, with normal amperage and flow. Dramatic
results were seen immediately. RCS pressure and
temperature instantly dropped, but began to rise
again as soon as the pump was stopped. [Evident-
ly, there was an immediate transfer of heat to the
steam generator when the coolant circulated. There
was also a rapid spike in the steam pressure and a
drop in steam generator level.]

March 28,1979-7:50 p.m.

After analysis of the results of the short term run
of the reactor coolant pump, conditions looked so
hopeful that operators decided to start the pump
and to let it run if all continued to go well. At 15
hours 50 minutes, reactor coolant pump RC-P1A
was restarted, and again all went well. Tempera-
tures went down and stayed down, and a steady
steaming rate was established.

[Reasonably stable conditions had now, for the
first time, been established. New problems were to
arise later, but they were less serious than those
that had been handled up to this time.]

[Apparently, no one at this time realized that a
bubble still existed in the RCS. What appears to
have happened is that the starting of the reactor
coolant pumps swept the remaining gas in the upper
part of the system around with the water as
discrete bubbles. The gas bubbles would tend to
collect in the most quiescent part of the system-



the upper head of the reactor vessel. There is also
a possibility of a dry "hot spot" within the core.]

[It is now believed that the gas was largely hy-
drogen. Hydrogen is slightly soluble in water, and
its solubility is greater at high pressure. An attempt
to depressurize the system would cause some of
the dissolved hydrogen to effervesce out of the wa-
ter, thereby increasing the amount of hydrogen in
the bubble. (An analogy is a capped bottle of car-
bonated soft drink. When the cap is firmly seated,
the pressure is high and the carbonated gas
remains dissolved. If the cap is removed, however,
the pressure quickly drops, and gas bubbles out of
the liquid.) The effervescence of hydrogen out of
the water would interfere with attempts to depres-
surize. As the pressure dropped, the bubble would
grow in size and could interfere with circulation of
the reactor coolant.]

[In addition to growing in size, the bubble and the
dissolved gas would make it impossible to depres-
surize the RCS completely. The pressure is con-
trolled by the size of the steam bubble in the upper
part of the pressurizer. When this bubble contains
only steam, spraying colder water into the top of the
pressurizer shrinks the bubble and reduces the
pressure. When the bubble contains a gas like hy-
drogen, however, spraying does not reduce the size
of the bubble as much, so there is less control over
the pressure.]

Another problem with reduced pressure occurred
in the letdown system. As explained, gas comes
out of solution when the pressure is reduced. The
gas from the letdown water collected in the bleed
tanks and makeup tank, increasing the pressure
and making it necessary to vent the tanks often.
The gas vented off, though, was not pure
hydrogen-there were small amounts of radioactive
materials as well. There was a limited space avail-
able for holding the gas released from the letdown
flow. [See Figure II-8 for a schematic drawing of
the gas venting system.]

[These two factors would make the reduction of
pressure an extremely slow process that took
several days to accomplish.]

[At 9:25 p.m. on March 28 (17 hours 25 minutes
after turbine trip), it was apparent that the utility be-
lieved pressure could soon be reduced to a level at
which the decay heat system could be used.]

Valve DH-V187 from the decay heat pump to the
1A cold leg was opened at that time. [The reason
for opening this valve must have been the utility's
intention to use the decay heat system shortly.]

Unfortunately, there was still no bubble in the
pressurizer; the pressurizer was reading off scale.
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The auxiliary building sump was full of contam-
inated water. The auxiliary building neutralizer tank
(WDL-T8B) had been filled before the accident. At
9:29 p.m. the operators commenced pumping the
contents of this tank to TMI-1, so that the auxiliary
building sump contents could later be pumped into
WDL-T8B. The transfer to TMI-1 was completed at
12:20 a.m. on March 29.

At 10:18 p.m. on March 28, it seemed that a bub-
ble had been reestablished in the pressurizer.
About 30 minutes later, however, the bubble was
again lost and the pressurizer returned off scale.

At 10:34 p.m., letdown flow was lost. [It is be-
lieved likely that the letdown coolers became
clogged with boric acid. Boric acid is more soluble
in hot water than in cold water. The extensive
boration during the accident might have caused a
condition of saturation, so that when letdown water
was cooled, boric acid precipitated out in the let-
down coolers and filters.]

High pressure drop alarms, along with letdown
flow alarms, began to come in shortly after midnight
and continued through the early morning hours of
March 29.

During these early morning hours, some radiation
alarms also continued to be received. The auxiliary
building and fuel handling ventilation was shut off
between 12:55 a.m. and 2:10 a.m. Shutting down
the ventilation caused radiation levels to increase in
the control room; so from 2:11 a.m. to 3:15 a.m., con-
trol room personnel were required to wear respira-
tors.

March 29,1979-4:35 a.m.

At this time, the first of many ventings of the
makeup tank MU-T1 was carried out. The waste
gas decay tank vent header, to which the tank was
being vented, was leaking into the auxiliary building.

At 4:43 a.m., the seal water temperature on reac-
tor coolant pump RC-P2A alarmed high. The opera-
tor then got a printout of the seal water tempera-
tures of all reactor coolant pumps. High tempera-
tures were found on pumps RC-P1B, RC-P2A, and
RC-P2B (all nonoperating).

Between 8:00 p.m. March 28, and 6:15 a.m.
March 29, the pressure slowly decreased from 1300
to 945 psig. A pressurizer bubble had been defin-
itely established at 4:00 a.m.; and by 6:15 a.m., the
pressurizer level was down to 341 inches. During
this period, the cold-leg temperature hovered
between 230°F and 280'F.

At 6:30 a.m. March 29, the pressurizer was
sprayed down. The results were an additional 40-
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psi drop in pressure and a 22-inch climb in the
pressurizer level.

Letdown flow was reestablished at 6:31 a.m. In-
termediate cooling temperature was increased, and
apparently this increase raised the temperature at
the coolers sufficiently to clear up the problem of
boric acid fouling.

March 29,1979-7:15 a.m.

At 7:14 a.m., the auxiliary building sump tank was
pumped to the auxiliary building neutralizer tank
WDL-TSB. The intention was to pump the auxiliary
building sump to the auxiliary building sump tank.

At 7:16 a.m., the letdown flow was shifted to
reactor coolant bleed tank (RCBT) B. It had been
observed that when the makeup tank was vented,
the radiation levels in the auxiliary building in-
creased. [Apparently, this was because of the leak
in the waste gas vent header.]

The contents of a second neutralizer tank
(WDL-T8A) were pumped to TMI-1, beginning at
8:45 a.m. In addition to these contents, this tank
contained preaccident water. It was destined to
contain contaminated water from the auxiliary build-
ing sump.

March 29,1979-12:40 p.m.

At 12:40 p.m., the sump pumps in the turbine
building, control building, and control and service
building were shut off. These pumps discharge to
the industrial waste gas treatment system sump.
The sump was completely filled and had overflowed
to a settling pond. There was a leak from the pond
(known as the "east dike drainage area") to the
Susquehanna River.

March 29,1979-1:15 p.m.

The industrial waste gas treatment system was
started up at 1:15 p.m. in order to bring down the
level of the overflowing sump and to eventually de-
crease the release of untreated water from the
pond. The treated water from this system also
discharges to the river. The treatment system was
shut down again at 2:10 p.m. because of apparently
high xenon levels in the discharge stream. It was
later determined that the xenon reading was errone-
ous. Letdown was shifted from RCBT B to RCBT C
at 2:58 p.m.

At 4:00 p.m., the auxiliary building sump tank was
pumped to neutralizer tank WDL-T8A, and later the
auxiliary building sump was pumped to the auxiliary
building sump tank. After pumping out the sump,
operators made an attempt at 7:00 p.m. to clean up
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the floor by washing it down underneath the plastic
sheeting.

The industrial waste treatment system was res-
tarted at 4:10 p.m. and was secured at 6:15 p.m.,
and had discharged a total of 25 000 gallons of
treated waste.

March 29,1979-8:20 p.m.

Degassing of the makeup tank MU-T1 continued
to be a problem. One solution, which was tried at
8:20 p.m., was to degas the tank through the unit
sample system, and back to the TMI-2 waste gas
vent header. The attempt to do this was given up
after 10 minutes of venting.

The next effort involved opening vent valve MU-
V13 for 5 seconds to admit a small quantity of gas
to the header. The purpose of admitting only a
small amount of gas was to keep the header pres-
sure down; it had already been noted that high
pressure in the header made radiation levels rise in
the auxiliary building. At the same time, the waste
gas compressor was pumping out the vent.

Another attempted solution involved isolating all
nitrogen venting to the vent header. The idea was
to block all other discharges to the header to keep
the header pressure down.

During the rest of the day, the makeup tank was
cautiously vented again between 8:45 p.m. and 9:05
p.m., and again at 11:30 p.m., when the vent valve
was bumped open at about 2-second intervals.

A significant increase in the fuel handling building
exhaust gas monitor, from 300 mr/h to 1 r/h, was
seen at 5:40 p.m. [It is assumed that this was con-
nected with the venting, although it should be
remembered that there were several other sources
of contamination in the plant.]

One of the pressurizer level indicators failed at
9:14 p.m., but returned to service at 10:30 p.m. [This
was not catastrophic, because there are three com-
pletely separate level sensors. Level indication is
such a vital piece of information, though, that the
loss of an indicator would be expected to cause
concern.]

[The previous indications of a leak in steam gen-
erator B were now perceived to be false.] The
steam pressure in OTSG B was holding steady at
25 psig, and the level was constant at 380 inches.
Analysis of samples provided contradictory informa-
tion concerning whether there had at some time
been a leak.

March 29,1979-12:00 p.m.

At the end of the day on March 29, the RCS
pressure had risen slightly to 1105 psig, the tem-



perature in the loop A cold leg was 325°F, and the
pressurizer level was 325 inches. [It was now be-
lieved that there was a steam bubble in the reactor
vessel. The presence of a bubble would also have
caused difficulty in depressurizing. The presence of
hydrogen could have been inferred at the time, how-
ever, from the difficulty caused by the outgassing of
the makeup tank. This difficulty implied dissolved
gas in the letdown stream.]

Difficulties with increasing gas pressure in the
makeup tank took up much of the attention of the
operators on March 30. It was noted early that the
tank pressure was increasing even while the tank
level was decreasing.

March 30,1979-1:30 a.m.

At this time, the RCS temperature had dropped.
The turbine bypass valves were closed slightly to
raise the temperature by 8°F.

The makeup tank was vented to the waste gas
decay tank (WGD-T18) from 1:50 a.m. to 2:15 a.m.

At 2:15 a.m. all sump pumps from the turbine
building and control building area were shut off.
One hour later, at 3:15 a.m., a temporary pump was
used to pump the turbine building sump to the con-
trol building sump.

March 30,1979-3:30 a.m.

Pressure in the makeup tank continued to in-
crease. Because of the leak in the waste gas vent
header, the venting of the tank was being controlled
in an effort to keep the pressure in the header
down. The tank was vented again at 3:30 a.m. At
about the same time, more difficulty was being ex-
perienced in maintaining letdown flow. The valve
between the letdown coolers and letdown block ori-
fice (MU-V376) was being periodically cycled so
that the pulsating flow might clear up the stoppage
in the letdown system.

At 4:30 a.m., a filter system in the industrial
waste treatment system was started. The waste
treatment system was discharging to the river
through the mechanical draft cooling tower blow-
down line.

March 30,1979-4:35 am.

The liquid pressure relief valve (MU-R1) on the
makeup tank (MU-T1) opened at 4:35 a.m. because
of the increasing gas pressure in the tank. The
opening of this valve allowed the entire contents of
the makeup tank to be discharged to the reactor
coolant bleed holdup tanks. The level in the make-
up tank dropped to zero, the outlet valve (MU-V12)
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from the makeup tank was shut, and the flow of wa-
ter to the reactor coolant pump seals dropped to
zero.

[It was realized that the high pressure in the
makeup tank was leading to uncontrolled releases
through the vent header. When the makeup tank
dumped to the bleed holdup tanks, the relief valve
on the latter would have lifted. Relief valves
discharge directly to the stack, without treatment or
holdup, so there was an uncontrolled puff release of
radiation. Possibly, some water could also have en-
tered the waste gas vent header.]

In order to obviate any later problems with the
makeup tank, it was completely vented down via the
waste gas vent header. [Some leakage in the vent
header caused this venting to add to the contam-
inated gas being released.]

An attempt was made to pump from the reactor
coolant bleed holdup tanks to the makeup tank; this
attempt was unsuccessful because of the high pres-
sure in the makeup tank (about 80 to 84 psig).

It was absolutely necessary to regain makeup
flow in order to get seal water to the reactor coolant
pumps. There was considerable concern about the
low level in the BWST; therefore, the makeup pump
suction had to be switched to the BWST.

The makeup tank was again vented to the waste
gas vent header at 7:10 a.m. At 7:50 a.m., water
was pumped from the reactor coolant bleed holdup
tank to the makeup tank. Operators achieved some
saving in makeup by stopping the flow of seal water
to the nonoperating reactor coolant pumps RC-P2A,
1B, and 2B. At 8:15 a.m., they again aligned the
makeup pump suction to the makeup tank.

March 30,1979-9:40 a.m.

At 9:40 a.m., OTSG A was closed off for 7
minutes in order to heat the RCS to 280°F.

The pressurizer level was brought down at 10:45
am.; the intention was to eventually bring the level
to 100 inches. At the same time, letdown was
aligned to reactor coolant bleed holdup tank A.
[Reducing the pressurizer level is usually a prelim-
inary to depressurizing the RCS system.] The tem-
perature of the A cold leg was 280°F, and the RCS
pressure was 1043 psig.

March 30,1979-12:20 p.m.

At 12:20 p.m., transfer of the contents of the mis-
cellaneous waste holdup tank to TMI-1 was started.
The transfer was completed at midnight.

An attempt was made to reduce radioactive
gaseous discharges by venting the waste gas decay
tank back to the reactor building. At 2:05 p.m.,



operators encountered difficulty in opening valve
WGD-V30B to accomplish venting. They success-
fully opened the valve at 2:42 p.m.

March 30,1979-4:00 p.m.

At 4:00 p.m., the pressurizer level was down to
215 inches. At the time the decision had been made
to reduce the level, the pressurizer was at 390
inches.

[It was suspected at this time that a bubble still
existed in the RCS. The bubble obviously could not
have been steam, or it would long since have con-
densed given the low temperatures in the RCS. (A
detailed discussion and evaluation of the formation
and disappearance of the bubble will be found in
Section I1.C.2.)]

[If the mass or temperature of the reactor coolant
are increased, the pressure will increase. If the
RCS has very little steam or gas in it, there will be a
rather large increase in pressure. If there is a large
volume of steam or gas in the system, however, the
pressure change corresponding to a change of
mass and temperature will be cushioned. If a known
change of liquid occurs, and the corresponding
change of pressure is measured, it is possible to
calculate the volume of gas in the system.]

[In order to calculate the gas volume precisely, it
is necessary to know the change of liquid volume,
the change of pressure, and the temperature fairly
precisely. The pressure, volume, and temperature
measuring devices of a nuclear powerplant are very
rugged and reliable, but do not have laboratory pre-
cision; nor is such precision normally needed.
Furthermore, the meters indicating the quantities are
difficult to read exactly even if they were to indicate
correctly. The difficulty in making precise measure-
ments will make it difficult to calculate the gas
volume with any great accuracy.]

[Another problem is that hydrogen is more solu-
ble in water at high pressure. If the pressure in the
RCS is increased, a hydrogen bubble would shrink;
first, because it is being compressed, and second,
because more hydrogen is dissolved in the water at
the higher pressure.]

[To calculate the volume of the bubble at any
time, letdown and makeup were alighed to the
makeup tank. The level in the tank, along with the
pressurizer level, was measured at the beginning
and end of the experiment. Then the system pres-
sure was changed by a known amount, and from
this the volume of gas in the RCS could be calculat-

ed.]
[Some organizations computing the size of the

bubble made corrections for the change in solubility
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of hydrogen and the different water densities in the
makeup tank and the RCS, whereas others did not.
However, even if a single method is used for calcu-
lations, two measurements made at slightly different
times might give quite different results; first, because
of the inherent imprecision of measurement, and
second, because the bubble was actually shrinking.]

[Because the bubble was not pure hydrogen, but
was really a mixture of steam and hydrogen, the
results really ought to have been corrected by sub-
tracting out the amount of steam. The results were
the total amount of gas-whether hydrogen or wa-
ter vapor. The real interest, however, was in the
amount of hydrogen. Apparently, no one made this
correction. Given the inexact nature of the meas-
urements, it probably was not worthwhile. It should
also be noted that the term bubble does not neces-
sarily mean only a bubble in the top of the vessel.
Any gas, anywhere in the RCS, would appear in the
measurements. ]

At 4:34 p.m., all the pressurizer heaters were
turned off. This caused the pressurizer steam
space to shrink. From measurements of both the
shrinkage in volume and the decrease in pressure
the size of the bubble could be calculated. The
bubble was calculated to be about 366 cubic feet.

Calculations had been performed for previous
times, whenever it appeared that a sufficient pres-
sure change had taken place-the first calculation
was made by Met Ed for 1:00 p.m. on March 29-
but the experiment at 4:00 p.m. on March 30 seems
to have been performed specifically to calculate the
bubble size.

Problems with letdown flow were continuing. At
4:50 p.m., the letdown temperature alarmed high.
Letdown flow was reestablished, and operators
cleared the alarm in 5 minutes by opening the valve
between the letdown coolers and the block orifice,
MU-V376.

Only one reactor coolant pump was operating,
RC-P1A. If this pump had failed, the plant would
have been completely without an operable RCP. At
5:04 p.m., the oil pump for RC-P2A was started.
Because there was a dc ground fault, however, the
reactor coolant pump could not be started.

March 30,1979-5:30 p.m.

There was considerable concern about the low
level of the BWST, which was now down to 15.5
feet. At 5:30 p.m., a valve lineup was made so that
clean, borated water would be pumped from the
TMI-1 spent fuel tank to the TMI-2 surge tank and
then to the TMI-2 BWST. Pumping of this water
was started at 6:50 p.m.



Up to this time, degassing of the RCS had been
accomplished principally by degassing the letdown
water. This disadvantage of this method was that it
was overpressurizing the makeup tank and contri-
buting to radioactive releases via the leaky waste
gas vent header. At 9:32 p.m. on March 30, the
operators cautiously began "jogging" the pressurizer
vent valve RC-V137. To keep the pressure up, they
turned on the pressurizer heaters (three groups) at
the same time. The effluent went to the reactor
coolant drain tank and was condensed. The gas
that came out was discharged through the RCDT
rupture disk into the reactor building. The pro-
cedure was repeated at 10:17 p.m. and at 11:10 p.m.

By midnight on March 30,1979, the total releases
from the industrial waste treatment system had
amounted to 72.56 millicuries. This was within the
allowable limits. (Regulations allow the releases to
be averaged over a year's time.)

March 31,1979-2:05 a.m.

At 2:05 a.m. on March 31, a contact measurement
on the reactor building equipment hatch gave a
reading of 60 r/h. At the same time, contact read-
ings on the waste gas decay tanks WDG-T1A and
1B gave 40 r/h. [These high readings do not mean
that radioactive materials were being released at
these locations. They do, however, indicate that in-
tensely radioactive materials were contained in the
reactor building and decay tanks.]

The pressurizer was vented to the reactor build-
ing from 1:45 a.m. and 3:15 a.m. Venting was then
stopped while the hydrogen recombiner was placed
in operation.

At 3:25 a.m. on March 31, the shift superinten-
dent, shift foremen, and control room operators re-
viewed the emergency procedures for loss of the
remaining reactor coolant pump. [This does not
mean that the loss of the pump was expected; how-
ever, it was recognized that stoppage of the pumps
could worsen the situation if not promptly coun-
tered.]

March 31,1979-4:00 a.m.

At this time, exactly 72 hours after the accident
began, loop A cold-leg temperature was 282°F, RCS
pressure was 1060 psig, pressurizer level was 215
inches, and the level in the BWST was 18 feet. At
this time, the calculated decay power was 7.4 MW,
compared to 32.8 MW at 1 hour after turbine trip.

Pressures in the makeup tank MU-T1 were now
decreasing. At 5:46 a.m., the pressure was down to
32 psig.
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The reactor coolant temperatures had been
gradually and slightly decreasing. At 5:48 a.m., the
turbine bypass valves for OTSG A were closed
slightly-from 47% open to 44% open-to arrest the
cooldown.

March 31,1979-7:53 a.m.

Venting of the pressurizer was started again at
7:53 a.m., even though the hydrogen recombiner
was not yet operating. The RCS was vented at the
following times during the day:

7:53-8:03 a.m.
8:28-8:46 a.m.
9:07-9:17 am.
9:35-9:57 a.m.
1:12-1:50 p. m.
2:25-3:00 p.m.
3:37-4:19 p.m.
4:56-5:37 p.m.
6:15-6:50 p.m.
7:50-8:34 p.m.
9:10-9:39 p.m.
10:21-11:52 p.m.

Release of hydrogen was accomplished with a
minimum loss of coolant by cracking the vent valve
open, while simultaneously using the pressurizer
heaters and spray.

March 31,1979-1:44 p.m.

Refilling of the BWST from TMI-1 was begun at
1:44 p.m. The method of filling was to use two sump
pumps to pump from the TMI-1 spent fuel pool to
the TMI-2 spent fuel surge tank, then to use the
spent fuel cooling pump SF-PiA to pump the water
intermittently to the TMI-2 BWST. This transfer was
halted at 3:11 p.m. (at which time the BWST level
was up to 26.5 feet) to allow the TMI-1 spent fuel
pool to be refilled.

By 5:41 p.m., the pressure in the makeup tank
MU-T1 had dropped to zero. The vent valve, MU-
V13, was closed, and radiation levels in the vicinity
of the vent header dropped. At 6:58 p.m., the valve
was opened again to allow the makeup tank pres-
sure to equalize, and the radiation readings in-
creased. [The presence of radiation shows that the
leak in the waste gas vent header was allowing gas
to escape even at low pressure.]

The size of the bubble was calculated every few
hours during the day by General Public Utilities
(GPU) personnel, who used a simplified method of
calculation that ignored many factors. To obtain an
idea of the differences inherent in using different
methods of calculation, one can compare the GPU



calculation with the results of a method derived by
Babcock & Wilcox (B&W) which included correc-
tions for many of the items ignored by GPU. From
data taken at 10:45 p.m., GPU calculated a bubble
size of 894 cubic feet. The same data used in the
B&W method gives a bubble size of 532 cubic feet
when corrected to the same conditions.

[Even if one used the more exact method of cal-
culating the bubble size, the inherent inaccuracy of
reading and transcribing the required pressure and
temperature measurements would make the estima-
tion of bubble size subject to great uncertainty.
Much of this uncertainty could have been eliminated
if the measurements needed had always been put
on the utility printer. Some of the readings can be
reconstructed from the computer printouts, but
some of the most important measurements are
unaccountably missing.]

[In view of the inherent inaccuracy in the
methods of bubble estimation, the differences in the
methods used by different estimators, and the ap-
parent casualness with which bubble data were ac-
quired and recorded, it is understandable that there
were large differences in public statements on bub-
ble size.]

April 1, 1979-12:29 a.m.

The pressurizer was also vented on April 1, at
about the same frequency as on March 31. Sam-
ples of the containment atmosphere were tested
several times during the day. The hydrogen content
remained about 2%, even with extensive venting.

At 12:29 a.m. on April 1, the turbine bypass
valves, which had previously been closed slightly,
were opened slightly.  The purpose of opening
these valves was to bring the RCS temperature
down. Later, at 3:00 p.m. on April 1, the RCS pres-
sure, which had exceeded 1000 psi, was reduced.

At 9:30 a.m., the contents of the miscellaneous
liquid waste holdup tank WDL-T2 were transferred
to TMI-1.

Pressures in the waste gas decay WDG-1A and
1B remained high. The pressure at 8:30 p.m. on
April 1 was 86 psig.

April 1, 1979-10:00 am.

At this time, the auxiliary boiler was lost for 2
minutes. Although auxiliary steam is needed for
condenser operation, the loss of the boiler for such
a short time did not represent any threat to smooth
cooldown.

A calculation of bubble size by GPU at 1:15 p.m.
on April 2 showed shrinkage to 174 cubic feet. A
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calculation by the B&W method based on identical
data showed no bubble in existence at this time.
Calculations performed in the course of this investi-
gation indicate that the bubble was gone the night of
April 1 (see Section 11.C.2.d.).

April 2,1979-1:47 p.m.

The hydrogen recombiner was placed in service.
The recombiner removes a steady flow of air from
the reactor building, causes any hydrogen in it to
recombine with oxygen, and returns the hydrogen-
free air to the reactor building.

The hydrogen recombiner had first been started
at 2:00 p.m. on March 30. Because there was a
high radiation field in the neighborhood, however,
operation of the recombiner was too hazardous for
personnel. Heavy shielding was placed around the
recombiner and its connections.

April 3,1979-9:50 a.m.

The level in OTSG A was slowly raised to 97%.
[Maintaining a high level on the secondary side of
the steam generator would make it easier to ensure
natural circulation if reactor coolant pump RC-P1A
were lost, or if this were not possible, to start
another pump.]

By midnight on April 3, the RCS temperature was
281°F, the pressure was 1050 psig, and all parties
agreed that the bubble appeared to be gone. [It
would still not be possible to depressurize com-
pletely. Hydrogen was still dissolved in the water,
and reducing the pressure would have caused some
to fizz out as gas, which would have reestablished
the bubble.]

[Furthermore, there might have been some small
discrete patches of hydrogen caught up in the inter-
nal structure of the reactor vessel. Reducing pres-
sure could have caused these patches to expand
and coalesce. The problems associated with hy-
drogen in the RCS, though, were now minor.]

[It should also be mentioned that it is now under-
stood that there could not have been appreciable
oxygen in the bubble; hence, an explosion would
have been impossible. Even if there had been an
explosion, though, it does not appear certain that
the reactor vessel would necessarily have been
damaged at all by it; and it appears highly unlikely
that the vessel would have been damaged to the
extent that there would have been a serious release
of radioactive material.]

[The confusion stemmed from the known fact
that water slowly decomposes into hydrogen and



oxygen in the presence of radiation. What was ap-
parently ignored by, or unknown to, some analysts
is that when excess hydrogen is present, the re-
verse reaction (recombination) takes place at a
much faster rate. Oxygen would thus be used up
faster than it was formed, and no oxygen (other
than minute traces) could ever appear in the bub-
ble.]

[By midnight on April 3, the decay power was
down to about 5 MW. This is a power density
(spread over the entire reactor core in its original
undamaged dimensions) of 2.9 watts per cubic inch.
For comparison, a 60-watt light bulb produces
about 6 watts per cubic inch.]

April 4,1979 to April 7,1979

Degassing continued throughout April 4 and 5.
The pressurizer was being periodically vented into
the reactor building.

At 1:25 p.m. on April 6, reactor coolant pump
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RC-P1A tripped. Pump RC-P2A was successfully
started about 2 minutes later.

At 8:00 p.m. on April 7, the RCS pressure was
slowly lowered to 400 psig.

Stable conditions were established at 2:03 p.m.
on April 27, 1979, when RC-P2A was stopped and
natural circulation was established in both steam
generators. (Steam generator B was later isolated,
and adequate natural circulation was continued with
steam generator A alone.) At that time, there were
minor transients on some core thermocouples,
which subsequently settled down.

The achievement of natural circulation ended the
real emergency phase of the accident, but other
problems have remained. The reactor building was
heavily contaminated with about 5 million gallons of
radioactive water, and the resulting waste disposal
problem has not yet been solved. (There were even
a few areas in the auxiliary building showing higher
than normal radioactivity.) Perhaps most important,
however, long term cooling of the badly damaged
core will be necessary.



REFERENCES AND NOTES

I Postaccident tests have not established that water in
the air lines would cause the valves to close. When the
valves were inspected later, however, they were found to
be closed.

2 Block valves are provided in many systems to allow
positive shutoff, especially where automatically operated
or throttling valves are used. Throttling valves adjust the
rate of flow of fluids and sometimes will not close abso-
lutely tight. The block valve gives positive shutoff in case
of leakage of the control or relief valve.

3 The Integrated Control System (ICS), which controls
reactor and turbine power, senses several system
parameters and operates valves on the basis of these
parameters.

4Many of the alarms indicate the approach of an
unusual condition, rather than anything dangerous. These
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alarms are noted, but do not always call for immediate
action.

® The failure of the condensate system did not impinge
directly on the accident. Constant problems in the con-
densate system did distract operator attention, however,
and may have led to additional confusion. See Section
.C.2. and I.C.10. for further discussion.

6 Both pumps operating together will deliver between
850 and 1000 gpm, depending on system pressure.

“There was no direct indication that the RCDT rupture
disk was broken. This could be inferred from the rapid
drop in RCDT pressure and the sudden rise in building
pressure.

8Reactor building sump pump operation is typed out
on the alarm printer, but the printout of the alarm was
delayed.



B RADIOLOGICAL

RELEASES AND THEIR

EFFECTS

1. INTRODUCTION AND BACKGROUND

The Three Mile Island Special Inquiry Group (SIG)
investigated the radiological and health-related
aspects of the March 28, 1979 accident at TMI-2.
The principal objectives were to: (1) determine the
immediate causes of and mechanisms for release of
radioactive materials to the environment; (2) deter-
mine whether there were any direct sources of radi-
ation outside the containment building during and
subsequent to the accident; (3) determine the mag-
nitude, sources, and duration of the releases of
radioactive materials as well as any radiation leak-
age; (4) evaluate actions taken to mitigate releases
and exposures; and (5) assess the radiological
consequences of these releases and exposures to
radiation on the health and safety of the exposed
populations (both on site and off site).

To accomplish these objectives, the SIG
evaluated the radiological and health-related condi-
tions before, during, and after the accident. The
inquiry examined the role of Met Ed, the role of the
NRC in licensing and inspection, and the effort of
the utility, industry, NRC, and other Federal and
State agencies in response to the accident.
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Our evaluation included reviews of Met Ed's Final
Safety Analysis Report (FSAR) ', the NRC staff's
Safety Evaluation Report (SER)?; its Final Environ-
mental Statement (FES) 3, pertinent design specifica-
tions and drawings of the Three Mile Island Station's
gaseous and liquid radioactive waste treatment sys-
tems; Met Ed's radiation protection program and ra-
diological instrumentation; the radiological monitor-
ing data collected by the utility, NRC, and others
who responded to the accident; and records and
logs of the operation. These reviews were supple-
mented with site visits to obtain increased familiarity
with the actual systems; interviews and depositions
of site radiation protection personnel and consul-
tants; and discussions with representatives of the
various government agencies responding to the ac-
cident.

A chronology of significant radiological and radia-
tion protection events is contained in Appendix 11.6.

a. Principal Findings and Recommendations

We found numerous deficiencies in radiation pro-
tection practices and procedures, equipment,



radwaste system, personnel training, and in the atti-
tudes of both Met Ed and the NRC toward radiation
protection and radiological health. These deficien-
cies are described in detail below. The principal
findings and recommendations are as follows.

Findings

* There were numerous deficiencies related to ra-
diation protection and radiological health; howev-
er, few, if any, of the deficiencies were causal
factorsin the TMI-2 accident.

» Even though the design bases of the radwaste
systems were exceeded, the systems provided
significant mitigation of the releases.

* The"defense-in-depth" concept, used in the re-
gulatory process, was shown to be valid in miti-
gating the radiological consequences of the ac-
cident.

* Theradiological consequences of the releases of
radioactive material from TMI-2 into the environ-
ment are minimal at worst and may be nonex-
istent. Therefore, public concern regarding the
effects of releases of radioactive materials from
TMI-2 is not warranted.

* At Three Mile Island Station, a conflict existed
between operations and radiation protection due
to management's motivation toward production.
As aresult, radiation protection was perceived as
a"necessary evil," and considered secondary to

production.
* NRC failed to give sufficient attention to radiation

protection and radiological health matters.

* The NRC review and inspection processin the
area of radiation protection focused on conduct
of normal power operation. Radiation protection
in accident situations, such as existed at TMI,
was not considered in the licensing review or in-
spection program.

Recommendations

* Therole of radiation protection at commercial
nuclear power reactors must be given greater
emphasis by the Commission and
licensee/applicants.

* The NRC must give additional emphasisto radia-
tion protection and radiological health, and must
change its organizational structure to improve
management effectiveness to ensure that the
agency's mandate "to protect the public health
and safety” isfulfilled.
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* Radiation protection programs at existing reac-
tors should be reexamined to ascertain whether
they are adequate to cope with normal and emer-

gency conditions.
* The public must be fully informed of the manner

by which nuclear powerplants are designed,
licensed, and operated, and of the actual risks
associated with radiation and radioactive
materials.

b. Technical Background

The following sections summarize the technical
aspects of production, retention, and release of ra-
dioactive materials in anuclear powerplant. Those
materials behave in accordance with their known
physical and chemical characteristics. The radionu-
clides (radioactive atoms) released from the plant
were primarily the noble gases and a small amount
of radioiodine. The nonvolatile and water soluble
materials were not released in any measurable
quantities.

Radioactive Materials Produced by or in Nuclear
Power Reactors-The primary source of energy in a
nuclear reactor isthe fission (breaking apart) of the
nucleus of a uranium or plutonium atom. The pro-
duction of radioactive materialsisthe natural conse-
guence of the fission process. Additional energy
(about 5%) is produced by the radiation emitted
from these radioactive materials. This energy con-
tinues to be released after termination of the chain
reaction (decay heat).

The radionuclides produced by the fission pro-
cess are isotopes of elements found in nature. An
isotope of an element has a different atomic mass
but has the same chemical properties as another
isotope of the same element. Therefore, the physi-
cal and chemical behavior of fission products and
other radioactive materials produced in the reactor
can be predicted. From this knowledge, the poten-
tid release, transport, and biological behavior of
each fission product can be determined.

Fission Product Behavior-In a power reactor, there
are several barriersto prevent the fission products
from entering the working areas and the general en-
vironment. The ceramic fuel matrix in which the fis-
sion products are produced provides the first such
barrier. Those elementsthat are volatile or gaseous
at the operating temperature of the fuel are able to
migrate through the ceramic fuel. However, the ma-
jority of the fission products produced is retained,



either trapped or chemically bound. Examples of
elements that are volatile, gaseous, or chemically
unreactive with the fuel material are iodine, xenon,
krypton, ruthenium, and cesium.

The second barrier to the release of the fission
products is the fuel cladding. The ceramic fuel pel-
lets are placed within thin walled tubes and sealed.
Zircaloy was used for the fuel tubes in the reactors
at Three Mile Island Station. There is a small gap
between the fuel and the cladding in which the no-
ble gases and other volatile niiclides collect and are
contained.

The third barrier to the release of the fission pro-
duct radionuclides is the reactor coolant. Many of
the volatile fission products, the radioiodines and
other radiohalogens, are soluble in the coolant in
ionic (electrically charged) form. These materials
can be removed by demineralizers such as those in
the makeup and purification system of the reactor,
or remain dissolved in the coolant. The majority of
these radionuclides is contained within the primary
coolant system. Other radionuclides such as the
bariums, strontiums, and cesiums are also soluble in
the coolant. However, the solubility of these ra-
dionuclides is dependent upon the pH of the
coolant. As the pH of the primary coolant is in-
creased (becomes more alkaline), their solubility de-
creases and they tend to precipitate or plate out.
The noble gas radionuclides (kryptons and xenons)
have very low solubility in the coolant, particularly at
high temperatures and in the presence of other
gases such as hydrogen, and evolve into a gas or
vapor phase above the coolant or wherever the
coolant is depressurized.

The fourth barrier to the release of fission pro-
ducts is the reactor pressure vessel and the piping
of the primary coolant system, which are made of
heavy walled steel. The fifth barrier is the contain-
ment building that houses the reactor. The contain-
ment building is designed to withstand overpressuri-
zation and external impacts and contain or delay
fission product releases during an accident.

Release of Radionuclides into the Coolant during
Normal Operations-If a defect in the fuel cladding
develops, volatile fission products can be released
into the coolant. NRC generally allows operation of
a reactor with up to 1% of the fuel having a defect in
its cladding.

In the absence of defective fuel elements, a small
background concentration of fission products exists
in the primary system. This background concentra-
tion results from the fissioning of trace quantities of
uranium (termed tramp uranium) in or on the fuel
cladding material.
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In a reactor, many radioactive materials are pro-
duced in the primary system by capturing excess
neutrons available from the fission process. In the
fuel, several isotopes of plutonium are ultimately
produced as the result of neutron capture by 238"
Several "activation products" are produced as a
result of neutron irradiation of water; e.g., N, N,
and "®F.

Minute amounts of material due to corrosion of
the structure of the primary coolant system are car-
ried by the water into the reactor core and
activated-the resulting radioactiye maferials are
calleg corrosion products; e.g., Co, Co, °°Fe,
and Mn.

Radioactive Materials Released As a Result of the
TMI-2 Accident-The radioactive materials released
to the environment as a result of the TMI-2 accident
were those that escaped from the damaged fuel and
were transported in the coolant via the letdown line
into the auxiliary building and then into the environ-
ment. The noble gases and radioiodines, because
of their volatile nature and large concentration, were
the primary radionuclides available for release from
the auxiliary building.

Because the releases occurred primarily through
a series of filters including charcoal filters designed
to remove radioiodines, the released materials con-
sisted primarily of the noble gas isotopes of krypton
and xenon. Two krypton isotopes, 87 and 85, were
not released in any sigpificant quantities because of

he short half-life of  Kr and the small amount of

Kr in the reactor core. It1ggpuld be anticipated
that 1 1331 and some would have been
released from the plant due to their abundance and
half-life. ~Several ongjte and, gffsite measurements
were made for both and 1 and these radionu-
clides were detected in some onsite samples on
March 28.% Since the radioiodine releases were fil-
tered and the primary radioiodine releases did not
occyp until several days later, the concentrations of
the released to the environment were signifi-
cantly reduced.

The principal release of radioactive noble gases
occurred on the first day of the accident, March 28.
The total quantity of released radioactive materials
is estimated as 2.5 million Ci. (See Section 11.B.2.f.)
Table 1l-1 shows the calculated core inventory at the
time of reactor shutdown, the estimated quantity
released and the fractional contribution of each ra-
dionuclide to the total release. 135

After the first day, the 8Kr and the  Xe con-
centrations were reduced by radioactive decay to
less than detectable concentrations. All of the 133
contained in the primary coolant released to the



TABLE lI-1. Radionuclides released to the environment as a result of TMI-2 accident

Quantity in Core at Estimated

Time of Shutdown Quantity Released  Estimated Fraction
Radionuclide Half-life (Curies) (Curies) of Total Release
Kr-88 2.8 hours 6.92 x 10’ 3.75x 10° 0.15
Xe-133 5.2 days 1.42 x 108 158 x 106 0.63
Xe-133m 2.2 days 2.11 x 107 2.25x10° 0.09
Xe-135 9.1 hours 3.31 x 10’ 3.0 x10° 0.12
Xe-135m 15.3 minutes 2.60 x 10° 25 x10* 0.01
1-131 8.0 days 6.55 x 107 15 "

'On an estimated fractional basis of total nuclides released, iodine-131 was very small
(about 15 curies as opposed to about 2.5 million curies of noble gases). See Section I1.B.2.f.

auxiliary building eventually decayed to '**Xe and
' Xe, which composed the major fraction of the
radionuclides released from the plant.

2. RELEASE PATHWAYS AND MECHANISMS

The mechanism by which radioactive material left
the TMI-2 core and the pathways for release to the
environment are discussed in this section. This
section also describes: (1) the radioactive waste
treatment systems, designed to reduce the release
of radioactive material to the environment during
normal and accident situations; (2) additional miti-
gating actions taken by Met Ed subsequent to the
accident; (3) calculations of quantities of radioactive
materials released in gaseous and liquid effluents for
various time periods after March 28; and (4) the
postaccident radioactive waste at the Three Mile Is-
land Station and the plans for its treatment.

a. Preaccident Background

In the FES®7 and the SERE, the NRC staff con-
cluded that the radioactive waste (radwaste) treat-
ment systems at Three Mile Island Station were ac-
ceptable, based on conformance with Met Ed's
designs, design criteria, and design bases to appli-
cable NRC regulations and regulatory guides, as
well as with staff technical positions and industry
standards. The NRC staff also concluded that these
systems satisfied the requirements of Appendix | to
10 C.F.R. 50, for maintaining releases "as low as
reasonably achievable" (ALARA).

Gaseous Radwaste System- The  gaseous
radwaste system for TMI-2 processes gaseous
wastes based on their origin and expected radioac-
tivity levels. Figure 11-9 shows the gaseous
radwaste and ventilation systems. Filtration sys-
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tems are included for the main condenser vacuum
pump discharge, the turbine gland seal condenser
discharge, the auxiliary building exhaust, the fuel
handling building exhaust, and the reactor building
purge unit. The auxiliary building and fuel handling
building ventilation systems played a significant role
in reducing the release of gaseous radioactive ma-
terials resulting from the March 28 accident. The
reactor building purge system may play an impor-
tant role in radioactive gaseous waste cleanup dur-
ing recovery operations (Section 11.B.2.h). The main
condenser vacuum pump and turbine gland seal
condenser discharges are normally released un-
treated but can be processed if the radioactivity in
this effluent becomes high. These two systems did
not contribute to or mitigate the March 28 releases
from Three Mile Island Station.

The process gas system collects and stores ra-
dioactive gases stripped from the primary coolant in
the letdown line, gases from the reactor building
vent header, and vent gases from equipment. The
low pressure vent header collects these gases and
pipes them to one of two waste gas compressors,
40 standard cubic feet per minute (scfm), for
compression and storage in the gas decay tanks.
This storage allows radioactive decay prior to
release to the environment. Releases are directed
through a high efficiency particulate air (HEPA) filter
to remove particulate material, and a carbon ad-
sorber to remove gaseous radioiodine species.

The exhaust ventilation systems for the various
buildings treat the exhaust air prior to release to the
environment by particulate filters and carbon ad-
sorbers.

The auxiliary building heating and ventilation sys-
tem for TMI-2 is a once-through air flow system
with no recirculation. Because the auxiliary building
contains the makeup and purification system and
the gaseous and liquid radwaste treatment systems,
a small but measurable amount of radioactive ma-
terial is expected to be present in the air in the
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FIGURE 11-9. Ventilation and Waste Gas System Release Pathways

The process gas system collects and stores the radioactive gases stripped from the primary
coolant in the letdown line and also the gases from the reactor building vent header and
vent gases from equipment. The low pressure vent header collects these gases and pipes
them to one of two waste gas compressors (40 scfm) for compression and storage in the
gas decay tanks. This storage allows radioactive decay before release to the environment.
Releases are directed through a HEPA filter, to remove particulate material, and a carbon

adsorber, to remove gaseous radioiodine species.

The exhaust ventilation systems for the various buildings treat the exhaust air before
release to the environment by particulate filters and carbon adsorbers as indicated.




building because of normal component leakage.
Accordingly, there is a cleanup system for the build-
ing exhaust that maintains the release of this ra-
dioactive material to the outdoor environment at a
level that is as low as reasonably achievable
(ALARA). There are two 30 000-cubic feet per
minute (cfm) air filtration systems. Each consists of
a prefilter, a high efficiency particulate air (HEPA)
fiter, a 2-inch-deep carbon adsorber, a second
HEPA filter, and a fan. Each filter train is equipped
with inlet and outlet dampers for isolation when
changing filter components. All ventilation air from
the auxiliary building is designed to be processed by
these cleanup components at all times-there is no
bypass line. The entire ventilation system is
designed for continual use during normal operation
of the reactor. It is not designed or intended for
postaccident operation, and there are no technical
specifications for balancing of ventilation flows or in-
place testing of the exhaust air filtration com-
ponents. The TMI-2 auxiliary building ventilation
system is completely independent of the TMi-1 ven-
tilation system.

The auxiliary building ventilation system un-
derwent satisfactory functional and leak testing prior
to startup,® although the bypass dampers were
sealed. The sealing of the dampers routed all venti-
lation air through the cleanup components of the
filter system which resulted in degradation of the
filters over time due to the normal atmospheric con-
taminants. (See Section 11.B.2.g for further discus-
sion on the bypass dampers and the effects of seal-
ing.) The auxiliary building filters are designed for
normal ventilation purposes only and do not have
any periodic inplace testing requirement.

The fuel handling building heating and ventilating
system for TMI-2 is a once-through air flow system
with no recirculation. There is a cleanup system on
the exhaust for two reasons: (1) spent fuel is stored
in the spent fuel pool, which releases small but
measurable amounts of radioactive materials to the
fuel handling building environment; and (2) it is pos-
sible that a fuel handling accident may release signi-
ficant amounts of radioactive materials to the fuel
handling building environment. It has two 18000-
cfm air filtration systems, each consisting of a pre-
filter, a HEPA filter, a 2-inch-deep carbon adsorber,
a second HEPA filter, and a fan. Although a bypass
line is installed around these components to prevent
their degradation and to preserve them for postac-
cident situations, the filter systems had been manu-
ally valved into service prior to March 28. In fact,
since the completion of acceptance testing in
February 1978, all ventilation flow has been continu-
ously routed through all the cleanup components. '°
Thus, we find that the carbon in the fuel handling
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building air exhaust filter system on March 28 was
degraded.

The fuel handling building ventilation exhaust sys-
tem is an engineered safety feature system
designed to operate in a postaccident environment.
TMI-2 technical specifications issued in February
1978 require periodic inplace testing of the exhaust
units to verify that the systems are ready to perform
after an accident. However, exemptions to pertinent
sections of these technical specifications were
granted until the first refueling outage for TMI-2,
which has not occurred. The impact of these ex-
emptions on releases of radioactive material subse-
quent to the March 28 accident is discussed below.

A basis for the exemptions was the NRC staff as-
sumption that the ventilation systems were indepen-
dent. However, the ventilation systems for TMI-1
and 2 are in direct communication. Accordingly,
any gaseous radioactive material present in either
spent fuel area will be exhausted via both fuel han-
dling building ventilation units. In fact, all the design
aspects of the radiation protection review of TMI-2
were characterized by the NRC staff as being in-
dependent of TMI-1." We find that the review of the
TMI-2 ventilation system did not consider interties
with TMI-1.

All of the filtration systems and their initial charge
of activated carbon were supplied by Mine Safety
Appliances Company (MSA) of Pittsburgh, Pa. The
carbon did not meet the specifications of, and its
testing did not meet the recommendations of, NRC
Regulatory Guide 1.52 (Revision 1, July 1976). The
carbon did meet GPU specifications that required a
removal efficiency of 99.95% for elemental iodine
and 85% for methyl iodide when the new (unused)
carbon was tested at a relative humidity of 90% and
had a residence time of 0.25 seconds. The techni-
cal specifications for the fuel handling building ex-
haust filtration units require, in accordance with Re-
gulatory Guide 1.52 (Revision 1, July 1976), a remo-
val efficiency of 99.9% for elemental iodine and 99%
for methyl iodide. As supplied, the MSA carbon (a
coconut shell based carbon impregnated with stable
iodine, as Kls, to increase the efficiency for organic
iodide removal) did not satisfy the applicable techni-
cal specification requirement of 99% for methyl
iodide removal, but did satisfy the licensee specifi-
cation of 85% (the actual test result was 96.97%).
The NRC's Office of Nuclear Reactor Regulation
agreed in February 1978 to allow the installation of
this carbon until the first refueling outage for TMI-2.

The TMI-2 operating license allowed another
technical specification exemption pertaining to the
testing frequency for the installed carbon. En-
gineered safety feature air filtration systems are re-
quired by standard technical specifications12 to have



a representative sample of carbon removed every
720 hours of filter system operation and tested in a
laboratory to verify that the radioiodine removal ca-
pability has not been seriously degraded. The
operating license also exempted this section. The
carbon did not meet the applicable requirements at
installation in February 1978, and was not periodi-
cally tested to verify its condition. Thus, we find
that the degraded carbon contributed to greater ra-
dioiodine releases than would have occurred had
the carbon filters met all NRC requirements.

The fuel handling building exhaust system is the
only engineered safety feature air filtration system
at TMI-2 designed to prevent releases of radioiodine
to the environment after an accident and, therefore,
was the only air filtration exhaust system covered
by the TMI-2 technical specifications. Met Ed did,
however, install the same grade of carbon qualified
to the same specification in all of the TMI-2 air filtra-
tion systems.

The filters and cleanup components for the fuel
handling and auxiliary buildings were installed and
tested in place in February 1978 and were not test-
ed or inspected thereafter. Final painting and clean-
up of these buildings between February and De-
cember 1978 generated significant amounts of
fumes and aerosols that degraded the cleanup com-
ponents. The components would most likely have
been replaced had inplace testing occurred and
shown degradation of the filters. We find that the
design and testing of these filter systems did not
permit the condition of the filters and leakage
around the filters to be identified at any time from
initial functional testing.

The lack of periodic inplace testing was due to (1)
the technical specification exemptions on the fuel
handling building filtration system, and (2) the lack of
requirements for periodic inplace testing of the auxi-
liary building filtration system, because the filtration
system is not considered to be an engineered safe-
ty feature system in the NRC licensing review pro-
cess. Based upon postaccident determinations of
filter carbon efficiencies, we find that radioiodine
releases were higher than those releases might
have been with NRC requirements for periodic in-
place testing and carbon in the filter system. We
find, also, that these radioiodine releases were
higher by approximately a factor of 5, which is es-
timated from an analysis of expected removal effi-
ciencies with inplace testing (95%) versus measured
efficiencies (approximately 75% as shown in Table
11-4).

The reactor building air purge has a capacity of
50000 cubic feet per minute. Cleanup components
in the system are a prefilter, a HEPA filter, a 2-
inch-deep carbon adsorber, and a second HEPA
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filter. This filter system was not used in response to
the March 28 accident, but may be of importance
during recovery operations when, and if, the con-
tainment structure is purged (see Section 11.B.2.h).

Liquid Radwaste System - The liquid radwaste
treatment system for TMI-2 consists of equipment
and instrumentation necessary to collect, process,
monitor, and recycle or dispose of radioactive liquid
wastes. The system is composed of three basic
subsystems: the makeup and purification system,
the miscellaneous waste system, and the industrial
waste treatment system. Prior to treatment in the
subsystems, wastes are segregated based on their
origin, activity, and chemical composition. Treat-
ment is on a batch basis, after which samples are
analyzed to determine whether the waste is to be
retained for further processing or discharged under
controlled conditions to the Susquehanna River via
the blowdown system of the mechanical draft cool-
ing tower. There were no releases of liquid
radwaste by this normal discharge path during or
subsequent to the March 28 accident.

The makeup and purification system, as shown in
Figure 11-10, is used to maintain the quality and
boron concentration of the primary coolant. A
stream of the primary coolant, termed the letdown,
is taken continuously from the reactor, treated, fed
to the makeup tank, and ultimately returned to the
reactor. The letdown can be held up in any of three
reactor coolant bleed holdup tanks.

The liquid radwaste treatment system treats the
liquid radwaste prior to discharge to the environ-
ment. The letdown stream is a designed pathway
for primary coolant to enter the cleanup com-
ponents in the auxiliary building.

The makeup tank, located downstream of the
cleanup components, is designed to temporarily re-
tain the treated letdown. The makeup tank contains
a manually operated vent (MU-V-13) to allow any
hydrogen overpressure to be vented. The standard
operating procedures specify an operating pressure
of between 10 and 20 pounds per square inch
gauge (psig). The operator vents hydrogen if the
pressure is high, or adds nitrogen if the pressure is
low. Since radioactive gases may be present in the
vent stream, the vent is connected to the vent
header and the waste gas decay tanks. The make-
up and purification system for TMI-2 is separated
from the TMI-1 system. Liquid radwaste generated
by operation of the makeup and purification system
include the letdown (when the boron concentration
is being lowered) and demineralizer regeneration
wastes.

The miscellaneous waste treatment system treats
the liquid radwaste collected in the containment and



TABLE 11-2. Liquid releases from TMI-2

1st Quarter 2nd Quarter Calendar Tech.
March 28-31 1979 1979 Year _ Spec.
Release 1979 Jan.1-Mar.31 April 1-June 30 1978 Limit (Ci/yr)
[-131 (Curies) 0.11 0.11 0.13 0.0014 1o"
Activation & Corrosion 0.11* 0.20 0.13 0.39 10
Products (Curies)
Tritium (Curies) 0.55* 78 ND 38 NA

*Reported number is for TMI - 1 and 2 combined.

**The total fission, activation, and corrosion products allowed to be released in 1 year is 10 curies.

NA = Not Applicable
ND - Not Determined or Measured

auxiliary building drains, laboratory and sampling
drains, demineralizer resin and filter sluice water,
deborating bed regenerants, and decontamination
and other miscellaneous wastes. These streams
are collected in holdup tanks, pumped through a
filter to an evaporator, to a polishing demineralizer,
and then stored in test tanks for recycling or
discharge. The miscellaneous waste evaporator is
shared by both TMI-1 and 2, and is physically locat-
ed in TMI-1.

The industrial waste treatment system (IWTS) is
not expected under normal conditions to contain
liquids with any appreciable activity. Accordingly, it
is not evaluated by the NRC staff in its,review of the
liquid radwaste treatment systems. Figure 11-11
shows that the sumps from the control and service
building, the diesel generator building, the tendon
gallery, and the turbine building are pumped to the
Industrial Waste Treatment Plant. Minimal treatment
is provided by a filtration system before the wastes
are discharged. The effluent flows through a radia-
tion monitor; however, there is no automatic shutoff
capability in the event of detection of levels exceed-
ing technical specifications. A manually operated
valve is installed to prevent any discharge of liquid.

The industrial waste treatment system is not ex-
pected to contain radioactive material, and is not re-
viewed as part of the liquid radwaste system.

b. Radwaste System Status at the Time of the
Accident

In its review of the radwaste systems, the NRC
staff calculated source terms for gaseous and liquid
effluents and used these source terms to calculate
the individual and population radiation doses ex-
pected to result from normal operations, including
anticipated operational occurrences.®” Expected
releases of radioactive material during normal

348

operation were calculated on a design basis of fis-
sion product leakage from 1% of the fuel. * Noble
gas releases from normal operatjg@s were estimat-
ed to be 6700 Ci/yr, primarily ~ Xe from reactor
building purges, and 0.01 Ci/yr of "*'1. The site (i.e.,
TMI-1 and 2 combined) is allowed by technical
specification'® to release as many as 220000 Ci/yr
of noble gases (when calculated on a '**Xe dose
esﬁquivalence basis) and 0.05 Ci/calendar quarter of

1.

Projected release rates of radioactive material in
liquid effluents were approximately 0.24 Ci/yr, ex-
cluding tritium and dissolved gases. TMI-1 and 2
combined are allowed by technical specification
to release as many as 10 Ci/yr, excluding tritium
and dissolved gases. The ftritium release was es-
timated to be 550 Ci/yr.

On March 28, 1979, prior to 4:00 a.m., the TMI-2
liquid radwaste treatment system was operating
normally. TMI-1 was returning to operations after a
refueling outage, which generated liquid radwaste
that required processing in order to continue start-
up. A spill of 20000 gallons of contaminated water
from the fuel transfer canal into the reactor building
of TMI-1 near the end of the outage resulted in large
volumes of low level liquid radwaste from decontam-
inatigp operations. Because there is no de minimis
level below which low level liquid radwaste can be
released untreated, this volume was being stored,
which reduced the available liquid radwaste storage
capacity at Three Mile Island Station on March 28.

Immediately prior to the accident, approximately
60% of the station's available liquid radwaste
storage capacity (300 000 gallons per unit) was
filled. Of particular importance, the auxiliary building
sump was approximately 63% full, the auxiliary
building sump tank (WDL-T-5) was approximately
76% full, the two contaminated-drains tanks (WDL-
T-11A and 11B) were 77% and 24% full, respectively,
and the three reactor coolant bleed holdup tanks,
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FIGURE 11-10. Liquid Radioactive Waste Treatment System

The liquid radwaste treatment system treats the liquid radwaste before release to the
environment. The letdown stream is a designed pathway for primary coolant to enter the
cleanup components in the auxiliary building.

(WDL-T-1A, 18, and 1C) each of 83 000-gallon capa-
city, were 40%, 61%, and 61% full, respectively.
Although there was minimal input of liquid radwaste
from TMI-2, 60% of the Three Mile Island Station's
liquid radwaste tank capacity was not available on
March 28. We attribute this to the lack of a de
minimis release level and insufficient processing

capacity for the site. Accordingly, we find that for
normal operations the liquid radwaste storage and
treatment system was marginal at best.

Prior to March 28, 1979, the gaseous radwaste
system and the heating and ventilating systems had
satisfactorily undlgrgone numerous functional and
acceptance tests However, a number of mainte-
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Theindustrial waste treatment system is not expected to contain radioactive material and
is not reviewed as part of the liquid radwaste system.

nance work requests for the waste gas system
were outstanding at the time of the accident. Both
waste gas compressors (WDG-P-1A and 1B) needed
service for various conditions (described in mainte-
nance requests as "over pressurized," "makes loud
noise," "no seal water level," "level control pump
operation")18 These compressors leaked during the
March 28 incident. In addition, makeup tank vent
valve MU-V-13 was suspected to be leaking. '°
Operation of compressor A resulted in releases
of gaseous radioactive materials to the auxiliary and
fuel handling buildings with each venting of the
makeup tank to the waste gas decay tanks. The
radioactive noble gases in this leakage were not
held up in the decay tanks and were released un-
treated to the environment. Compressor B, which
was to be operated only in an emergency because
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it was considered to be in poor condition, 20 was not
used until Thursday, March 29 and therefore, leaks
in this compressor were not significant. We find
that the leaks, particularly in compressor A, which
led to the release of small amounts of radioactive
material during normal operation, led to releases of
radioactive material after core damage.

c. Liquid Release Pathways

The only release of radioactive materials in liquid
effluents was via the industrial waste treatment sys-
tem (IWTS) shown in Figure 1I-11. These releases
were discharged to the Susquehanna River. Since
radioactive material is not expected in its input
streams, the IWTS is not designed to collect or pro-



cess radioactive material. The IWTS is designed to
collect sump liquid from the various buildings, pro-
vide minimal filtration, and discharge the sump water
in the cooling tower blowdown.

Several times on March 28, Met Ed sampled the
primary coolant and secondary system water from
both steam generators to determine plant condi-
tions. Because the sampling room is shared by
both units and is located in TMI-1, the TMI-2 sample
lines are several hundred feet long. This necessi-
tates flushing and recirculation of each line for 45
minutes prior to sampling to obtain a representative
sample. These actions resulted in significant
amounts of highly radioactive liquid entering the
contaminated-drains tanks in the control and ser-
vice building (total capacity approximately 5000 gal-
lons). The two tanks (already 77% and 24% full) re-
ceived greater amounts of liquid than normally ex-
pected, and overflowed to the control and service
building sumps, which were pumped to the IWTS for
discharge because minimal liquid radwaste tank
capacity was available. We find that the radwaste
liquid storage capacity at the Three Mile Island Sta-
tion was inadequate to cope with the emergency
operations.

A second mechanism for release of liquid con-
taining radioactive material was through the turbine
building sump. Leaks between the primary coolant
and secondary coolant, caused by steam generator
B tube failures, contaminated the secondary side of
TMI-2. Contaminated steam leaked from the turbine
to the turbine building sump, and was then pumped
to the IWTS.

From March 28 at 4:00 a.m. to March 30 at 12:00
midnight, approximately 265 000 gallons were
released via the IWTS. Much of this volume con-
sisted of preaccident water and Unjt, 1 water. it con-
tained approximately 0.073 Ci of which was the
only measured radionuclide. Fr%'p the period March
28 through April 30, 0.23 Ci of 1,0.24 Ci of all ac-
tivation and corrosion products, and negligible
amounts of tritum were released.?’  These
releases, although above normal, did not approach
any technical specification action limits (see Table
11-2).

Discussions were held among Met Ed, the NRC,
HEW, and various State agencies regarding termi-
nation of releases of liquid via the IWTS as early as
Thursday, March 29. The purpose of the discus-
sions was to verify that releases were within techni-
cal specification limits, and no liquid discharges
were permitted for approximately 24 hours begin-
ning at approximately 6:00 p.m. on March 29, to al-
low time to establish acceptable surveillance and
monitoring activities. With an increase in sampling
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and analysis, discharges from the IWTS have con-
tinued, the overwhelming majority being blowdown
from the mechanical draft cooling towers. Low ac-
tivity water from TMI-1 that has been processed
through a demineralizer cleanup system has also
been discharged. However, none of the liquid
radwaste in the TMI-2 auxiliary, fuel handling, and
containment buildings has been released (see the
discussion on Recovery Operations in Section
I.B.2.h).

We find that the quantity of radioactive material in
liquid effluents thus far released as a result of the
March 28 accident at TMI-2 was not significant.

d. Transport of Radioactive Materials out of
Containment

Following the turbine trip, the open pilot-operated
relief valve (PORV) on the pressurizer permitted
reactor coolant, at high temperature and pressure,
to fill the reactor coolant drain tank. Fifteen minutes
after the turbine trip, the reactor coolant drain tank
rupture disc, which had a setpoint of 192 psig, failed
and primary coolant flowed to the reactor building
sumps. As a result, the reactor building sump
pumps started automatically and transferred at most
8100 gallons to the auxiliary building sump tank.
These pumps were manually turned off at 4:38
a.m.22 Since the available capacity of the auxiliary
building sump tank was only 700 gallons, liquid
overflowed to the auxiliary building sump, which
caused water to back up through the floor drains in
both the auxiliary and fuel handling buildings.

This liquid did not contain large amounts of ra-
dioactive material because significant core damage
did not occur until after 6:00 am. However, the
liquid proved to be a means for highly contaminated
reactor coolant to travel into areas of the auxiliary
and fuel handling buildings as the accident pro-
gressed. A second, larger source of water that was
not contaminated, but compounded the spread of
radioactive material in the two buildings, was leak-
age from the four river water pumps (RR-P-1A, 1B,
1C and 1D) located on the 280-foot elevation of the
auxiliary building. These pumps, which provide
cooling water to plant components, leaked gallons
per minute.

After core damage occurred, radioactive material
was transported out of the reactor by the letdown
line of the makeup and purification system. Be-
cause the letdown is a stream of primary coolant
directly from the reactor, it contained significant
amounts of radioactivity.



It was necessary to maintain some letdown flow
to the makeup and purification system to ensure
safe cooldown of the reactor between March 28
and April 2, 1979. As a result, leaks in the makeup
and purification system (located in the auxiliary
building), which release small amounts of radioactive
material in normal operation, released large amounts
of radioactive material during the accident, even
though the letdown flow was reduced from its nor-
mal volumetric flow of 45 gallons per minute to
about 20 gallons per minute. The letdown flow was,
in fact, the major path for transferring radioactive
material out of the reactor.

We find that leakage of radwaste system com-
ponents, particularly in the makeup and purification
system, which contained small amounts of radioac-
tive material during normal operation, led to the
most significant releases of radioactive material
after core damage occurred. This source of liquid
radioactivity was released to the auxiliary building
and uncontaminated water spread over the floors of
the auxiliary and fuel handling buildings.

e. Gaseous Release Pathways

The TMI-2 stack was the main release point for
gaseous effluents. Numerous pathways to the stack
existed for the release of radioactive gaseous ef-
fluents. The release pathways from the reactor to
the auxiliary and fuel handling buildings are shown in
Figure 11-12. Figure 11-13 shows the general arrange-
ment of buildings at the site, and the TMI-2 stack.

The release of radioactive gases into the auxiliary
and fuel handling building occurred by direct gas
leakage and leakage of radioactive liquid from which
radioactive gases evolved. Direct leaks of radioac-
tive gas were the major source of radioactive gase-
ous releases.

Leaks in the vent header system and the waste
gas decay system were the primary mechanisms for
the direct release of gaseous radioactive material.
The high pressure in the reactor coolant drain tank
(up to 192 psig) prior to rupture disc failure led to a
sequence of events that created a significant
release pathway for gaseous radioactivity through
the vent header.

The reactor coolant drain tank was connected to
the vent header via two paths. Pressures in the
reactor coolant drain tank prior to rupture disc
failure pressurized the vent header. Before the rup-
ture of the reactor coolant drain tank relief at 4:15
a.m., the radiation monitoring system detected ac-
tivity that indicated that the waste gas vent header
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was leaking. Subsequent inspecticyg has identified
six leaks in the vent header system.

The high pressure in the reactor coolant drain
tank (up to 192 psig) prior to rupture disc failure led
to a sequence of events that created a significant
release pathway for gaseous radioactivity.

The vent line from the reactor coolant drain tank
to the vent header was open on March 28, as indi-
cated by the open status of valves WDL-V-126 and
V-127.%% The high pressures in the reactor coolant
drain tank forced liquid (primary coolant) through the
vent line to the vent header. The vent header relief
valve (WDG-R-3) is set at 150 psig, so water under
pressure caused leaks in the water drains. This
water also damaged some of the 10 check valves
located between the vent header and connected
tanks (such as WDG-V-113 to the reactor coolant
bleed holdup tanks, or WDG-V-153 to the reactor
coolant evaporator). These check valves are
designed to permit flow only from the component to
the vent header and not in the opposite direction,
but are known to operate inefficiently and fail easi-
ly.*® Therefore, a significant pathway existed from
the vent header to a number of tanks. The relief
valves on these tanks, which were set at relatively
low pressures (reactor coolant bleed holdup tank at
20 psig, reactor coolant evaporator at 10 psig),
opened. Lifting of these relief valves resulted in un-
treated releases directly to the stack via the relief
valve vent header (shown in Figure 11-12). We find
that the gaseous radwaste system design included
"relief to atmosphere," which provided a path to the
environment for untreated gas. We find, also, that
the high reactor coolant drain tank pressures
between 4:00 and 4:30 a.m. on March 28 damaged
portions of the vent gas system and resulted in a
gaseous release pathway to the vent header,
through failed check valves to components with
low-pressure relief valves. Once established, this
release path was available whenever the vent
header was used, such as in the venting of the
makeup tank.

Problems with the waste gas system compressor
have already been discussed. A postaccident ex-
amination of compressor B found a hole approxi-
mately the size of a quarter. The operation of the
compressor at any pressure would be considered a
significant release path. 23 However, compressor B
was off line from March 28 until March 29.2¢ | gd-
dition, the design of the waste gas system includes
a pressure regulator (WDG-V-59) that limits the inlet
pressure to the compressors to approximately 1
inch of water gauge. This prevented any high pres-
sures in the vent header from reaching the
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Continued operation of the letdown transferred primary coolant from the reactor to
components in the auxiliary building. Pressure buildup in components due to degassing of
the hydrogen and noble gases in the letdown system caused gaseous |leakage to the
auxiliary building and operation of relief and vent valves to release gaseous radioactivity
to the auxiliary and fuel handling buildings and to the environment.

compressors. These two factors lessened the sig-
nificance of the release pathway presented by the
leaking waste gas system compressors.

Two minor gaseous leak paths existed-a failed
rupture disc on the auxiliary building sump tank, and
possible leakage of makeup tank vent valve MU-V-
13. The sump tank rupture disc had failed prior to
the accident, and any gaseous activity in the tank
was released to the auxiliary building environment.
This rupture disc has not been repaired. It has not
been possible to verify whether leaks in MU-V-13

exist because of the high radiation levels in the
area.

The radioactive noble gases and a small fraction
of the iodines present in the water on the auxiliary
building floors escaped into the building. This off-
gassing occurred primarily for the noble gases, be-
cause the iodines tend to remain in solution.?” On
Thursday morning, March 29, Met Ed recognized
this pathway and attempted to minimize the
releases of radioactive noble gases by placing
sheets of polyethylene over the water. These pro-
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FIGURE 11-13. General Building Arrangement



tective efforts did not provide any substantive miti-
gation of releases because the sheets were not air-
tight.

Each time the makeup tank was vented, the radi-
ation levels inside and outside the plant increased.
The pathway for the gaseous activity from the
makeup tank venting process and for other com-
ponent vents is shown in Figure 11-12. Cleanup com-
ponents in the letdown and the makeup tank have
manually operated vents that discharge to the vent
header. During normal operation, vented gases are
held up and filtered prior to release.

The makeup tank has a liquid relief to the reactor
coolant bleed holdup tanks. The tank is designed to
operate with approximately one-third of its volume
as a gas space to allow gases from the cooled and
depressurized primary coolant to evolve and be col-
lected. Collection of noncondensible gases in the
makeup tank caused a reduction in the letdown flow
because of pressure buildup. This reduction of let-
down flow became a concern in the early morning
of March 29. As a result, manual ventings of the
makeup tank to reduce pressure began at 4:35 a.m.
on March 29. The venting process consisted of
short bursts, with vent valve MU-V-13 being cycled
open for short periods of time to minimize leakage
of radioactive material. According to William Zewe,
Shift Supervisor, venting of the makeup tank occurs
only once every 2 or 3 months during normal
operation to remove nonradioactive honcondensible
gases and there is no standard operating procedure
for venting the tank. 28 Nonetheless, on March 29,
Met Ed wrote and approved operating procedures
for the periodic venting of the makeup tank. 20

The rate of pressure buildup in the makeup tank
became too rapid to control with the cyclic opening
of MU-V-13 during early Friday morning, March 30.
The liquid relief on the makeup tank opened, allow-
ing all of the contents in the tank to flow into the
reactor coolant bleed holdup tanks. The makeup
pumps (MU P-1A, 1B, and 1C) then switched suction
to the borated water storage tank. This water
bypassed the primary system and was recirculated
to the makeup tank and to the reactor coolant bleed
holdup tanks through the open liquid relief valve,
thus depleting the supply of borated water.

It was crucial to reduce the pressure in the
makeup tanks at this time for two reasons. First,
the supply of borated water in the borated water
storage tanks was being depleted. This supply was
the only readily available source of borated water
for continued boron control of the primary coolant.
Second, the increase in pressure in the reactor
coolant bleed holdup tanks through the open relief
valve on the makeup tank increased the probability
that the relief valves (20 psig setpoint, but pres-
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sures of greater than 30 psig were observed) on the
bleed holdup tanks would open. The opening of the
tanks would permit an uncontrolled release of gase-
ous radioactive material to the environment via the
relief system.

A decision was made to vent the makeup tank
continuously in an attempt to reduce pressure. Dur-
ing the morning of March 30, 1979, this action was
suggested by Control Room Operator Craig Faust,
and all personnel present in the TMI-2 control room
agreed.?® At approximately 7:00 a.m. on March 30,
MU-V-13 was opened. A caution tag was placed on
the valve on March 31 at 11:15 p.m., stating, "Do not
move this valve without Supt. or Shift permission
(per J. Herbein)."

The opening of MU-V-13 at 7:10 a.m. on Friday,
March 30 resulted in a momentary reading of 1200
mR/h, 130 feet above the TMI-2 stack. This reading
was the event that apparently triggered the Friday
evacuation recommendations. Leaving the valve
open provided a continual pathway for gaseous ra-
dioactive material to enter the auxiliary building.
Leaks in the vent header permitted the gases to
enter the auxiliary and fuel handling buildings and be
discharged through the stack. Since letdown flow is
still being maintained, this release pathway still ex-
ists. However, all short-lived radionuclides in the
reactor coolant have undergone significant decay
since March 28, and releases of radioactive material
from Three Mile Island Station are now negligible.

f. Source Terms for Releases of Radioactive
Materials

Radiation monitor HP-R-219, located in the TMI-2
stack, is designed to measure the amount of ra-
dioactive material in the gaseous effluents of TMI-2.
The monitor detects radioactive material in particu-
late form, radioiodine, and noble gas. The channels
that detect noble gas went off scale before 8:00
a.m. on March 28, and consequently the recorded
data are of little use in estimating a noble gas
source term from the accident. Releases of ra-
dioactive material in particulate form were negligible
because of the two banks of HEPA filters installed in
the auxiliary and fuel handling building air filtration
systems.

Radioiodine Source Term- lodine releases have
been calculated by analyses of the charcoal car-
tridges of HP-R-219. Beginning on March 28, these
cartridges were periodically replaced. The car-
tridges that were removed were analyzed for their
131} content. Table 11-3 shows the results of the ana-
lyses through May 8. There were six time periods



TABLE 11-3. 1-131 releases

Time Period Curies 1-131 Cumulative Curies 1-131 '
From To Released for Time Period Released
0400 3/28 1900 3/28 0.22° 0.22
1900 3/28 1900 3/30 3.90 412
1900 3/30 2200 3/30 0.24° 4.36
2200 3/30 0600 4/1 0.31 4.67
0600 4/1 03154/3 1.57 6.24
0315 4/3 1905 4/3 0.13 6.37
1905 4/3 2232 4/3 0.09 6.46
2232 4/3 1830 4/5 1.15 7.61
1830 4/5 1516 4/6 0.03 7.64
1516 4/6 0600 4/7 0.36° 8.00
0600 4/7 0245 4/8 0.51 8.51
0245 4/8 0425 4/9 117 9.68
0425 4/9 0925 4/9 0.23° 9.91
0925 4/9 1608 4/10 0.05 9.96
1608 4/ 10 18404/11 0.12 10.08
{ 8404/11 1920 4/11 0.01°3 10.09
19204/11 2315 4/13 0.39 10.48
2315 4/13 1030 4/14 0.24° 10.72
1030 4/14 1915 4/14 0.19 10.91
1915 4/14 0522 4/15 0.24 11.15
05224/15 08044/15 0.08 11.23
0804 4/15 1802 4/15 0.51 11.74
18024/ 15 2140 4/ 15 0.09 11.83
2140 4/ 15 23464/15 0.05 11.88
2346 4/15 0408 4/16 0.10 11.98
04084/16 0758 4/ 16 0.08 12.06
0758 4/16 1156 4/16 0.07 12.13
11564/16 1550 4/ 16 0.05 12.18
1 556 4/16 1810 4/16 0.09 12.27
18104/16 2356 4/ 16 0.13 12.40
23564/16 04024/17 0.04 12.44
04024/17 08354/ 17 0.05 12.49
08354/17 1226 4/ 17 0.03 12.52
1226 4/17 1634 4/ 17 0.03 12.55
1640 4/ 17 1946 4/ 17 0.06 12.61
1958 4/ 17 2357 4/ 17 0.07 12.68
23574/17 04054/18 0.08 12.76
04054/18 05504/18 0.05 12.81
05504/18 08004/18 0.05 12.86
08004/18 0945 4/ 18 0.02 12.88
09504/18 1200 4/ 18 0.01 12.89
1204 4/ 18 1647 4/ 18 0.03 12.92
1650 4/ 18 1823 4/ 18 0.01 12.93
1823 4/ 18 2347 4/ 18 0.07° 13.00
23474/18 03584/19 0.05 13.05
0358 4/ 19 0800 4/ 19 0.03 13.08
08034/19 12104/19 0.03 13.11
12124/19 13554/ 19 0.00 13.11
1 355 4/ 19 17254/ 19 0.05 13.16
1728 4/ 19 2025 4/ 19 0.05 13.21
2025 4/19 0001 4/20 0.04 13.25
0001 4/20 0351 4/20 0.11 13.36
0351 4/20 0821 4/20 0.10 13.46
0821 4/20 1105 4/20 0.05 13.51
1105 4/20 1300 4/20 0.05 13.56
1300 4/20 1620 4/20 0.04 13.60
1620 4/20 2019 4/20 0.04 13.64
2023 4/20 2204 4/20 0.03 13.67
2249 4/20 0317 4/21 0.03 13.70
0320 4/21 0402 4/21 0.03 13.73
0404 4/21 0819 4/21 0.02 13.75
0819 4/21 1201 4/21 0.02 13.77
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TABLE 11-3. 1-131 releases-Continued

Time Period Curies Iodine-131 Cumulative Curies 1-131!
From To Released for Time Period Released
1204 4/21 1624 4/21 0.02 13.79
1628 4/21 2017 4/21 0.02 13.81
2018 4/21 0103 4/22 0.03 13.84
0105 4/22 0441 4/22 0.02 13.86
0447 4/22 0804 4/22 0.02 13.88
0807 4/22 1229 4/22 0.02 13.90
1230 4/22 1621 4/22 0.03 13.93
1624 4/22 2024 4/22 0.04 13.97
2036 4/22 2130 4/22 0.00 13.97
2130 4/22 0004 4/23 0.03 14.00
0007 4/23 0406 4/23 0.03 14.03
0358 4/23 0758 4/23 0.02 14.05
0801 4/23 1201 4/23 0.02 14.07
1223 4/23 1614 4/23 0.05 14.12
1617 4/23 2010 4/23 0.01 14.13
2014 4/23 2156 4/23 0.01 14.14
2159 4/23 0015 4/24 0.01 14.15
0004 4/24 0404 4/24 0.02 14.17
0408 4/24 0637 4/24 0.01 14.18
0642 4/24 0813 4/24 0.01 14.19
0815 4/24 1215 4/24 0.01 14.20
1217 4/24 1600 4/24 0.01 14.21
1600 4/24 1955 4/24 0.02 14.23
1 958 4/24 0001 4/25 0.01 14.24
0004 4/25 0512 4/25 0.01 14.25
0520 4/25 0658 4/25 0.00 14.25
0701 4/25 1200 4/25 0.01 14.26
1200 4/25 1555 4/25 0.01 14.27
1557 4/25 2010 4/25 0.01 14.28
2013 4/25 0013 4/26 0.01 14.29
0016 4/26 0357 4/26 0.01 14.30
0400 4/26 0802 4/26 0.00 14.30
0805 4/26 1220 4/26 0.01 14.31
1220 4/26 1558 4/26 0.00 14.31
1 606 4/26 1913 4/26 0.01 14.32
1913 4/ 26 00064/27 0.01 14.33
0011 4/27 0038 4/28 0.03 14.36
0042 4/28 0830 4/28 0.00 14.36
0832 4/28 1625 4/28 0.01 14.37
1645 4/28 0025 4/29 0.01 14.38
0028 4/29 0008 4/30 0.05 14.43
0010 4/30 0010 5/1 0.04 14.47
0000 5/1 0000 5/2 0.04 14.51
0000 5/2 0000 5/3 0.01 14.52
0000 5/3 0000 5/4 0.01 14.53
0000 5/4 0000 5/5 0.01 14.54
0000 5/5 0000 5/6 0.01 14,55
0000 5/6 0000 5/7 0.01 14.56
0000 5/7 0000 5/8 neg. 14.56
0000 5/8 0000 5/9 neg. 14.56

' Source of Data: TDR-TMI-116. "Assessment of Offsite Radiation Doses from the Three Mile
Island Unit 2 Accident, July 31, 1979.

2Based on auxiliary and fuel handling building release rates.

3Interpolated value from higher release rate for two surrounding time periods.



for which the charcoal sample cartridges were lost
or not analyzed in a timely manner. In those in-
stances, marked by an asterisk in Table 11-3, inter-
polated values were obtained by assuming that the
higher release rate for the time periods immediately
preceding or following the period of interpolation ex-
isted for the period of interpolation. The operation
of the filter systems was not disturbed during these
periods, and this method of interpolation is therefore
considered to be conservative. Releases of ra-
dioiodine after May 8 were negligible because of ra-
dioactive decay of the (8-day half-life) and the
installation of higher efficiency filtration systems on
the auxiliary and fuel handling building exhausts.
We find that the calculated '3 source term for the
accident is approximately 15 Ci. with the time-
dependgnt release rates as specified in Table 11-3.
The source term of approximately 15 Ci is LQ)
close agreement with that calculated by Met Ed
by a environmental consultant for Met Ed®' and in
substantial agreement with a source term of ap-
proximately 27 Ci estimated by an air cleaning con-
sultant [Nuclear Con§2ulting Services, Inc. (NUCON)
of Columbus, Ohio1.  The technique employed by
NUCON for calculating the iodine source term was a
layering of the spent carbon trays,1§palysis for 131
then integration of the amount of over the bed
depth, done independently for the auxiliary and fuel
handling buildings. NUCON acknowledged that the
estimate was high, because the fuel handling build-
ing carbon trays with the highest, rather than aver-
age, activity were analyzed. The activity in these
trays was two to three times higher than the aver-
age. When this is considered, the source term cal-
culated is in close agreement with those already
discussed.
It is also possible to confirm the sourq&terms
by a calculation employing the amount of cap-
tured by the different carbon adsorbers and the
measured efficiency of the carbon at various
operating conditions. Data on the various iodine
species (elemental iodine, methyl iodide, and hy-
poiodous acid) are available for an auxiliary building
air sample taken on April 8, 1979. 33 The removal ef-
ficiency of the various carbon adsorbers for these
specie&gﬁ 95% relative humidity has been deter-
mined. The total iodine estimated to be
released as a result of these calculations is 32 Ci
(see Table 11-4). This estimate is presented as an
upper bound for iodine releases, since carbon be-
comes less efficient for iodine species (particularly
methyl iodide) at relative humidities above 85%. The
estimate is high by approximately a factor of 2 to 3
because the highest, not average, activity carbon
cells from the fuel handling building were analyzed

1311
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to determine filter efficiencies for the various
species.

It should be noted that the highest relative humi-
dity estimated to exist inside the auxiliary building
during and subsequent to the accident is 80%. This
estimate is based on measured outside-humidity
conditions in Harrisburg at the time of the accident
and assumes a depth of 3 inches of water
throughout the floor of the 280-foot elevation in the
auxiliary byjlding. > This fact also suggests that the
estimated release of 32 Ci is high.

Data are also available for the removal efficiency
of the carbon installed at the time of the accident )
an operating condition of 30% relative humidity.
This was the lowest probable relative humidity in-
side the auxiliary building after the accident, and will
result in carbon performing at its greatest efficiency
for the removal of iodine species. Table 11-5 con-
tains an estimate of the lower limit for the iodine
source term of 17 Ci. Since the fuel handling build-
ing trays are considered high in curie content, by a
factor of 2 or 3, this correction (using 2 to 1) yields
an actual lower bound of 10 Ci as the iodine source
term. We find that the iodine source term of 15 Ci
as presented in Table 11-3 is substantiated by a
number of other independent qgglyses, and is a
valid estimate of the quantity of released to the
environment from the accident. Further, based on
the data in Tables 11-4 and 11-5, we find that a
nonengineered safety feature filter system designed
for normal operation only, i.e., the auxiliary building
exhaust ventilation filtration system, greatly reduced
the quantity of radioiodine released to the environ-
ment.

Noble Gas Source Term-The quantity of radioac-
tive noble gases released because of the accident
was first estimated by a back-calculation based on
environmental thermoluminescent dosimeters
(TLDs). These TLDs provide the best estimate of
the integrated radiation dose at a specific location,
and can yield a source term when an isotopic spec-
trum and meteorological conditions are considered.
This calculation, when done for various time periods
and TLD locations, results in an accident source
term of approximately 13 x 10° Ci of noble gas as
133xe.36

A second method of calculating a nogl7(’e3gas
source term is also based on TLD values. n
this method, a set of trial release rates for each iso-
tope is assumed, proportional to inplant area radia-
tion monitors and a dose equivalence factor (aver-
age gamma energy per disintegration). With the
release rates and measured onsite meteorological
data for the time of the accident, gamma doses can



TABLE 11-4. Calculated 1311 releases at 95% relative humidity

Curies Carbon Curies
_Iil_lt_e_r__s_y_s_t_e_nl_ Species Captured Efficiency Released
Auxiliary | 35% 4.2 99.9 0
2
Building CH ! 40% 4.8 69.5 2.1
A Train HOI 25% 3.0 99.8 0
Auxiliary [2 35% 5.1 99.8 0.01
Building CHs! 40% 4.8 56.0 4.6
B Train HOI 25% 3.6 99.7 0.01
Fuel Handling | 35% 12.8 97.2 0.37
2
Building CH ;! 40% 14.7 75.6 4.7
A Train HOI 25% 9.2 99.9 0.01
Fuel Handling |, 35% 16.9 98.5 0.26
Building CH 5! 40% 19.3 49.1 20
B Train HOI 25% 12.0 99.3 0.28
Total 112 32

*Assuming no other species present. and identical distributions in both
buildings. Ignores 7.3x10°8 ' Ci/cc particulates. The concentrations of these
species are 6.7x108 1' Ci/cc for elemental iodine, 79x10 g' Ci/cc for methyl
iodide (CH3!), and 4.8x 10 8, Ci/cc for hypoiodous acid (HOP,

TABLE 11-5. Calculated 1-131 releases at TMI at 30% relative humidity

Filter System Curies Captured CH 3! Efficiency Curies Released

Auxiliary Building 12 91.2 1.2

A Train
Auxiliary Building 14.6 88.8 1.8

B Train
Fuel Handling Building 36.7 97.1 1.1

A Train
Fuel Handling Building 48.3 78.7 13.0

B Train
Total 112 17
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be computed for each onsite TLD monitor site for
which exposures are available. A comparison of
calculated and measured exposures tests the accu-
racy of the calculated release rates. When a best fit
of calculated versus measured exposures is
obtained by varying the release rates, for each time
period with available data, the release rates are
added to present a total source term of 10 x 10 ® Ci
noble gases, ygisth a radionuclide %%ntent as follows:
8,3x10° Ci  Xe; 1,6x10° Ci ~ Xe; 1.7 x 10° Ci
Xe; 1.4 x 10° Ci and 6.1 x 10* Ci ®8Kr.

The most reliable method of determining the
releases of radioactive noble gases would be via
direct measurement of releases from the TMI-2
stack. However, the radiation monitor (HP-R-219)
installed on the stack for this purpose was designed
for normal operation only, and went off scale at ap-
proximately 7:45 am. on March 28. Direct meas-
urement of the releases thus was not possible, and
attempts were made to calculate the noble gas
releases by an indirect method.

Analysis of area radiation monitors showed that
an external area gamma monitor (HP-R-3236), lo-
cated on the 305-foot elevation of the auxiliary
building, remained on scale for the duration of the
accident. This monitor is located between the two
reactor building purge air filtration units and is
shielded from the operating air filtration units for the
auxiliary and fuel handling buildings. The monitor
was sensitive to changes in the radioactive release
rates because it was close to the exhaust ductwork.
A review of the readout from HP-R-3236 shows its
highest reading (which was still on scale) after the
accident to be 6.5 R/h (at 11:00 p.m. on March 28).
A correlation between the reading on HP-R-3236
and HP-R-219, when both were on scale, permits
estimation of these releases from the stack for the
duration of the accident. The known flow rate in the
stack allows the calculation of the integrated noble
gas source term from the area gamma monitor
(HP-R-3236). This calculation results in an estimate
of 2.37 x 10° Ci of total noble gases being released
because of the accident. This method of calculation
was employed by the Presidenti@é Commission on
the Accident at Three Mile Island.

An isotopic distribution can be obtained by calcu-
lating the core distribution at the time of reactor
shutdown and decaying each isotope 3 hours to
account for transit time to the building environments.
This calculation assumes all noble gas isotopes are
transported equivalently from the core to the build-
ing environments. The Calculaggn yields an esti-
mate of release of 1.51 x 10°Ci  Xe: 0,35 x 10° Ci

Kr; 0.28 x 102.Ci  Xe; 0.21 x 10° Ci Xe; and
0.01 x 10° Ci Xe, which is consistent with the
estimate made by the President's Commission. We
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find this noble gas source term to be the best esti-
mate because it is based on an extrapolation of
measured releases in proximity to the source and
not TLD exposures at remote locations.

g. Mitigation of Releases of Radioactive
Materials

The buildings and equipment at the Three Mile Is-
land Station provided substantial mitigation of the
release of radioactive material to the environment.
The primary coolant absorbed significant quantities
of radioactive material.*° Normal activity of the pri-
mary coolant is approximately 1 uCi/cm 3 and wag
actually 0.4 uCi/cm 2 just prior to the accident.
During the accident, the activity increased to more
than 20000 pCi/cm3 The containment structure
prevented large quantities of radioactive material
from being released. Six months after the accident,
tglbere were approximately 50000 Ci of noble gases

Kr) and 600000 gallons of contaminated water
inside that structure. The piping and tanks in the
auxiliary building also retained quantities of radioac-
tive material. These provided either holdup, to allow
short-lived radionuclides to decay, or containment
of the radionuclides in a form that would allow treat-
ment after the accident.

Additionally, a number of installed plant com-
ponents were actively used after the accident to mi-
tigate the release of radioactive materials. The most
important of these were the ventilation systems and
the exhaust air filters installed in the auxiliary and
fuel handling buildings. As discussed in Section
I.B.2.a, these systems are designed to filter all of
the exhaust ventilation separately from these two
buildings prior to release through the plant stack.
The auxiliary building filtration system is designed
for normal operation only, and would be expected to
remove 99% of particulate material and 90% of ra-
dioiodines. The fuel handling building filtration sys-
tem is designed for both normal operation and use
after a fuel handling accident in the fuel handling
building, and would be expected to remove 99% of
particulate material and 95% of radioiodines for both
conditions. The systems are not designed for noble
gas holdup.

Both filter systems were in operation during the
initial stages of the emergency. Attempts were
made to reduce releases of radioactive materials by
shutting off the exhaust fans a number of times
between March 28 and 30. These stoppages, how-
ever, resulted in increased radiation levels inside the
plant, including the control rooms. The ventilation
systems have been in continuous operation since
March 30, except for minor maintenance periods.



The cleanup components installed in the filter
systems were built and purchased according to
specifications that the NRC staff found acceptable.
The specifications for the carbon (see Section
I.B.2.a) were acceptable to the NRC staff when re-
viewed in 1975. Prior to the accident, these specifi-
cations were upgraded and the quality of the carbo&
used in TMI-2 would not be acceptable in 1979.
The HEPA filters satisfied Military Specification
MIL-F-51068, "Filter, Particulate, High Efficiency,
Fire-Resistant,"*® which is the industry standard.
The same quality HEPA filters were installed in both
of the filtration systems even though only the fuel
handling building system was designated as safety
grade.

The origina! design of the filter systems included
bypass dampers to allow ventilation air to bypass
the cleanup components during periods of low ra-
dioactivity, thus prolonging the component life.
However, testing of these dampers indicated that
they leaked at a 15% rate. The dampers were
sealed .*° After sealing, testing proved satisfactory
but resulted in all air being directed through the
cleanup components whenever the ventilation sys-
tem was in operation. The dampers opened and
shut sporadically during the accident, and we find
that the dampers did not permit the filter system to
operate as effectively as possible during the ac-
cident. The operation of these filter banks during
the year after completion of acceptance testing,
combined with their exposure to paint fumes, result-
ed in degraded carbon being in the filters at the time
of the accident.

The condition of the filtration systems after the
accident was determined by two methods. The first
method involved analysis of building air samples
taken upstream and downstream of the filters. The
overall decontamination factor was 1.2.3% As a
result, a decision to changeout the carbon in the
filter system was made. The changeout was com-
pleted in mid- to late April. The spent carbon was
sent off site for laboratory analysis by an indepen-
dent consulting corporation. 32 The analyses indi-
cated that, of the two filter trains, the fuel handling
building ventilation exhaust system removed more
radioiodine than the auxiliary building systeii7. The
variablity in performance between these systems
was due to (1) an imbalance of ventilation flows
(ventilation system balancing was never required or
performed); (2) a faulty inlet damper that would
sporadically open and shut; *® and (3) the location of
the vent header in the auxiliary building, which
results in the air around the header actually being
ventilated by the fuel handling building system.

Samples of the carbon taken from trains A and B
of the auxiliary building and trains A and B of the
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fuel handling building ventilation systems were test-
ed in accordance with Regulatory Guide 1.52 (Revi-
sion 1) with a pre-equilibration of 16 hours at the
stated relative humidity. Tables 114 and 11-5 show
the results of these tests for removal efficiency of
the carbon in place at the time of the accident. Re-
moval efficiencies ranged from a low of approxi-
mately 49% for methyl iodide at 95% relative humi-
dity in fuel handling building train B, to over 99.9%
for elemental iodine at 95% relative humidity in auxi-
liary building train A. Table 11-4 shows that a total of
112 Ci of "1 (all species) was captured by the car-
bon in the four filter trains. The amount of ra-
dioiodine captured is compared to a release of ap-
proximately 13 Ci (see Table 11-3) to the time of filter
changeout. We find that the filter systems installed
at the time of the accident provided a decontamina-
tion factor of 9.5 (equivalent to an efficiency of
89.5%) for all species of iodine.

The carbon installed at the time of the accident
was also analyzed for water content and pH as a
function of bed depth. Low pH values can be corre-
lated to an exhausted carbon that has low removal
efficiencies.*” These values are tabulated in Table
116, along with the activities determined to be on
each layer of carbon. Values for moisture content
are listed only for train A of the auxiliary building.
The other samples were sent unsealed and ab-
sorbed moisture in transit, invalidating any determi-
nation of water content.

A comparison of the status of the carbon as
determined by the two methods discussed above
shows discrepancies. Inplace tests indicated the
carbon was severely degraded, while after-the-fact
laboratory testing showed that the carbon would still
perform satisfactorily. Both methods have inherent
weaknesses. Inplace air samples may not be
representative and give only an instantaneous read-
ing. Laboratory tests suffer from procedural prob-
lems (such as whether to pre-equilibrate the carbon
to the stated relative humidity prior to test) and also
from noble gas contamination of the carbon. We
find that neither inplace testing of the filter systems
nor the laboratory testing of the carbon was ade-
quate to characterize the condition of the carbon
after the accident.

Changeout of the carbon adsorbers in each filter
system was accompanied by concurrent changing
of all the HEPA filters in these components. These
HEPAs were visually examined before changeout
and were intact and in satisfactory condition, but
were damaged during changeout of the carbon
trays. Unfortunately, no used HEPA filters or sec-
tions of filter media were retained for analysis.

Twenty-seven percent of the iodine species
was in particulate form. In addition, the filter sys-
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TABLE 11-6. Analyses of carbon exposed during the accident

Auxiliary Building

Fuel Handling Building

Train A Train B Train A Train B
H20 Activity Activity Activity Activity
Depth (inches) % pH pCi/gm pH  pCi/gm pH pCi/gm pH MpCi/lgm
First 0.5 2.53 4.3 10.1 34 15.4 4.1 34.5 ND* 76.1
Second 0.5 3.41 45 4.4 4.0 4.9 4.7 6.4 34 26.5
Third 0.5 2.58 5.9 25 43 3.1 4.5 0.9 3.9 18.5
Fourth 0.5 1.05 56 1.7 46 1.5 45 0.1 3.9 151

*ND-Not determined

tems contain two individual banks of HEPA filters
(one upstream of the carbon and one downstream),
each of which were acceptance tested to greater
than 99.95% leak-tightness. Thus, we find that the
HEPA filters removed essentially all of the particu-
lates generated.

After completion of the postaccident changeout
of all the cleanup components in both trains of the
auxiliary and fuel handling building systems, inplace
|leak-testing was not performed to verify the leak-
tightness of these systems. A visual inspection was
considered sufficient because of (1) the necessity to
return the filtration units to operation as soon as
possible, (2) the lack of manpower, and (3) the po-
tential for increased worker exposures. Although it
is good engineering practice to leak-test filter sys-
tems in place after changeout, the decision to defer
leak-testing of these filter systems was warranted.
Because further releases through these filter sys-
tems have been negligible, *® the performance of the
systems has demonstrated their integrity.

The carbon used as replacement in the four filter
systems was impregnated with either stable iodide,
as Kl , or a mixture of Kl and triethylenediamine
(TEDA . Problems in readily obtaining replacement
cells were encountered because the TMI-2 cells are
40 inches long, rather than the standard industry
length of 30 inches. *° This discrepancy and possible
problems arising from the use of 40-inch trays were
reported to Burns and Roe on November 20,
1973,%° but Burns and Roe required the 40-inch
trays. Thus, a special size cell was needed for re-
placement and it was difficult to quickly obtain a
sufficient number. The cells were refilled and rein-
serted into the systems. All trays were refilled with
coimpregnated carbon, except for 79 trays in the
auxiliary building train B filter system, which were
refilled with carbon impregnated only with stable
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iodine, as Kl;. The use of coimpregnated carbon
was desirable because it is better able to remove
methyl iodide at high humidities than is carbon im-
pregnated with stable iodine, as KI .

Appendix 11.2 presents the available data on the
carbon used as replacement as a function of time.
Although test procedures conform to the recom-
mendations of Regulatory Guide 1.52 (Revision 1),
the data lack consistency. Two types of impregnat-
ed carbon were obtained from two sources (MSA
and NUCON), and carbon sampling methods did not
conform to industry standards.®' The carbon sam-
ples removed for analysis were shipped in plastic
bags, with incomplete data on cells sampled, loca-
tion in bank, date obtained, and type of charcoal.
There is also no means to ascertain whether the
sample was properly mixed to assure homogeneity
prior to shipment. In addition, different cells with dif-
ferent operating histories have been removed for
sampling. This removal resulted in some of the
carbon being tested that had been used to refill a
test cell at the previous sampling, and not testing
other carbon that had been in service since the
changeout. These sampling problems resulted in
nonrepresentative samples with results that may be
neither reproducible nor valid. However, based on
the remaining adsorptive capacity of the carbon
after approximately 6 months of service of 83% to
99% (see Table 1 of Appendix 11.2) and the negligible
iodine releases after replacing the carbon, we find
that the coimpregnated carbon has performed satis-
factorily in reducing radioiodine releases to the en-
vironment.

When Met Ed realized the severity of the ac-
cident and the potential for release of significant
quantities of radioiodine to the environment, it de-
cided to obtain a supplementary filtration system to
further mitigate radioiodine releases. The decision



was made prior to the large influx of NRC personnel
to the site on Friday, March 30. Met Ed decided to
install four separate 30 000-cfm filter units on the
roof of the auxiliary building. These units consist of
heaters, prefilters, HEPA filters, a 2-inch-deep bed
of KI -impregnated carbon, and a second bank of
HEPR filters. The units were obtained in the first
week in April from MSA, which had already shipped
the units to Richland, Wash. for installation in the
Washington  Public Power Supply System's
(WPPSS) Nuclear Units 1 and 4. The filter systems
had not been installed in Washington, and were im-
mediately air lifted to the Three Mile Island Station
for installation. By mid-May, the filter systems had
been installed on the roof of the auxiliary building to
filter all of the ventilation air from the auxiliary and
fuel handling buildings prior to release. The filter
units are installed in series with the existing auxiliary
and fuel handling building filters, and therefore all
ventilation air has been filtered twice before release
to the environment.

The TMI-2 stack was capped on May 20, ensur-
ing that all ventilation exhaust flows were through
the supplementary auxiliary building filtration sys-
tem. An effluent monitor downstream of each filter
train measures releases of iodine, particulates, and
noble gases. Since May 20, three of the four filter
systems have been on line at all times, and releases
have been negligible.

The cleanup components installed in the supple-
mentary auxiliary building filtration system were the
components marked for use at the WPPSS units.
The HEPA filters were specified to satisfy Military
Specification MIL-F-51068D, which is the industry
standard. An inplace leak test was also per-
formed on each bank as an acceptance test, and
the results showed a minimum leak-tightness of
99.85%. It should be emphasized that all ventilation
exhaust air was treated by four individual banks of
HEPA filters after the installation of the supplemen-
tary auxiliary building filtration system: two banks in
the filter systems inside the building, and two banks
in the supplementary auxiliary building filtration sys-
tems installed on the roof.

The carbon installed in the supplementary auxili-
ary building filtration system satisfied the specifica-
tion for the WPPSS units, and was certified as
passing a laboratory test demonstrating the ability
to remove at least 95% of methyl iodide when test-
ed at 95% relative humidity and 212°F, and 99.9% of
elemental iodine when tested at the same condi-
tions, for each batch of carbon. Of the nine batches
of carbon tested in March 1978 by MSA and certi-
fied as acceptable, the minimum methyl iodide re-
moval efficiency was 96.28%, and the minimum ele-
mental iodine removal efficiency was 99.87%. **
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Attempts to evaluate the performance of the car-
bon in the supplementary auxiliary building filters as
a function of time have been hampered due to the
inability to obtain a representative adsorbent sample
from the installed bank .>? The available data are in-
cluded in Appendix 11.2 (Appendix Table 11-3), and
although the carbon shows degradation, it is still ex-
tremely effective in removing radioiodines (a
minimum of 84.3% at 95% relative humidity and
99.4% at 30% relative humidity for methyl iodide re-
moval) after 5 months of service. This can be attri-
buted to the existing auxiliary and fuel handling
building filters acting as guard beds and removing
the bulk of the nonradioactive contaminants. We
find that the use of the supplementary auxiliary
building filtration systems has mitigated the releases
of radioactive material.

Two other filtration systems were added to ex-
haust streams from TMI-2 in the first few weeks
after the accident. These additional systems were
not as significant in mitigating the releases as the
supplementary auxiliary building filter systems. Both

systems were supplied by American Air Filter Com-

pany in Louisville, Ky. The first was a small (less
than 1000 cubic feet per minute) system installed on
the exhaust of the radwaste chemical lab trailer out-
side of the TMI-2 turbine building wall. The cleanup
components consisted of a HEPA filter and 2 inches
of KI -impregnated carbon. The system was in-
stallA in early April, was put in operation after sa-
tisfactory leak-testing on May 2, 1979 (HEPA filter
and carbon tray 99.99% leak-tight), and has not
been retested due to its minimal impact on plant
operation or releases.

The second system was a 1000-cfm filtration
system installed on the condenser vacuum pump
exhaust. This exhaust does not normally contain
significant amounts of radioactive material and is not
treated in a pressurized water reactor. However, it
was determined following the accident that this ex-
haust was contaminating the auxiliary building; and
the system was installed in early April, leak-tested
on April 9, and put in operation. The system con-
sists of a heater, an upstream bank of HEPA filters,
two  2-inch-deep carbon adsorbers (Kl
impregnated) in series, and a downstream bank of
HEPA filters. Leak-testing proved acceptable
(99.99% for both HEPA banks, and 99.98% for the
one carbon bank tested.) The carbon was certified
as removing 98.7% of methyl iodide when tested in
the laboratory at 130°C and 95% relative humidity.
The performance of this carbon has been followed
as a function of exposure time, and the results are
included in Appendix 11.2. The same sampling and
reproducibility problems exist for this system as for
the auxiliary, fuel handling, and supplementary auxi-



liary building filter systems. Removal efficiency is
still approximately 90% for methyl iodide (Sep-
tember 1979), and the carbon has not been changed
to date.

In addition to the installation of supplementary fil-
tration systems to assist in mitigating the release of
radioactive particulates and iodine, attempts were
made to reduce the impact of noncondensible gases
and noble gases that were stripped out of the pri-
mary coolant in the letdown line of the makeup and
purification system. These gases were overpres-
surizing the makeup tank and the vent header, and
were resulting in increasing pressures in the waste
gas decay tanks. Met Ed was aware of this situa-
tion on Wednesday, March 28, and began to install
copper tubing from each waste gas decay tank and
the makeup tank back into containment that day.
Flame arresters and sampling ports were installed in
the lines. The connection to containment was made
through an existing hydrogen purge penetration (R-
57/C). Since the containment structure has a large
volume (approximately 2 million cubic feet) and is
designed to withstand pressures of at least 50
pounds per square inch (psi), the decision to use
the containment was based on sound technical
judgment.

On Friday morning, March 30, the pressure in the
waste gas decay tanks was approximately 80 psig,
and there was concern that the setpoint of 120 psig
on the relief valves would be achieved. If this oc-
curred, the highly radioactive gases would be
released through the relief valve vent header and
would move directly to the stack. Attempts were
made on Friday afternoon to transfer these gases
back to containment. The first attempts showed
leakage in the tubing, but after repairs further at-
tempts were successful. The line installed from the
makeup tank back to containment was completed
on April 12, but no records have been found indicat-
ing that this line was ever used for transferring
gases back to containment. Transferring gases
back to containment via vent lines and the use of
containment as a large waste gas decay tank
proved to be extremely effective in allowing plant
operations to continue by maintaining letdown flow.

Based on the high activities in the various
radwaste system components after the accident,
the overflow of liquid tanks, and the overpressuriza-
tion of components due to the gaseous fission pro-
ducts, we find that the design bases of the radwaste
systems were exceeded, and that a number of
radwaste system modifications that assisted in miti-
gating the releases of radioactive materials to the
environment were made after March 28, 1979.
These included a supplementary auxiliary building
air filtration system to filter all ventilation exhaust air

from the auxiliary and fuel handling buildings, a con-

denser vacuum pump air filtration system, and vent .
lines from the makeup tank and waste gas decay
tanks to transfer gases back into containment.

We find that the two filtration systems operating
at the time of the accident to reduce releases of ra-
dioactive materials to the environment (auxiliary and
fuel handling buildings), had identical safety grade
cleanup components, and that the safety grade
versus nonsafety grade designation was meaning-
less during the accident. Finally, we find that
although the design bases of the radwaste systems
were exceeded, the systems as operating at the
time of the accident, and the additional actions tak-
en, provided significant mitigation of the release of
radioactive materials.

h. Recovery Operations

The recovery operation for TMI-2 includes treat-
ing gaseous and liquid radioactive materials that
remain in various plant structures. Radioactive
gases are primarily within the containment structure.
Because of radioactive decay since March 28, 8°Kr
(10.3 year half-life) is the only radionuclide with
measurable activity. It is present in a concentration
of approximately 0.78uCi/cm 3, which for the 2.1 x
10% cubic feet containment volume equates to ap-
proximately 48 000 Ci. No definite plans have been
established for treating the 3°Kr. Viable options in-
clude releasing the gas to the environment untreat-
ed during favorable meteorological conditions, hold-
ing up the krypton on a large (tens of thousands of
pounds) bed of carbon that could be cooled to in-
crease the adsorptive capacity, pressurizing the gas
into tanks for storage, or cryogenically distilling the
gas to remove the krypton. Atmospheric dilution
under favorable meteorological conditions would
result in atmospheric concentrations to levels below
the maximum permissible concentrations in 10
C.F.R. Part 20 for unrestricted areas. This option is
easiest to implement, and will not result in significant
exposures to the public.

There are two types of liquid radwaste in TMI-2
components that need to be processed. The first is
600000 gallons of highly radioactive liquid con-
tained entirely within the containment structure.
The radioactive composition of the liquid was last
determined on August 28, 1979, as listed in Table
11-7.%3 Plans for treatment have not been finalized,
but two systems under consideration are a dem-
ineralizer system submerged in the TMI-2 fuel pool
and an evaporation and solidification system which
would require a new building to be constructed to
house all the treatment components. Designs for
any system built will need to consider the additional
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TABLE 11-7. Analysis of TMI-2 containment
building water

Isotope Ec Ci/ml Activity*
Hydrogen-3 (Tritium) 1.0
Strontium (89 and 90) 45
Strontium-90 2.8
Zirconium-95 1.8x 1073
Niobium-95 5.0x 1073
Ruthenium-103 5.7x 102,
Ruthenium-106 7.0x1073
Tin-113 5.0x10™
Antimony-125 1.5x 102
Tellurium-129 1.2x 10“2
lodine-129 1.5x10°
lodine-131 1.2x107?
Cesium-134 40
Cerium-134 5.6 x 107
Cerium-137 2.5x 1072
Cesium-137 1.8 x 102
Lanthanum-140 7.1x 1072
Cerium-141 1.2x1073
Cerium-144 6.3x107
Barium-140 1.3x1073

*Average of three samples taken August 28, 1979.

3 million gallons of water expected to be generated
as a result of decontamination.

The second type of radwaste that needs to be
processgd is intermediate level liquid (defined as
having and '®"Cs concentrations greater than 1
MCi/ml but less than 100 pCi/ml) contained in vari-
ous TMI-2 auxiliary building tanks. This radwaste
resulted from (1) inventory existing prior to the ac-
cident, (2) contaminated water transferred from the
reactor containment building sump to the auxiliary
building during the early phases of the accident, (3)
letdown from the reactor coolant system, and (4)
normal continued leakage of system components.
The significant radionuclide present is 137 Cs, with a
half-life of 30 years. Approximately 280000 gal-
lons of intermediate level waste exists in the auxili-
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ary building tanks, as indicated in Table II-8. The
radioactive inventory in each tank as of June 15,
1979 is tabulated in Table 11-9. For comparison pur-
poses, normal primary coolant activity is expected
to approximate 1 pCi/ml total for all radionuclides
except tritium.

Shielded piping has been installed from tanks in
the auxiliary building to the chemical cleaning build-
ing, located on the east side of the island between
TMI-1 and 2. This building, originally intended for
the cleaning of steam generators, now houses the
processing system for the intermediate level liquid
waste. This system, known as EPICOR-II, has been
specifically designed and constructed for the pur-
pose of processing the TMI-2 intermediate level
liquid radwaste contained in the auxiliary building
tanks. It consists of a prefilter/demineralizer
designed to remove particulate radioactive wastes,
cesium and other cationic radionuclides; a dem-
ineralizer for further removal of cationic radionu-
clides; another demineralizer for removal of both ca-
tionic and anionic (iodine) radionuclides; tanks;
pumps; transfer piping; and instrumentation. After
processing, the water is collected in the clean water
receiving tank (133 000 gallon capacity) where it is
sampled and analyzed. The results of this analysis
will determine whether the treated water is
transferred back to either TMI-1 or 2 for storage un-
til ultimate disposal, or transferred to the off-
specification water receiving/batch tank (95 000-
gallon capacity) for reprocessing through EPICOR-II.

Changeout of the media in the
prefilter/demineralizer and the demineralizers will be
accomplished remotely. Cameras located in an ad-
jacent structure will allow observation and control of
the spent components during transport on an over-
head monorail to a truck adjacent to the building.
The components will be replaced on predetermined
contact exposure rates, ranging from 3 R/h to 100
R/h for the various components. Approximately 50
changes of prefilter/demineralizers and demineraliz-
ers are expected for the processing of intermediate
level TMI-2 liquid waste, based on ion-exchange
capacity. This results in a total volume of 2500 cu-
bic feet of spent resins. The casks will be tem-
porarily stored on site, then the wastes solidified
prior to offsite disposal in an approved facility.

The NRC published an environmental assessment
of the operation of EPICOR-Il on August 14, 1979,
NUREG-0591, "Environmental Assessment Use of
EPICOR-II at Three Mile Island, Unit 2." Numerous
public comments were received and answered, and
on October 16, 1979, an order was issued by the
Commission to begin operation of EPICOR-11. The
system began operation the week of October 22,
1979.
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TABLE II-8. Radioactive water volumes in TMI-2 auxiliary

building tanks

Tank

Volume (gallons)

Reactor Coolant Bleed Holdup Tank A
Reactor Coolant Bleed Holdup Tank B
Reactor Coolant Bleed Holdup Tank C

77 250
77250
77 250

Neutralizer Tank A

Neutralizer Tank B

Miscellaneous Waste Holdup Tank,

8780
8780
13500

Auxiliary Building Sump and Sump
Tank, Miscellaneous Sumps

Waste Evaporator Condensate Tanks,

Contaminated Drain Tanks
TOTAL

16200
279000

Summary of Findings and Recommendations

for Section I1.B.2

Findings

We find that:

although the design bases of Three Mile Island
Station's radwaste systems were exceeded, the
systems as operating at the time of the accident
provided significant mitigation of the release of
radioactive materials to the environment (Section
1.B.2.9);

for normal operations the liquid radwaste storage
and treatment systems were marginal, at best,
due to the lack of a de minimis |level below which
liquid radwaste can be discharged without treat-
ment, and insufficient processing capacity (Sec-
tion 11.B.2.b);

the radwaste liquid storage capacity was inade-
quate to cope with the emergency operations
(Section I1.B.2.c);

the NRC review of TMI-2 design did not consider
the impact of TMI-1 in certain areas such as ven-
tilation systems (Section I1.B.2.a);

leakage of radwaste system components, partic-
ularly in the makeup and purification system,
which contained small amounts of radioactive
material during normal operation, led to the most
significant releases of radioactive material after
core damage occurred (Section I1.B.2.d);

due to lack of maintenance on the waste gas
system, leaks existed, particularly in compressor
A, which led to additional releases of radioactive
material after core damage (Section 11.B.2.b);
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high pressure damaged portions of the vent gas
system, which resulted in a gaseous release
pathway (Section II1.B.2.e);

the gaseous radwaste system design included
"relief to atmosphere," which provided a path to
the environment for untreated gas (Section
.B.2.e);

Met Ed initiated modifications after the accident
that helped to mitigate the releases; these modifi-
cations included the supplementary auxiliary
building filter systems, and vent lines from the
waste gas decay tanks back to containment
(Section ILB.2.g);

the quantity of radioactive material thus far
released in liquid effluents as a result of the ac-
cident is not significant (Section ILB.2.c);

the quantity of radioactive material released in
gaseous efflyents due to the accident consisted
of 15 Ci of and 2.4 million Ci of noble gases
(Sec. I1.B.2.f);

the carbon installed in the auxiliary and fuel han-
dling building exhaust systems was in a degraded
condition on March 28, and contributed to the ra-
dioiodine releases. The design and testing of the
filters did not allow the condition of the filters or
leakage around the filters to be determined. If
carbon had been in place at the time of the ac-
cident that satisfied the technical specifications,
radioiodine releases would have been lower by a
factor of 5 (Section I1.B.2.a);

the auxiliary and fuel handling building exhaust
filter systems installed at the time of the accident
provided a decontamination factor of 9.5
(equivalent to an 89.5% efficiency) for all species
of radioiodine (Section I1.B.2.g);



TABLE 11-9. Inventories of radioactive materials in auxiliary building tanks as of June 15, 1979 (, Ci/cc)

Reactor Coolant

Bleed Holdup
Nuclide Tank Neutralizer Tank  Miscellaneous Waste Holdup Tank, Evaporator Condensate
Auxiliary Building Sump and Sump Tanks, Contaminated
A B C A B Tank, Miscellaneous Sumps Drain Tank

H-3 0.23 0.27 0.29 0.98

1-131 1.9 2.8 3.0 0.15 0.18 1.0 0.1

Cs-134 6.5 7.6 7.7 0.56 0.72 2.4 0.1

Cs-136 0.28 0.29 0.28 0.02 0.02 0.08 0.1

Cs-137 28 35 35 2.5 3.3 10.1 0.1

Ba-140 0.09 0.3 0.29 0.01 0.3 0.8 0.1

*No analysis performed.



HEPA filters installed in the ventilation exhaust
systems removed essentially all of the particu-
lates generated (Section II1.B.2.9);

e for the two filtration systems operating at the
time of the accident (auxiliary and fuel handling
buildings) each had identical safety grade clean-
up components, rendering the safety grade
versus nonsafety grade designations of these
systems meaningless (Section II1.B.2.g);

¢ inplace testing and laboratory testing of carbon
samples were inadequate to analyze the effec-
tiveness of the ventilation exhaust filters during
the first week of the accident (Section 11.B.2.9);
and

¢ replacement carbon in the various filter systems

was impregnated with an amine (triethylenediam-
ine), and this carbon was effective in reducing ra-

dioiodine releases (Section II.B.2.g).

Recommendations

Unless otherwise specified herein (Section I1.B),
the recommendation is applicable to the NRC and
applicant(s)/Iicensee(s).

We recommend that:

o the design bases for radwaste and other related
systems, such as the makeup and purification
system, be reexamined to determine appropriate
design criteria for the expected levels of activity
and volumes that will be generated in both normal
operation and accident situations;

¢ review of radwaste systems should include all re-
lated systems, such as the industrial waste treat-
ment system, to ensure that potential releases
(whether within the plant or to the environment)
are treated;

* ade minimis level be established for low-level
liquid radwaste, and any liquid at a nuclear power
station containing less than this de minimis level
of radioactive material be allowed to be released
untreated;

e radwaste system components (with the potential
for containing primary coolant or waste gas pro-
ducts) be periodically tested for leaks and any
leaks exceeding a minimum acceptance level be
repaired;

e consideration be given to locating systems such
as the makeup and purification system in an iso-
lating building (such as the reactor building);

e consideration be given to the installation of tie-
lines from components outside containment hav-
ing the potential to contain significant activity
(e.g., makeup tank, waste gas decay tanks, reac-
tor coolant bleed holdup tanks) back to contain-
ment for use during an accident;

¢ methods be developed for inplace testing of ven-
tilation systems, such as continuous
upstream/downstream sampling or inplace ra-
dioactive tracer testing, to ascertain overall filter
system performance when needed;

¢ procedures be developed for the evaluation of
spent carbons exposed to accident conditions
and to consider the effect of high concentrations
of noble gas and iodine;

¢ specific filtration systems be designated and
designed for use only after an accident; separate
filter systems be provided for normal operation;

¢ dampers around filter systems be eliminated or
improved to minimize leakage;

¢ to increase the radioiodine removal capabilities,
consideration be given to coimpregnating car-
bons with an amine such as triethylenediamine,
and to use of deeper carbon beds.

3. ENVIRONMENTAL MONITORING

The purpose of radiological monitoring at nuclear
powerplants is to protect workers and the public by
ensuring that exposure of workers on site to radia-
tion and releases of radioactive materials off site are
kept within the limitations of applicable Federal reg-
ulations and as low as reasonably achievable
(ALARA).

Radiation monitoring of onsite personnel is ac-
complished by means of dosimeters, such as ther-
moluminescent dosimeters (TLDs) and self-reading
pocket ion chambers (pocket chambers). Area
monitoring is performed using fixed, mobile, and
portable radiation detection instruments. Concen-
trations of airborne radioactive materials are moni-
tored using fixed and portable air sampling devices.
Evaluation of internal contamination of personnel is
accomplished by means of bioassays (urinalyses)
and whole-body counting (WBC).

Onsite and offsite environmental radiation moni-
toring also uses TLDs. In addition, a program is in
force to sample air, water, milk, vegetation, fish, and
river sediments to assess the amount of radioactive
materials deposited off site.

At Three Mile Island Station, it was necessary to
increase onsite and offsite monitoring as a result of
the accident. The large number of people on site,
together with the increased chance of high radiation
exposure after the accident, required greater em-
phasis on radiation safety, including additional do-
simetry. Onsite monitoring is discussed in Section
[.B.5. The prospect or fear of substantial offsite
releases led to increased environmental monitoring,
which is discussed below.



a. Offsite Radiological Environmental
Monitoring Program (Preaccident)

A Radiological Environmental Monitoring Program
(REMP) for Three Mile Island Station has been con-
ducted for Met Ed since June 1969 and is described
in Appendix 11.3. At the time of the accident,
Teledyne Isotopes Corporation wasg responsible for
the analytical portion of the REMP.

The REMP consists of gaseous and liquid effluent
monitoring, sampling of flora and fauna, soil, vegeta-
tion, and milk in the environs of the nuclear station
to detect whether there are any plant effluents that
might contribute to the exposure of the public. This
program also is designed to detect if any Igng term
buildup of radioactive material is occurring.

In addition to the REMP, environmental radiologi-
cal monitoring is performed at TMI using environ-
mental TLDs.%® The location of the onsite TLDs is
described in Table 11-10 and shown in Figure 11-14.
Met Ed also had an onsite monitoring program using
personnel TLDs.

b. Augmented Radiological Monitoring
Program (Postaccident, March 28 to April 15,
1979)

As part of the immediate response to the ac-
cident, radiological monitoring at and around TMI
was augmented by Met Ed, other utilities, consult-
ants and contractors, and Federal, State, and local

agencies. From these sources came additional per-
sonnel, technical expertise, analytical laboratory ca-
pability, radiation survey instrumentation, environ-
mental monitoring (including extensive offsite ground
and airborne radiation surveys, and sampling of air,
terrestrial, and water media), and an additional
method to predict plume behavior. For example, im-
mediate radiological monitoring expertise was pro-
vided by Porter-Gertz, Consultants. 57 Release and
plume predictions were provided by Pickard, Lowe,
and Garrick, Inc., meteorological consultants. %8 Do-
simetry expertise, management, and personnel were
provided by the Electric Boat Division of General
Dynamics Corpcg@tion, 59 by Pennsylvania Power &
Light Company, and by the Naval Reactors Divi-
sion of the Department of Energy (DOE). ®' Exper-
tise in the maintenance and control of the varied
portable radiation survey instruments that wegg
used was provided by Electric Boat Division,
Georgia Power and Light Company, ® and Naval
Reactors.®* Additional assistance provided by oth-
er sources, particularly from Government agencies,
is discussed elsewhere. 65-74

Metropolitan Edison- As an initial response to the
accident, Met Ed performed offsite surveys around
Three Mile Island. Teams were dispatched in the
downwind direction to perform surveys at points
that were inside the expected extent of the plume.
Teams consisted initially of two radiation chemistry

TABLE 11-10. Onsite TLD locations for opegational radiological
environmental monitoring program (REMP)

Station Map Number
Designation (Fig.ll-14) Location
182 2 0.4 mile N of site, North Weather Station
282 3 0.7 mile NNE of site on light pole in mid-
dle of North Bridge
482 5 0.3 mile ENE of site on top of dike, East
Fence
582 6 0.2 mile E of site on top of dike, East
Fence
9S82 8 0.4 mile S of site at South Beach
1181 9 0.1 mile SW of site west of Mechanical
Draft Tower on dike
14S1 10 0.4 mile WNW of site at Shelly's Island
picnic area
16351 11 0.2 mile NNW of site at gate on fence on

west side
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FIGURE 11-14. Location of Onsite TLDs

technicians and later (primarily March 29 and 30),
three individuals. Three teams were dispatched ini-
tially and up, to six teams made surveys on March
29 and 30.

Direct radiation measurements were performed
with portable radiation survey instruments by the
land-based and helicopter-based teams. Instru-
ments used were generally the PIC-6A (an ion
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chamber-type instrument having a range from
0-1000 R/h), the RO-2 (an ion chamber-type instru-
ment having a range from 0-5000 mR/h) and the
E-520 (a (3M-type instrument having a range from
0-2 R/h).

These teams also collected short term air sam-
ples (particulate and iodine) for field determination of
radioiodine concentrations (primarily on March 28).









These samples were later counted with a G%Li)
system based in a mobile laboratory at the site.

On March 29, the REMP was augmented by ex-
panding the number of sampling locations and fre-
quency.’® Table 1l-11 describes the augmented
REMP, also termed Emergency REMP.

Commonwealth of Pennsylvania-On the advice of
the Pennsylvania Bureau of Radiation Protection
(BRP), the Pennsylvania Agriculture Department
sampled farm milkings on the evening of March 28
and the morning of March 29. This sampling pro-
gram continued through mid-June. 77 The BRP per-
formed ground surveys in the offsite area and col-
lected and analyzed data.”” The Bureau of Water
Quality Management and BRP joined with the EPA
to p%\_gge a water sampling and analysis pro-
gram. BRP placed portable air samplers
around the plant area and at the observation center
and analyzed the results.”® BRP also placed liquid
effluent mgnitors near or on the station
discharges.

Nuclear Regulatory Commission (NRC)-While in
transit to Three Mile Island on March 28, the NRC
Region | teams conducted limited radiation surveys.
The results of these surveys were reported to Met

TABLE 11-11. Augmented or Emergency REMP 76

Ed at the observation center.s° In addition to these
initial surveys, NRC teams performed ground moni-
toring surveys on the east side of the Susquehanna
River for several weeks after March 28. NRC de-
ployed TLDs at 37 offsite locations on March 31 and
at an additional 10 locations on April 5. These TLDs
were placed and read by RMC.® The locations of
the NRC TLDs are listed in Table 11-12 and shown in
Color Plates | and Il. NRC placed portable air
samplers around the plant area and observation
center and analyzed the results. ”® NRC also placed
liquid effluent monitors near or on the station
discharges.”®

Department of Health, Education, and Welfare
(HEW), Bureau of Radiological Health (BRH)- In
response to the accident, BRH deployed TLDs
around the site starting on the evening of March 31,
1979. The TLDs deployed, type TLD 100, had a
minimum sensitivity of 10 to 20 mrem. A total of 173
dosimeter sites (237 dosimeter packages) had been
set up by Monday afternoon, April 2,1979%2 and are
shown in Figure 11-15.

The BRH dosimeter sites were distributed over a
20-mile radius (about 1200 square miles) centered
at TMI-2. Within the 0- to 10-mile radius, the area
was divided into 2 by 2-mile grids. The individual

No. of No. of
I ndicator Background Sampling
Media Locations Locations Frequency Analyses'
Air particulates 5 3 Every 3 days 2 Gross beta, gamma spectra
Air iodine 5 3 Every 3 days 2 Radioiodine
Surface/drinking water 53 2 Daily“ Gross beta, radioiodine
Effluent water 1 0 Daily # Tritium, gamma spectra
Precipitation (rain water) 2 2 As available® Gamma spectra
Fishes f 1 Weekly Gamma spectra, strontium
Aquatic plants 2 1 Weekly (if Gamma spectra
available)
Aquatic sediment 2 1 Weekly Gamma spectra, strontium
Milk 4° 1 Daily Radioiodine, gamma spectra
Vegetation 4 1 Monthly Radioiodine, gamma spectra
Soil 4 1 Monthly Gamma spectra
Misc. foodstuffs’ 1 1 As available Gamma spectra
TLD 15 5 Every 3days? Dose rate

I;The listed analyses are performed on each sample and are in addition to those performed in the operational

2Sampling periods were from 3/29-3/31, 3/31-4/3, and every three days thereafter until 4/24/79. As of 4/24/79,

samples are collected weekly.
3An indicator location was added on 4/22/79.

4Sampling was done on 3/29, 3/31, and daily thereafter.

5Precipitation was collected on 3/31, 4/5, and 4/27.

®Due to its use by newborn goats, milk is not always available from a goat farm.
"I ncludes poultry, beef, eggs, pork, and game, if available.
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TABLE II-12. NRC TLD locations 8!

Distance Direction

Station [ miles) (degrees) Sector Description

N-1a 2.4 356 N School (added 4/5/79)

N-1 2.6 358 N Middletown

N-1c 3.0 0 N School (added 4/5/79)

N-le 3.5 349 N School (added 4/5/79)

N-1f 4.0 351 N School (added 4/5/79)

N-2 5.1 0 N Clifton

N-3 7.4 6 N Hummelstown

N-4 9.3 0 N Union Deposit

N-5 12.6 3 N -

NE-1 0.8 25 NNE North Gate

NE-2 1.8 19 NNE Geyers Church

NE-3 3.1 17 NNE Township School

NE-3a 3.6 44 NE School (added 4/5/79)

NE-4 6.7 47 NE -

E-1 0.5 61 ENE 1200' N of E-1a

E-5 (E-1a) 0.4 90 E Residence

E-3 3.9 94 E Newville

E-4 7.0 94 E Elizabethtown

E-2 2.7 110 ESE Unpopulated area

SE-4 4.6 137 SE Highway 441

SE-4a 5.0 146 SE School (added 4/5/79)

SE-5 7.0 135 SE Bainbridge

SE-1 1.0 151 SSE Unnamed community on
Highway 441

SE-2 1.9 162 SSE Falmouth

SE-3 2.3 160 SSE Falmouth

S-1 3.2 169 S York Haven

S-1a 3.35 173 S School (added 4/5/79)

S-2 5.3 178 S Conewago Hts

S-3 9.0 181 S Emigsville

S-4 12.0 184 S Woodland View
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TABLE 11-12. NRC TLD locations-Continued

Distance Direction
Station (miles) (degrees) Sector Description
SW-1 2.2 200 SSW Bashore Island
SW-2 2.6 203 SSW Pleasant Grove
SW-3 8.3 225 SW Zions View
Sw-4 104 225 Sw Eastmont
W-2 1.3 252 WSW Goldsboro
W-3a 4.4 247 WSW School (added 4/5/79)
W-1 1.3 263 W Goldsboro
W-3 29 270 W Unnamed community
wW-4 59 272 W Lewisberry
W-5 7.4 262 W Lewisberry
NW-1 2.6 303 WNW Harrisburg Airport
NW-3 7.4 297 WNW New Cumberland
NW-2 59 310 NW Highspire
NW-4 9.6 306 NW Harrisburg
NW-5 13.8 312 NW Harrisburg
N-1b 2.75 346 NNW School (added 4/5/79)
N-1d 3.5 333 NNW School (added 4/5/79)

grid sectors were weighted by population, and sites
were identified in the field on the following basis:

High Population Density-4 dosimeter sites
Medium Population Density-2 dosimeter sites
Low Population Density-1 dosimeter site

When possible, two dosimeter packages were
placed at each site, one outside and one inside a
building. In the 10- and 20-mile ring, only external
sites were used.

The dosimeters were left in place until a small
sample (19) was collected and replaced on April 10
for a preliminary evaluation. All dosimegfgrs were
collected on April 17 and 18 and replaced.

HEW also carried out a limited bioassay program,
performing urine analyses on 33 residents living
near the plant. The samples were collected over 5
days (April 4 through 8).83

HEW collected milk, food, and water samples in
the area around Three Mile Island to a distance of
30 miles. Raw milk was sampled from 29 locations,
and included samples from both cows and goats.
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The specific information as to animal location, sam-
ple type, supplier, feed, herd site, and recipient dairy
is indicated in Table 11-13. The source, azimuth, and
distance from TMI for each food and milk sampling
location are listed in Table 11-14. HEW collected wa-
ter samples from various points on the Susquehan-
na River, from taps in Harrisburg, Columbia, Harris-
burg Airport, Port Deposit Water Treatment Facility,
Conestoga, Middletown, and various locations in
Maryland.

Environmental Protection Agency (EPA)- EPA de-
ployed its major response efforts from its Las Ve-
gas, Nev. laboratory. EPA personnel arrived in the
TMI area on March 31 and began an offsite environ-
mental sampling effort. EPA also brought laboratory
analysis capability and set up an analytical facility in
Harrisburg. EPA was requested to coordinate all
offsite Federal environmental monitoring for the long
term efforts on April 13,1979.

From April 1 to April 3, EPA set up an offsite air
sampling network. Thirty-one air sampling stations
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FIGURE 11-15. Location of HEW Monitoring Sites .

Detectable exposures are shown (mR).
Period of exposure: 3/31/79 to 4/18/79.

374



TABLE II-13. Raw milk sample program for HEW 86

Milk Animal Dairy to Herd
Supplier Product Feeds Location Which Sold Size
Christian Raw Milk  Stored Inside Hershey Foods 40
Becker Hershey, PA
H. Risser Raw Milk Stored Inside Mt. Joy Farmer 200
Meadow Corporation
Vista) Mt. Joy, PA
Ken Raw Milk Stored Inside & Rutter Bros 125
Glatfeller Dry Lot York, PA
J.R. Raw Milk  Stored Inside & Mt. Joy Corp. 102
Alwine Dry Lot Mt. Joy, PA
Jim Raw Milk Stored Inside & Interstate Coop. 108
Williams Grazed S. Hampton, PA
Jeremiah Raw Milk Stored Inside & Interstate Coop. 42
Fisher Dry Lot S. Hampton, PA
Clarence Raw Milk Stored Inside & Harrisburg Dairy 102
Lytle Dry Lot Harrisburg, PA
Beshore Raw Milk Stored On Dry Rutter Bros. 82
Farms Lot York, PA
Masonic Raw Milk Stored Under Harrisburg Dairy 115
Homes Roof Harrisburg, PA
Jay Swope Raw Milk Stored Under Lehigh Valley 25
Roof Allentown, PA
Leroy Raw Milk Stored Inside & Rutter Bros. 27
Hertzler Dry Lot York, PA
Avalong Raw Milk Stored In & Out Own Processor 1 00
Bruce Zell Raw Milk Stored Inside Hershey Foods 80
Hershey, PA
Myers Raw Milk Stored On Hershey Foods 35
Farms Property Hershey, PA
Sunnyhill Raw Milk Stored Inside & Own Processor 160
Farms Dry Lot
Timothy Raw Milk Stored Under Mt. Joy Corp. 54
Tyson Roof Mt. Joy, PA
Lehigh Valleys
Allentown, PA
Paul Nolt Raw Milk  Stored  Under Mt. Joy Corp. 39
Roof Mt. Joy, PA
Lehigh Valleys
Allentown, PA
H. E. Raw Milk Stored In & Out Maryland Coop. {38
Heindel
Rutter Bros. Raw Milk  Stored Inside Own Processor 60
Ashcombe Raw Milk  Stored Dry Lot Own Processor 200
Farm Dairy .
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TABLE 11-13. Raw milk sample program for HEW-Continued

Milk Animal Dairy to Herd

Supplier Product Feeds Location Which Sold Size
Alton Raw Graze  Outside Own Processor 3
Hower Goat's

Milk
Lloyd Raw Stored  Inside Own Processor f
Sarver Goat's
Milk

Dale Raw Milk  Stored Pasture Maryland Coop. 38
Barshinger 3 hrs/day
Doll L. Raw Milk  Stored  Pasture Interstate Coop. 43
Zirkle 3 hrs/day
Evergreen Raw Milk ~ Stored  Inside Hershey Food 42
Valley Farm Dairy Hershey, PA
Lester Raw Milk  Stored Inside Penn Dairies 150
Hawthorne Lancaster, PA
Menno Raw Milk  Stored Inside Hershey Foods 60
Gruber Hershey, PA
Bruce Raw Milk  Stored Inside Rutter Bros. 50
Taylor York, PA
Joseph Raw Milk - - - 30
Conley

were established, with 12 stations located at a dis-
tance of 3 miles from the plant, at 30° spacing along
the arc; 10 stations at 6 to 7 miles, located between
the 3-mile stations; and 9 stations in populated lo-
cations more than 7 miles away at Bellaire, Man-
chester, Carlisle, Hummelstown, Caggpbellitown,
York, Hershey, Lebanon, and Lancaster.

Each station contained an air sampler of approxi-
mately 10-cfm capacity (400 m3/day) with a glass
fiber prefilter for particulate collection and a char-
coal cartridge for radioiodine collection. Samples
were changed on a daily basis and counted using a
Ge(Li) detector. 89 The location of each air sampling
station is shown in Table 11-15.

At each EPA monitoring station, calcium fluoride
TLDs consisting of three badges, each containing
two chips, were placed. In addition, 50 people at
these locations wore badges on a voluntary basis. %0

Gamma exposure rate recorders were located at
each air sampling station and three additional loca-
tions (Stations 031, 032, and 033). The
recorder/monitors were deployed from March 31 to
April 4 and were operated throughout the intensive
phase. They contain a pressurized gas proportional

detector with output to a strip chart recorder en-
closed in an aluminum case. Thg,strip chart from
each recorder was collected daily.

EPA conducted water sampling at locations on
the Susquehanna River and in Chesapeake Bay.
Drinking water from 21 surface supplies was also
sampled. The drinking and surface water sampling
effort was reduced on April 6 to include only major
public drinking water sources on the Susquehanna
River (Lancaster, Columbia, and Wrightsville). On
April 8, the Wrightsville and Columbia stations were
dropped and another station was set up on Brunner
Island. Composite samples (24-hour) were collect-
ed daily from these sites. %> Daily grab samples
were collected on the liquid effluent discharges. A
continuous "33 monitor was also installed.

EPA initiated milk sampling in the offsite area on
April 5. A total of nine dairy farms were included in
this effort. 4 Their locations are indicated in Table
11-16.

Three special stations were established for ra-
dioactive noble gas sampling at stations 001, 006,
and 014 (Table 11-15). Air samples of at lggst 2/3 m 3
were collected over a 2- to 3-day period.
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TABLE 11-14. Source locations for HEW food and milk sampling program

87

Distance Direction
(miles) (degrees) Name Location
20 340 All Lebanon Bakery Lebanon
16 315 Alton Hower Enola
10 34 Arndt's Ice Cream Hershey
12 225 Ashcombe Dairies Dover
15 270 Ashcombe Farm Dairy Mechanicsburg
12.5 166 Avalong Farms, Inc. York
22 159 Bakers Homemade Bread Red Lion
10 178 Bartons Bakery Mt. Wolf
5 176 Beecher, Katherine Manchester
Candies
7 292 Bedshore Farms New
Cumberland
18 88 Bickel's Potato Manheim
Chip Co., Inc.
10 313 Brookwood Farms Harrisburg
20.5 52 Brouse's Pastry Lebanon
Shop
7 182 Bruce Taylor Manchester
4.5 4 Bruce Zell Hummelstown
20 90 Bucker, Raymond Lititz
Farm
12 128 Byers Pastries Marietta
1 125 Christian Becker Elizabethtown
3 16 Clarence Lytle Middletown
13 175 Cloverland York
12 182 D. F. Stauffer York
Biscuit Company
6 195 Dale Barshinger Dy. York
20 260 Dillsburg Grain & Dillsburg
Milling
14 50 Dol-Mar Annville
5 207 Doll L. Zirkle Dy. Manchester
20.5 51 Dunkin Donuts Lebanon
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TABLE II-14. Source locations for HEW food and milk sampling program-

Continued
Distance Direction
(miles) (degrees) Name Location
8 10 Dutchland Farms, Rheems
Inc.
22 35 Eastern Milk Jonestown
16 285 Eastern Milk Mechanicsburg
16 103 Elmtree Acres Mt. Joy
2.5 121 Evergreen Valley Elizabethtown
Farm
22 1 80 Farmer Boy Glen Rock
15 41 Gingrich's Bakery Campbelltown
22.5 87 Graybill's Lititz
14 182 Green's Dairy, Inc. York
9 19 H. B. Reese Hershey
Candy Co.
15 155 H. E. Heindel York
4 135 H. Risser Bainbridge
11 318 Harrisburg Harrisburg
Dairies, Inc.
3.1 335 Harrisburg Middletown
Int'l Airport
11.2 312 Harrisburg R. P. Harrisburg
10 24 Hershey Chocolate Hershey
Company
5 163 Hilshire, Claire Elizabethtown
12 110 I.R. Musser Mt. Joy
Poultry Farm,
I'nc.
2 81 J. R. Alwine Middletown
12.5 35 Ja-Mar Palmyra
3.5 132 Jay Swope Elizabethtown
5 284 Jeremiah Fisher Etters
11 50 Johanna Palmyra
2.8 275 Joseph Conley Etters
22 117 Kendig Millersville
6 l 66 Ken Glatfeller Mt. Wolf
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TABLE 11-14. Source locations for HEW food and milk sampling program-
Continued

Distance Direction )
(miles) (degrees) Name Location
22 165 Knaubs Cake Dallastown
and Deli House
1 33 Kraft, Inc. Palmyra
7.5 163 Leroy Hertzler Mt. Wolf
5 125 Lester Hawthorne Elizabethtown
2 210 Lloyd Sarver York Haven
7 97 Longenecker Elizabethtown
Hatchery, Inc.
3 355 Longenecker's Middletown
Meats, Inc.
22 117 Manorview Millersville
6 98 Masonic Homes Elizabethtown
10 25 Mazzoli's Ice Hershey
Cream
12 121 Mellinger's Mt. Joy
Poultry Farm
5 129 Menno Gruber Bainbridge
20 165 Midway Super Dallastown
Thrift Market
30 335 Miller Bros. Millersburg
18 168 Mrs. Smith's York
Pie Co.
11 87 Mt. Joy Mt. Joy
Corporation
10 288 Myers Farms New
Cumberland
10 178 Naylors Candies, Mt. Wolf
Inc.
17 281 Oak Grove Poultry Mechanicsburg
Farm
11 107 Paul Nolt Mt. Joy
1 180 Peerless Farm York
Products
23.5 109 Penn Dairies, Inc. Lancaster
12.9 181 Penn Dairies, Inc. York
10.5 320 Penna Dutch Megs. Harrisburg

Inc.
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TABLE II-14. Source locations for HEW food and milk sampling program-

Continued
Distance Direction
[miles) (degrees) Name Location
13 175 Perrydell Farm York
21 125 Queen Dairy Foods Conestoga
20 335 R Own Dairy Halifax
22.5 90 R.W. Sauder Lititz
11 318 Reservoir Harrisburg
5 355 Rose Enterprises, Middletown
Inc.
20 54 Royers Cake Box Lebanon
12.5 184 Rutter Bros. York
10 314 Sams Ice Cream, Harrisburg
I'nc.
20 51 San Giorgio Lebanon
Macaroni, Inc.
15 286 Schenks Pastries Mechanicsburg
22.5 47 Showerdale Lebanon
6 89 Simon Candy Elizabethtown
Company
1 50 Smith's Modern Palmyra
Dairy
12 214 Smitties Soft Dover
Pretzel
12 105 Spanglers Flour Mt. Joy
18 330 Speeces Dairy Dauphin
20 193 Stump Acres York
9 341 Sunnyhill Farms Harrisburg
4.6 157 Susquehanna River York Haven
11.6 129 Susquehanna River Marietta
13.9 133 Susquehanna River Wrightsville
2.4 169 Susquehanna River Falmouth
22 156 Tastysnack, Inc. Windsor
10.5 63 Timothy Tyson Palmyra
5.5 344 Tom Williams Middletown
10 315 Town & Country Harrisburg

Pastry Shop
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TABLE 11-14. Source locations for HEW food and milk sampling program-
Continued

Distance Direction .
(miles) (degrees) Name Location
6 100 Troutmans Dairy Elizabethtown
21 125 Turkey Hill Dairy Conestoga
141 125 Turkey Hill Mini Columbia
Market
3 355 Universal Flexible Unk
Packaging, Inc.
8 3 Verdelli Farms, Hummelstown
Inc.
10 314 Visaggios Bakery Harrisburg
17 259 Wayne Feed Supply Dillsburg
Storage
14 50 Wengerts Dairy, Lebanon
Inc.

TABLE II-15. EPA air sampling and monitoring locations (intensive phase) 93

Distance
Station AZ (miles) Location
001 290 6.2 Frogtown, Pa.-Robert Bean Gulf Station
002 320 5.2 *Highspire, Pa.-Highspire Fire Station No. 1
003 325 3.5 Meade Heights, Pa.-Harrisburg Intl Airport
004 350 3.0 *Middletown, Pa.-Elwood's Sunoco Station
005 040 2.6 Royaltown,-Pa.- -endonderry Township Bldg.
006 055 3.0 Royaltown, Pa.-Blandine Hershberger
residence
007 080 6.6 Elizabethtown, Pa.-Koser's Fruit Market
008 070 8.2 *Bellaire, Pa.-Robert Risser residence
009 1 00 3.0 Newville, Pa.-Brooks Farm, Earl Nissley
residence
010 095 6.3 *Elizabethtown, Pa.-Arco Service Station
011 130 2.9 Falmouth, Pa.-Charles Brooks residence
012 120 6.9 Maytown, Pa.-Bassler's Church
013 150 3.0 Falmouth, Pa. - Dick Libhart residence
014 1 45 5.3 *Bainbridge, Pa.-Bainbridge Fire Company
015 i 55 6.6 Saginaw, Pa. - United Methodist Church
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TABLE 11-1 5. EPA air sampling and monitoring locations (intensive phase)-

Continued
Distance
Station AZ (miles) Location
016 180 7.0 *Manchester, Pa. - Manchester Fire Department
017 180 3.0 *York Haven, Pa. - York Haven Fire Station
018 220 2.5 Pleasant Grove, Pa. - George Ziegler residence
019 205 5.0 Strinestown, Pa. - Brenner Mobil Service Station
020 205 2.5 Woodside, Pa. - Zane Reeser residence
021 250 4.0 *Newberrytown, Pa. - Exxon Kwick Station
022 275 5.0 Yocumtown, Pa. - IML Freight Yard
023 265 2.9 Goldsboro, Pa. - Muellar residence
024 275 26 *Carlisle, Pa. - Union Fire Company No. 1
025 360 7 *Hummelstown, Pa. - Keffer's Exxon Service Sta-
tion
026 025 10 *Hershey, Pa. - Arco Service Station
027 040 10 Campbelltown, Pa. - Gulf Service Station
028 055 20 *Lebanon, Pa. - Goodwill Fire Company
029 110 025 Lancaster, Pa. - Southern Manheim Fire Co.
030 180 13 *York, Pa. - Springetts Fire Co. No. 1
031 270 1.5 *Goldsboro, Pa. - Dusty Miller residence
032 255 1.5 Goldsboro, Pa. - Harold Bare residence
033 205 2.2 Pleasant Grove, Pa. - George Shaffer residence
034 305 2.7 Plainfield, Pa. - Polites residence
035 068 3.5 Royaltown, Pa. - George Hershberger residence

*Sampling located in indicated town. Other sampling stations are located near

indicated towns.

EPA analyzed its environmental samples at its
temporary laboratory in Harrisburg and its Iabgl;ja—
tories in Las Vegas, Nev., and Montgomery, Ala.

Department of Energy (DOE)-DOE and its contrac-
tors, in accordance with the Interagency Radiologi-
cal Assistance Plan, conducted a substantial en-
vironmental monitoring effort in response to the ac-
cident. The Commonwealth of Pennsylvania and the
NRC asked formally%for DOE assistance on the
morning of March 28.

The Radiological Assistance Team (RAT) from
Brookhaven National Laboratory (BNL), and the
Aerial Measurement System/Nuclear Emergency

Search Team (AMS/NEST) from Andrews Air Force
Base, Md., arrived by midafternoon on March 28.
The RAT assisted the Commonwealth of Pennsyl-
vania by taking vegetation, soil, and air samples; and
by making direct radiation measurements off site.
The AMS/NEST measured and characterized radia-
tion levels in the plume created by plant discharges.
These data were immediately provided to the Com-
monwealth of Pennsylvania and the NRC to assist in
determining the hazard to the public. °7

A local DOE command post was established on
March 28 at the Capital City Airport in New
Cumberland, Pa. Various contractors and branches
of DOE augmented the radiological monitoring effort.
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TABLE 11-16. EPA milk sampling locations
(intensive phase)97

1. Milton Hershey Dairy #41, Hershey, Pa.

2. Conewago Farms Dairy, Elizabethtown, Pa.
3. Aungst Dairy, Rheems, Pa.

4, A. W. Hoffer, Dairy, Middletown, Pa.

5. Ruhl Dairy, Middletown, Pa.

6. David Miller Dairy, Falmouth, Pa.

7. Elmer Gruder Dairy, Falmouth, Pa.

8. Leroy Herzler Dairy, Mount Wolf, Pa. 17347

9. Beshore Farms Dairy, New Cumberland, Pa.

Their contributions are briefly described in Appendix
{14
DOE monitoring activities included: ®&

* Aerial surveys using helicopters to locate and
measure radiation, and to characterize airborne
discharges from TMI.

* Meteorological forecasts and predictions of
plume trajectories needed for guidance in radia-
tion monitoring and evacuation planning.

« |nstallation of radio and telephone communica-
tions, including coordination with the AT&T Long
Lines Command Center, for special NRC, Com-
monwealth of Pennsylvania, and DOE telephone
requirements; staffing the command post, provid-
ing rapid telephone and radio communications of
data and information between DOE field units,
DOE Headquarters, NRC, and the Commonwealth
of Pennsylvania.

« Collection of environmental soil, grass, surface
water, and air samples taken in the paths of the
discharge plumes as well as in the general sur-
rounding area. The sampling procedures used
were designed to optimize detection of any ra-
dionuclides which might be present.

« Gamma spectrum analysis of environmental sam-
ples to detect and identify the radionuclides
present.

. Evaluation and analysis of radiation survey data.

. Coordination of shipping and arrangement for ra-
diochemical analyses of reactor coolant and con-
tainment air samples.

« |n situ measurement and characterization of radi-
ation on the ground and in the air, in the path of

airborne discharges from the TMI plant, as well
as in the surrounding area.

» Processing, compilation, and analysis of all radia-
tion data in response to a request from T. Geru-
sky, Director of the Pennsylvania Department of
Environmental Resources.

. Documentary and scientific photography.

National Bureau of Standards (NBS)-NBS calibrat-
ed portable survey instru1rg13ents and TLDs used dur-
ing the accident. Since  Xe was the predominant
radionuclide released, the portable survey instru-
mentation and TLDs used to monitor releases were
not used to detect and measure the energies for
which they were calibrated. Most instruments were
calibrated . with '*’Cs gamma rays (662 KeV),
although Xe emits gamma rays of considerably
lower energy (81 KeV). With this wide energy differ-
ence, many survey instruments and TLDs over-
responded (by factors of from 1.5 to 20). o9

c. Summary of Results of Portable Survey
Instrument and Aircraft Monitoring

A summary of significant survey data collected
by Met Ed and other agencies during the period of
March 28 to April 5, 1979, during which most of the
releases of radioactive materials occurred, is
presented in Tables 11-17 and 11-18. These data were
taken directly from copies of survey forms or from
reports and logbooks of the various agencies.
Many of the data sources lack important information
such as instrument type, open or closed shield, ex-
act time, exact location, and the identification of the
individual making the survey. In addition, most of
the instrunquts were not calibrated for the radiation
emitted by Xe. These data, however, were all that
were available for decisionmaking purposes at the
time of the emergency. Data contained in Tables
11-17 and 11-18 and discussed below do not include
the many measurements that did not detect any ra-
diation above natural background.

March 28, 1979-The first onsite survey indication
of a release of radioactive materials occurred at
10:00 a.m. when a 7-mR/h exposure rate was
measured at the fence line at the east edge of the
site. The first positive indication of an offsite release
of radioactive materials was made approximately
0.5 to 1 mile east-northeast of the site at 11:00 a.m.
Throughout the day, releases to the environment
occurred. Exposure rates continued to vary, gen-
erally rising as releases occurred and quickly falling
as the radioactive materials were dissipated. The



TABLE 11-17. Summary of significant survey data on site March 28 to April 5, 1979

Location-Distance Elevation Exposure Type of Agency
Date Time From Site (Feet) Rate (mR/h)  Radiation Performing  Reference Comments
0328 10:00 a.m. GE-4;*Fence, east Ground 7 Met Ed 100 First positive onsite reading
0328  3:00 p.m. GE-2; North gate Ground 70 Met Ed 101
0328  5:00 p.m. GE-10; Fence Ground 140 Met Ed 100
northwest
0328 11:00 p.m. GE-10 Ground 365 B &y Met Ed 100 Highest ground readings on site
0328 11:00 p.m. GE-10 Ground 50 y Met Ed 100 Highest readings on site
0328 -6:00 p.m. Over north gate Helicopter 50 DOE 102 Highest airborne reading on that day
0329 5:00 a.m. GE-9; Fence, west- Ground 150 B &y Met Ed 103 Highest ground reading on that day
northwest
0329 5:00 a.m. GE-9; Fence, west- Ground 100 y Met Ed 103 Highest ground reading on that day
northwest
0329  2:10 p.m. Above Unit 2 stack 15 over 3,000 B &y Met Ed 104 Highest reading during the accident
stack
0329 2:10 p.m. Above Unit 2 stack 15 over 400 y Met Ed 104 Highest reading during the accident
stack
0330 8:00 a.m. GE-7; Fence, south Ground 30 B &y Met Ed 105 Venting of makeup tank
0330 8:00a.m. GE-7; Fence, south Ground 9 y Met Ed 105 Venting of makeup tank
0330 8:00 a.m. GE-8; Fence, south- Ground 25 B &y Met Ed 105 Venting of makeup tank
west
0330 8:00 a.m. GE-8; Fence, south- Ground 8 y Met Ed 105 Venting of makeup tank
west
0330  8:02a.m. Above Unit 2 stack { 30 over 1 200 13&y Met Ed 1 06 Directly in the plume
stack
0330 3:00 p.m. GE-9; Fence, west- Ground 90 B &y Met Ed 105
northwest
0330  3:00 p.m. GE-9; Fence, west- Ground 9 y Met Ed 105
northwest

*GE numbers refer to the fixed on island monitoring points.



0331
0331
0331

0331

0331
0331

0401

0401

0402

0402

0402

0403

0403

0404

0405
0405

3:28 a.m.
3:28 a.m.
11:15a.m.

11:15a.m.

3:51 p.m.

3:51 p.m.

4:28 a.m.

4:28 a.m.

1:40 p.m.

1:40 p.m.

2:30 p.m.

12:12 p.m.

12:12 p.m.

4:19 a.m.

1:04 p.m.
1:04 p.m.

GE-4; Fence, east

GE-4; Fence, east
Between GE-3 and

GE-4; Fence, east-
northeast

Between GE-3 and
GE-4, Fence, east-
northeast

500 kV Substation
500 kV Substation

GE-4 and GE-5,
Fence, east and
southeast

GE-4 and GE-5, Fence,
east and southeast

GE-9, Fence, west-
northwest

GE-9, Fence, west-
northwest

Over the Unit 2
screen house

GE-5; Fence,
southeast

GE-5; Fence,
southeast

East Side; between
north and south gates

Fence, east

Fence, east

Ground
Ground

Ground

Ground

Ground

Ground

Ground

Ground

Ground

Ground

Helicopter

Ground

Ground

Ground

Ground

Ground

150
20

35

40

20

15

90-240

10

1.9

55

3.5
0.6

&y

B &y

B &y

B &y

B &y

§ &y

B &y

@ &y

B &y

Met Ed

Met Ed
Met Ed

Met Ed

Met Ed

Met Ed

Met Ed

Met Ed

Met Ed

Met Ed

Met Ed

Met Ed

Met Ed

Met Ed

Met Ed
Met Ed

107
107

110

111

111

112

113

113

114

115
116

Highest ground reading on that day

Highest ground reading on that day

Highest ground reading on that day

Highest ground reading on that day
Highest ground reading on that day
Highest ground reading on that day
Different altitudes. Measurements

taken between 2:25 and 2:50 p.m.

Highest ground reading on that day
Highest ground reading on that day

Highest ground reading on that day

Highest ground reading on that day

Highest ground reading on that day




TABLE 11-18. Summary of significant survey data off site March 28 to April 5, 1979

Location-Distance Elevation Exposure Type of Agency
Date Time From Site (miles) (feet) Rate (mR/h)  Radiation  Performing Reference Comments
0328 11:00 a.m.  0.5-1 east-north- Ground 3 Met Ed 101 First positive offsite reading
east
0328 3:00 p.m. 0.5-1 east- Ground 20-50 Met Ed 101
northeast
0328 6:05p.m. 16 north Helicopter 0.1-0.2 DOE 102
0328 6:05p.m. 7 Helicopter 1 DOE 102 In center of plume
0328 10:00 p.m.  2-3 northwest Ground 12 Met Ed 101
0329 6:00 a.m. 1-2 west Ground 30 B &y Met Ed 116 Highest ground offsite reading
0329 6:00 a.m. 1-2 west Ground 20 y Met Ed 116 Highest ground offsite reading
0330 9:00 a.m. 0.5-1.0 east- Ground 10 3 &y Met Ed 117
southeast
0330 9:00 a.m. 0.5-1.0 east- Ground 0.4 y Met Ed 117
southeast
0330 9:00 a.m. 0.5-1.0 south- Ground 8 f3 &y Met Ed 117
east
0330 9:00 a.m. 0.5-1.0 south- Ground 45 y Met Ed 117
east
0330 11:53a.m. PA 441, Red HillFarm  Ground 5-6 1B &y DOE 118
Fruit Stand
0330 12.15p.m. Goldsboro Ground 5 DOE 119
0330  4:00 p.m. 1-2 west Ground 6 3&y Met Ed 117
0330  4:00 p.m. 1-2 west Ground 1 y Med Ed 117
0330 10:35a.m. PA 441 northeast Ground 17 f. &y Met Ed 108 Highest offsite reading that day
0330 10:35a.m.  PA 441 northeast Ground 4 " Met Ed 108 Highest offsite reading that day
0331 2:39 p.m. Gingrich Road, Ground 7 B&y Met Ed 109
I east
0331  2:39 p.m. Gingrich Road, Ground 2 y Met Ed 109

I east



0401

0402
0402
0402
0403
0403
0404
0404
0404
0405
0405

0405

0405

9:03 p.m.

12:00 p.m.
6:55 p.m.
4:32 am.
4:35am.
4:35am.
6:51 am.
6:51a m.
12:45 p.m.

12:45 p.m.

1:44 p.m.
1:44 p.m.
11:15 p.m.
1:15p.m.
2:50 p.m.
4:43 am.
6:33am.
6:33am.
5:41a m.
6:30 am.

6:30 am.

10:46 am.

1 eagt of
Observation Center

PA 441, '/4 east
New Cumberland
Over the 500 kV
Substation
Observation Center
Observation Center
1-2 southeast

1-2 southeast

Falmouth Pike & PA.
441

Falmouth Pike & PA.

441
Goldsboro Square
Goldsboro Square
Goldsboro

PA 441, north

0.4 east

Above Goldshoro
Goldsboro
Goldsboro

0.5 east

2-3 east-
northeast

2-3 east-
northeast

0.2 south

1800 MSL*

Ground
Ground
650 MSL
Ground
Ground
Ground
Ground

Ground

Ground

Ground
Ground
Ground
Ground
Ground
450 MSL
Ground
Ground
650

Ground

Ground

Ground

19

15

30

7.5
1.0
25
15
25

15

15
0.1
0.5
3.0
10
14

0.03
18
0.4

0.08

19

B&y
B&y

B&y
B&y

'MSL-mean sea level

Met Ed

DOE
DOE
Met Ed
Met Ed
Met Ed
Met Ed
Met Ed
DOE

DOE

Met Ed
Met Ed
DOE

DOE

DOE

Met Ed
Met Ed
Met Ed
Met Ed
Met Ed

Met Ed

DOE

121
121
110
110
110
110
110
122

Highest airborne offsite reading that day

Highest reading that day
Highest reading that day

Highest offsite reading that day

Highest offsite reading that day
Highest offsite reading that day




highest exposure rate seen on site this day, was
365 mR/h (/3 + y) or 50 mR/h (y). The Com-
monwealth of Pennsylvania, together with the DOE
and the NRC, observed levels of 1 to 10 mR/h (U3 +
y) in the offsite area during the first day. (Normally,
the unit "Roentgen" (R or mR) should not be used to
denote the exposure to /3-radiation. We are using
those units because most of the survey instruments
indicate mR/h. The actual values of the potential /3
+ y dose are highly uncertain because the instru-
ments were not calibrated for the conditions of the
exposure and the mixed radiation fields. The actual
values are most likely less than the indicated read-
ings.)

Airborne measurements were made in the plume
by the DOE helicopter. These helicopter observa-
tions indicated that the plume could be detected out
to a distance of 16 miles (0.1 to 0.2 mR/h) with a
centerline passing from the plant north to Hummels-
town. The plume was bounded on the east with a
line to Hershey and on the west with a line to Ruth-
erford Heights.

March 29, 1979-The highest ground exposure rate
noted on this day was 150 mR/h (/3 + y) and 100
mR/h (y) on the fence line. The maximum offsite
surface exposure rate observed was 30 mR/h (/3 +
y) and 10 mR/h (y). The highest airborne exposure
rate observed during the accident was 3000 mR/h
(3 +y) and 400 mR/h (y).

March 30, 1979-Releases resulting from venting of
the makeup tank yielded onsite ground exposure
rates of 30 mR/h (/3 + y) and 9 mR/h (y) at the
fence due south of the plant. Exposure rates of 20
mR/h (/3 + y) and 8 mR/h (y) were observed at the
same time at the fence line southwest of the plant.
At 8:02 a.m., a helicopter measurement was taken
directly in the plume. An air exposure rate of 1200
mR/h, the highest rate seen that day, was observed
at an altitude of 600 feet mean sea level (MSL) (ap-
proximately 130 feet above the TMI-2 stack). At
9:00 a.m. offsite ground readings peaked at 10
mR/h (/3 + y) and 0.4 mR/h (y). These readings
probably represented the effects of the venting of
the makeup tank. At 3:00 p.m., the maximum onsite
surface reading of the day was observed (90 mR/h
(/3 +y)and 9 mR/h (y) at the fence west-
northwest of the plant).

March 31, 1979- At 3:28 a.m., the highest onsite
ground exposure rate of the day of 150 mR/h (/3 +
y) and 20 mR/h (y) was observed at the fence line.
The maximum offsite surface exposure rate was 17
mR/h (/3 + y) and 4 mR/h (y), at 10:35 a.m. on Pa
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441, northeast of the B cooling tower. The Met Ed
helicopter team observed the maximum airborne ex-
posure rate of the day of 19 mR/h (y) at 7:03 p.m.
at an altitude of 1800 feet MSL, 4 mile east of the
observation center. DOE Bettis teams monitoring
the offsite area observed a maximum of 7 mR/h (/3
+y) /4 mile east of the plant on Pa 441 at 12:20
p.m.

April 1, 1979-Maximum exposure rates were lower
on April 1, 1979. The maximum onsite surface expo-
sure rate was 40 mR/h (/3 + y) and 10 mR/h (y)
measured at the fence line. The Met Ed helicopter
team reported an exposure rate of 30 mR/h (/3 +
y) 650 feet MSL above the 500 kV substation at
4:32 a.m. These readings were the highest meas-
ured during the day.

April 2, 1979-Exposure rates on site and off site
were considerably lower on April 2. The maximum
onsite ground exposure rate was 15 mR/h (/3 +y)
and 7 mR/h (y). The highest offsite reading was 1.5
mR/h (/3 + y) and 0.1 mR/h (y) in Goldsboro
Square. The Met Ed helicopter team observed 90 to
240 mR/h ((3 + y) over the TMI-2 screen house.
DOE Bettis teams observed a maximum of 0.5
mR/h (y) at the Pennsylvania Fish Commission boat
access in Goldsboro.

April 3, 1979-On April 3, the maximum onsite
ground exposure rate was 10 mR/h (/3 + y) and 1.9
mR/h (y), observed at the fence line. A DOE team
observed the maximum offsite exposure rate of 3.0
mR/h on Pa 441, north of the plant.

April 4, 1979-Exposure rates were slightly higher
on April 4. The maximum onsite ground exposure
rate observed was 5.5 mR/h (/3 + y). Maximum
offsite airborne exposure rate of 1.4 mR/h (/3 +y)
was observed above Goldsboro at 450 feet of
elevation. The maximum offsite ground exposure
rate was 3 mR/h (/3 + y) and 0.03 mR/h (y) meas-
ured in Goldsboro.

April 5, 1979-Some releases of radioactive material
continued on April 5. The maximum airborne expo-
sure rate was 1.8 mR/h (/3 + y), at 650 feet (MSL).
The maximum offsite exposure rate observed by
Met Ed teams was 0.4 mR/h (/3 + y) and 0.08
mR/h (y) 2 to 3 miles east-northeast to northeast of
the site. The maximum onsite exposure rate was 3.5
mR/h (/3 + y) and 0.6 mR/h (y), east of TMI-2 at
the fence line. The maximum offsite ground expo-
sure rate observed by a DOE team was 1.9 mR/h at
0.2 miles south of the plant.



Aprit 6, 1979-By April 6, offsite exposure rates had
dropped almost to natural background levels. Some
small onsite exposure rates were observed, and
these will continue as recovery operations are car-
ried out.

Conclusion- The exposure rates observed on site
and off site as a result of the accident were low.
The maximum airborne exposure rate reported at
any time was 3000 mR/h w3 +y) and 400 mR/h
(y)- This reading was made directly in the plume
over the plant on the afternoon of March 29. The
release quickly dissipated and exposure levels on
the ground on site were orders of magnitude less.
On March 30, an airborne exposure of 1200 mR/h
(,8 +y) was observed in the plume about 130 feet
above the TMI-2 stack. Again, releases of radioac-
tive material quickly dissipated and the exposure
levels on the ground were orders of magnitude less.

During the period April 2 to April 13, the DOE En-
vironmental Measurements Laboratory (EML) con-
ducted offsite radiation exposure rate measure-
ments at distances of 0.37 to 9.26 miles from the
plant. The detectors deployed by the EML provided
the most precise measurements of exposure rates
off site. Of the 37 sites at which measurements
were made, only three had exposure rate levels
above background; the highest one was 1 mR/h, on
April 3, 0.37 miles from the plant.

d. Summary of Radiological Environmental
Sampling Results

In response to the accident, thousands of en-
vironmental samples were collected (and continue to
be collected) by Met Ed, the Commonwealth of
Pennsylvania, and the various agencies of the
Federal Government. Samples were collected during
the period of March 28 to April 16, from air, water,
milk, vegetation, soil, and foodstuffs. Our review of
these sampling results indicates that althpugh
severgl radionuclides (**"Cs, 89Srand %°Sr,  Xe,
and 1) were detected in some samples, only very
low levels of radioiodines and radioxenons can be
attributed to releases from the accident. The trace
quantities of radiocesium and radiostrontium detect-
ed in a few samples are attributed to and consistent
with residual global fallout from previously conduct-
ed nuclear weapons tests. This confirms that the
releases from the TMI facility were limited to the no-
ble gas radionuclides and a small quantity of ra-
dioiodines.

air Samples-Releases were detected in the offsite
area by sampling the air at ground level. For all
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samples taken from March 28 to April 12, when
changing of the filters in TMI's process ventilation
was initiated, the levels of detected off site were
very low (a few picocuries per cubic meter(pCi/m)
or less). The highest concentration observed during
this period was 32 pCi/m®."*' The maximum permis-
sible concentration (MPC) of, ,,, in the air in an un-
restricted area is 100 pCi/m *  Increased levels of
radioiodines were detected after April 12, over a
wide area close to the plant. These releases of ra-
dioiodine were attrjputed to the filter-changing
operations in TMI-2. Three samples obtained by
NRC in the area immediately downwind of the plant
during the 24-hour period ending at midnight on
April 16, indicated 3] levels of 110-120 pCi/m3, the
highest observed concentration off site. At
12:27 a.m. on April 16, 1979, a sample taken at the
gate 500-kV substation contained 88
pCi/m3.f35the

EPA ground measurements of radioiodines in air
around the site during this period were below
detectable concentration levels. The maximum con-
centration that the EPA observed away from the site
was 2.3 pCi/m3 in a sample collected from 11:58
a.m. on April 15 to 9:15 a.m. on April 16, at the
Charles Brooks residence in Falmouth, Pa. Most of
the positive airborne concentrations observed by
EPA during the,April 12 to April 16 period were 1
pCi/m? or less.

Particulate air samples taken in the area after the
accident did not show any particulate radionuclides
attributable to the accident at TMI. Isotopes of xe-
non, namely 131m, 133,133msand 135, were the only
radioactive gases detected.

Milk  Sampling Regyts-Arter the accident, small
concentrations of were detected in a few sam-
ples of the hundreds of samples of milk taken. The
milk was produced at several farms within 15 miles
of the site. The highest radioiodine concentration
was 41 pCi/l in a sample of goat's milk collected by
Met Ed on March 30 1.2 miles north of the site,
along Pa Route 441.77 The highest levels of ra-
dioactivity in cow's milk ygre detected by the FDA.
These were 36 pCi/l of |/ qriginally reported to be
41 pCi/l) and 46 pCi/l of (the ' "Cs was at-
tributed to fallout from previous weapons testing).
These values are well below the EPA Protective ac-
tion leve] far milk of 12000 gGi/l of "' and 340 000
pCi/l of Traces of  Srand °°Sr were also
detected in 12 of 694 milk samples collected by the
FDA and were attributable to residugjfallout from
previoys,atmospheric nuclear testing.

No was detected in the milk samples collect-
ed by the EPA, although a single sample indicated a



137
trace (6.7 pCi/l) of  Cs. This trace was also attri-

buted to residual global fallout. 140

Surface/Drinking Water Sampling Results-OnIy
three surface water samples of the many collected
postaccident indicated any positive radioiodine
results. The results of these samples, taken by Mg
Ed, were 0.4 pCi/l, 0.72 pCi/l, and 0.66 pCi/l.
The MPC for | in water for unrestricted areas is
300 pCill.

Effluent Water Sampling Results-The EPA collect-
ed samples of the effluent from the TMI outfalls.
Xenon-133 was detected in only four samples of
liquid effluents from TMI outfalls that were taken by
the EPA: 18

1200 pCi/l from Outfall 002 (12 inch) at 4:30 p.m.
on April 4.

5100 pCi/l from Outfall Marker 112 (20 inch) at
4:40 p.m. on April 4.

110 pCi/l at Outfall 003 at 3:00 p.m. on April 10.
130 pCi/l at Outfall 003 at 10:33 a.m. on April 11.

Only one positive radioiodine sample was collect-
ed from the TMI oily waste sump. The result of this
sample, which was taken by the EPA at 10:45 a.m.
on April 12, was 740 pCi/l.

Vegetation Sampling Results-During the period
from March 28 to April 12, 1979, only two vegetation
samples yielded positive results. The samples
were collected by the DOE on April 3, 1979 (80
pCi/m?, at 11:27 a.m., north of Red Hill Plaza) and on
April 4, 1979 (260 pCi/m* at §:00 p.m., at a point 3
miles north of pole No. T-761).

During the period April 13 to 16, the DOE collect-
ed many grass samples. lodine-131 was detected in
eight samplgs. The highest level detected was 730
pCi/m? of obtained from a samplg,taken near
the plant in an area beneath the plume.

Conclusion-The low levels of radioiodines and
traces of radioxenons collected in environmental
samples taken from the area around Three Mile Is-
land Station confirm that releases of radioactive ma-
terial from the accident were not significant. All of
the offsite analytical results were significantly below
regulatory limits.

e. Summary of TLD Data

Various types of TLDs were deployed in the en-
virons of Three Mile Island before, during, and after
the accident to determine the radiation characteris-
tics of the radioactive materials released. The types
of TLDs used by each of the groups responding to
the accident and pertinent information regarding the
TLDs are summarized in Table 11-19.

Because all of the TLDs used were different,
each had unique energy response characteristics,
and the materials included in the TLD package to
make the TLD respond uniformly over a wide range
of energies also were different. These differences,
coupled with a lack of background history for many
of the TLD locations that were used in response to
the accident, made interpretation of data from these
devices difficult.

Table 11-20 contains the results of the Met Ed
TLDs for the period December 27, 1978, through
April 15, 1979. These TLDs were in place since De-
cember 1978 for the quarterly dose assessment in
accordance with the REMP. These dosimeters were
retrieved on March 29, to determine the offsite pop-
ulation dose. Replacement dosimeters were
changed at 3-day intervals in accordance with the
augmented REMP. The data in Table 11-20 were
corrected for background, resulting in the data
shown in Table 11-21 that are the net dose data attri-
butable to the accident.

TABLE 11-19. Summary of TLD types deployed at Three Mile Island station

Group TLD Supplier TLD Material TLD Reader Used

Met Ed Teledyne/lsotopes CaSO, Dy Teledyne Model 7300

Met Ed RMC CaS04:Tm RMC UD-505A

NRC RMC Li,B,0,:Cu LID 710
+Ag/CaS0O,: T,

NRC RMC CaS0,4:T,, uD 710

HEW Harshaw LiF Harshaw-Atlas

EPA Harshaw CaF2: Dy Harshaw 2271
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TABLE 11-20. Met Ed Teledyne and RMC quality control dosimeter results for first quarter 1978 background rate
and total exposures including background for the period December 27, 1978 to April 15, 1979 48

Total Exposures Including Natural Background (mR)

f st Quarter 12/27/78 3/29/79 3/31/79 4/03/79 4/06/79 4/09/79 4/12/79
Site 1978 Background to to to to to to to
| dentification Rate (mR/month) 3/29/79 3/31/79  4/03/79  4/06/79  4/09/79  4/12/79  4/15/79
1C1 4.10 20.1 3.2 14 0.5 0.5 0.6 0.3
7F1 6.57 241 1.1 0.5 0.9 1.0 0.7 0.5
15G1 5.13 18.4 1.9 -0.7 0.5 0.8 04 0.5
{ 2B1 3.57 16.3 9.4 0.2 1.2 1.3 0.3 0.1
9G1 5.60 21.3 14 0.1 0.6 0.9 0.6 0.5
5A1 4.60 18.6 8.3 7.7 3.0 1.2 2.2 0.2
4M 4.60 20.2 34.3 41.4 2.2 0.7 0.6 0.4
282 4.07 43.7 32.5 3.4 0.9 0.6 0.3 0.2
182 4.67 97.2 20.0 -0.1 0.6 1.4 04 0.2
1651 6.40 1044.2 83.7 7.0 1.5 1.0 0.6 0.6
1151 5.07 216.0 107.1 45.0 218 8.5 1.1 0.6
982 4.67 25.0 25.1 4.6 1.8 1.3 0.4 0.3
4S2 4.80 35.5 124.3 28.0 7.9 1.6 0.6 0.2
582 4.30 30.5 49.3 26.7 15.5 6.0 2.7 0.2
4G1 5.30 172 1.2 0.6 0.6 0.7 0.4 0.3
8C1 3.50 13.0 10.7 1.7 1.3 1.0 0.4 0.1
7G1 7.20 25.8 1.0 -0.5 0.8 1.1 0.7 04
1GA1 2.03 907.7. 451 1.7 0.9 0.7 0.4 0.2
453.4
1481 217 131.2. 48.8 9.5 1.5 0.9 0.3 0.1
148.3
10131 1.97 40.6. 14.9 04 1.1 0.8 0.6 0.4
36.6
7F10 6.15 23.3 0.8 1.5 0.9 1.0 1.0 0.9
15G61Q 4.70 17.6 1.1 0.8 0.7 0.6 0.6 0.7
5A1Q 4.57 6.1 54 5.2 2.0 13 1.8 0.6

1820 5.71 95.7 15.3 1.3 0.8 0.9 0.8 0.7



TABLE 11-20. Met Ed Teledyne and RMC quality control dosimeter results for first quarter 1978 background rate and
total exposures including background for the period December 27, 1978 to April 15, 1979-Continued

Total Exposures Including Natural Background (mR)

1st Quarter 12/27/78 3/29/79 3/31/79 4/03/79 4/06/79 4/09/79 4/12/79
Site 1978 Background to to to to to to to

Identification Rate (mR/month) 3/29/79 3/31/79 4/03/79 4/06/79 4/09/79 4/12/79 4/15/79
16S10 3.93 929.4 61.5 5.6 1.3 0.9 0.8 0.9
1151Q 5.35 1 68.5 75.7 35.2 14.2 5.5 1.0 0.9
4520 4.91 31.4 71.4 21.3 4.7 1.0 1.0 0.7
5520 4.32 27.7 36.6 21.2 11.5 4.7 2.2 0.9
4G1Q 4.94 17.7 0.6 1.4 0.7 0.8 0.8 0.7
8C10 4.07™ 12.6 8.4 2.6 1.1 0.7 0.7 0.6

'At these three sites, two dosimeters were left in place for 6 months, thus two readings are available. This practice is followed
because the sites are inaccessible during the normal quarterly exchange time (-January 1st).
"Second Quarter, 1978: First Quarter missing.



TABLE 11-21. Net exposures, attributable to the accident, obtained from Met Ed Teledyne data 14°

Net Exposures Attributable to the Accident (mR)

12/27/78 3/29/79 3/31/79 4/03/79 4/06/79 4/09/79 4/12/79
Site to to to to to to to
designation 3/29/79 3/31/79 4/03/79 4/06/79 4/09/79 4/12/79 4/15/79
X X X X X X X
{ C1 6.5 2.0 0.7 0.1 0.1 0.1 -0.1
TF1 3.6 0.4 -0.1 0.2 0.2 0.0 -0.1
15G 1 24 1.0 -0.8 0.0 0.1 -0.1 0.0
1281 4.6 6.1 0.1 0.6 0.6 0.0 -0.2
9G1 37 0.7 -0.3 0.0 0.2 0.0 0.0
5A1 4.0 5.3 4.8 1.7 0.5 1.2 -0.2
4A1 5.3 227 27.3 1.2 0.2 0.1 0.0
282 26.4 215 2.0 0.3 0.1 -0.1 -0.1
{82 69.8 13.1 -0.4 0.1 0.6 0.0 -0.2
16581 861.1 55.5 4.2 0.6 0.2 0.0 0.0
1181 168.6 71.2 29.7 14.2 5.3 0.4 0.1
9S82 9.2 16.5 28 0.9 0.6 0.0 -0.1
482 17.6 82.7 18.4 5.0 0.8 0.1 -0.2
582 14.7 32.7 17.5 10.0 3.7 15 -0.1
4G1 1.0 0.6 0.1 0.1 0.1 -0.1 -0.1
8C1 2.0 7.0 0.9 0.6 0.4 0.0 -0.2
7G1 34 0.4 -0.8 0.1 0.3 0.0 -0.2
16A1 758.0 30.0 1.0 0.5 0.3 0.1 0.0
1481 11.9 324 6.2 0.9 05 0.1 -0.1



TABLE 11-21. Net exposures, attributable to the accident, obtained from Met Ed Teledyne data-Continued

Net Exposures Attributable to the Accident (mR)

12/27/78 3/29/79 3/31/79 4/03/79 4/06/79 4/09/79 4/12/79
Site to to to to to to to

designation 3/29/79 3/31/79 4/03/79 4/06/79 4/09/79 4/12/79 4/15/79
X X X X X X X
1081 27.4 9.8 0.1 0.6 0.4 0.3 0.1
7F10 4.7 0.4 0.9 0.3 0.4 0.4 0.3
15G1Q 3.4 0.8 0.3 0.2 0.1 0.1 0.2
5A1Q 2.3 5.1 4.7 1.5 0.8 1.3 0.1
152Q 78.4 14.9 0.7 0.2 0.3 0.2 0.2
16510 917.5 61.3 5.2 0.9 0.5 0.4 0.5
11Sia 152.3 75.3 34.7 13.7 4.9 0.5 0.4
4S20 16.5 71.1 20.8 4.2 0.6 0.5 0.2
552Q 14.6 36.3 20.8 11.1 4.3 1.8 0.4
4G1Q 2.8 0.3 0.9 0.2 0.3 0.3 0.2

8C10 0.3 8.1 2.2 0.7 0.2 0.2 0.2




Table 11-22 contains daily data from the NRC
TLDs for the period March 31 through April 7, 1979.
These data were used by the Ad Hoc Interagency
Dose Assessment Group. With the exception of the
first day of NRC TLD data, the data for the expo-
sure period of April 1 through May 1, 1979 were used
by the President's Commission to determine the po-
pulation dose for this period. '’ These results are
discussed in more detail in Section 11.B.4.a.

The TLD data indicate that the major off site
releases of radioactive materials occurred on the
first day. The highest readings were obtained on
site and at Kohr Island (see TLDs 16S1 and 16A1 in
Table 11-20). These readings indicate that the plume
traveled to the north-northwest. The other high
TLD readings (station 14S1) indicated that portions
of the plume may have migrated to the west-
northwest for short periods of time. With the ex-
ception of the Kohr Island dosimeter, all of the high
readings were on site. The highest net TLD reading
offsite location, about 2 miles to the southwest, was
27 mrem.

During the period of April 1 to April 3, 1979, only
the Kohr Island dosimeter and the dosimeter located
near the observation center indicated a dose in ex-
cess of 10 mrem. Higher readings exceeding 10
mrem were noted on site. During the period March
31 to April 3, the data indicate that no significant
offsite releases occurred. Only four onsite readings
exceeded 10 mrem, the highest being approximately
30 mrem.

f. Findings and Recommendations

We find that:

Several organizations including the Federal
Government responded to the accident and ca-
pably undertook the enormous task of environ-
mental monitoring.

The TLDs placed by Met Ed as part of its en-
vironmental radiation monitoring for routine
operation provided adequate data to characterize
the radiation levels in the environment attributable
to the accident.

Data from the supplementary TLDs placed in the
environment by the NRC, the HEW, and the EPA
following the accident were of limited use be-
cause of the different number and types of TLDs
employed and the lack of information regarding
background history and response characteristics
of the TLDs.

The Atmospheric Release Advisory Capability
(ARAC), a computer system with the capability of
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predicting plume behavior and location, was a
tool available for use in responding to the ac-
cident but was not effectively used within the
NRC (see Appendix 11.5).

We recommend that:

The NRC reevaluate its requirements for environ-

mental radiological monitoring to ensure that

monitoring of released radioactive materials in

both normal and accident conditions is at least as

adequate as the environmental monitoring that

occurred in response to the accident. This

reevaluation should include:

-the location and number of TLDs permanently
installed in the site environs;

-stations to monitor airborne (particulate, gase-
ous, and iodine) activity;

-the placement of fixed real-time instrumenta-
tion for monitoring radiation in site environs.

4, ESTIMATES OF DOSES AND POTENTIAL
HEALTH CONSEQUENCES OF RELEASES OF
RADIOACTIVE MATERIALS

Several independent studies using different
analytical techniques have estimated the radiation
exposure and resultant dose from the TMI-2 ac-
cident to the public. These studies have concluded,
and we agree, that the adverse health conse-
quences attributable to the population dose are
minimal at worst.

Onsite occupational exposures during the ac-
cident were also relatively low. Only three expo-
sures in excess of the NRC quarterly exposure lim-
its were recorded despite high radiation fields in the
auxiliary building. The adverse health conse-
quences attributable to these exposures will be
minimal at worst. The total collective occupational
dose that will accrue as a result of this accident
cannot be determined until recovery operations are
complete.

a. Population Dose Assessment

Met Ed had TLDs in place on and around the site
environs at the time of the accident (see Section
1.B.3). Beginning on March 31, 1979, NRC placed
additional TLDs around the site. The Met Ed and
the NRC TLD data were used to assess population
dose resulting from the accident.

The Environmental Protection Agency (EPA) and
the Department of Health, Education, and Welfare
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TABLE 11-22. NRC TLD data-radiation exposures for periods from March 31 to April 7, 1979 (includes background)

3/31-4/1 4/1-4/2 4/2-4/3 4/3-4/4 4/4-4/5 4/5-4/6 4/6-4/7

Station mR mR mR mR mR mR mR

N-1 1.0+ 0.1 0.3 0.37 £ 0.08 0.32 £ 0.08 0.28 = 0.08 0.32 £ 0.04 0.43 £ 0.05
N-2 (wet) 0.3 0.45 £ 0.05 0.40 £ 0.06 0.33 £ 0.08 0.48 £ 0.15 0.40 £ 0.05
N-3 1.2 +0.3 0.3 0.43 £ 0.05 0.32 £ 0.08 0.34 £ 0.09 0.47 £ 0.05 0.50 £ 0.11
N-4 1.0+ 0.1 0.3 0.48 £ 0.08 0.33 t 0.05 0.37 £ 0.05 0.42 £ 0.02 0.48 £ 0.10
N-5 (wet) 0.3 0.58 + 0.08 0.37 £ 0.5 0.35 + 0.05 0.48 + 0.10 0.52 + 0.08
NE-1 7.0£2.1 0.2 0.45 £ 0.08 0.32 £ 0.04 0.45 £ 0.05 0.38 £ 0.04 0.45t 0.08
NE-2 (wet) 0.3 0.48 £ 0.09 0.37 £ 0.10 0.33 £ 0.08 0.47 £ 0.10 0.47 £0.12
NE-3 1.6 £ 0.5 0.3 0.42+0.09 0.38 = 0.08 0.37+£0.08 0.46 = 0.05 0.45+0.10
NE-4 21 £0.5 0.3 0.37 t 0.05 0.38 £ 0.04 0.33 £ 0.05 0.40 £ 0.09 0.43 £ 0.05
E-1 25.0 £ 8.1 0.4 0.53 £ 0.1 0.32 £ 0.04 2.6 £ 0.60 0.50 £ 0.09 0.48 £ 0.08
E-5(E-1a) 8.4 4.6 0.3 0.73 £ 0.2 0.38 £ 0.08 1.7 £ 0.45 1.2 £ 0.27 0.32 £ 0.04
E-2 4.3+0.5 0.3 0.55 £ 0.7 0.55 £ 0.10 0.38 £ 0.08 0.45+0.10, 0.35+0.08
E-3 21 £0.4 0.4 0.42 £0.1 0.40 £ 0.06 0.50 £ 0.06 0.48 £ 0.08 0.32 £ 0.08
E-4 2.5+ 0.4 0.3 04 =£0.1 0.35 £ 0.14 0.42 £ 0.19 0.43 £ 0.04 0.22+0.04
SE-1 10.1 £2.0 0.3 9.1 *1.6 0.43 £ 0.10 0.92 £ 0.19 0.40 = 0.00 0.55 + 0.06
SE-2 3.5+ 0.5 0.3 4.4 0.7 0.87 = 0.16 0.38 + 0.08 0.35 + 0.05 0.25+0.05
SE-3 2.3+ 0.6 0.3 28 £0.7 0.57 £ 0.10 0.45 £ 0.05 0.40 = 0.06 0.25 £ 0.05
SE-4 3.0+ 0.4 0.3 21 £0.4 0.30 £ 0.06 0.53 +£ 0.08 0.47 £ 0.08 0.25 £ 0.05
SE-5 2.5+ 0.7 0.3 0.13 £0.1 0.42 = 0.04 0.37 £ 0.08 0.62 = 0.31 0.38 £ 0.13
S-1 1.6 £0.1 0.4 22 =04 1.1 £ 0.05 0.37 £ 0.05 0.35+ 0.05 0.40 = 0.00
S-2 1.0 £ 0.2 0.4 1.5 +0.2 0.52 £ 0.08 0.32 £ 0.10 0.35 £ 0.05 0.43 £ 0.08
S-3 1.2 +£0.3 0.4 1.5 +0.3 0.47 = 0.05 0.40 + 0.06 0.40 = 0.06 0.55 £ 0.10
S-4 1.2+0.2 0.3 14 +0.2 0.33+0.05 0.45+0.10 0.55 + 0.18 0.42+0.08



SW-1

SW-2

SW-3

SW-4

W-1

W-2

W-3

w-4

W-5

NW-1

NW-2

NW-3

NwW-4

NW-5

S-1a

SE-4a

W-3a

NE-3a

N-1a

N-1b

0.9+0.1

0.9+0.2

1.1 £0.3

0.9+0.1

3.0+ 1.9
09 +0.1

1.1 £0.1

1.0+'0.2

1.2+0.2

0.9 +£0.2

1.2 £0.5

1.4 £0.7

55+ 1.8

4.6 £ 2.0

0.8

0.5

0.4

0.5
1.2
0.5
0.5
0.4
0.6
1.7
0.4
0.8
0.3

0.4

Not in Service until 4/5/79

Not in Service until 4/5/79

Not in Service until 4/5/79

Not in Service until 4/5/79

Not in Service until 4/5/79

Not in Service until 4/5/79

Not in Service until 4/5/79

Not in Service until 4/5/79

Not in Service until 4/5/79

Not in Service until 4/5/79

1.2 #£0.3
1.3 +0.3
0.78+0.1
0.75 £ 0.1
1.4 *0.24
! + 0.1
0.78 £ 0.2
0.67 £ 0.1
0.4 +0.15
1.3.%£0.25
0.62 £ 0.08
0.63 £ 0.12
0.4 £ 0.06
0.42 £ 0.04

1.1 £0.18
0.37+0.12
0.65 £ 0.10
0.62 £ 0.10

1.7 £0.35
0.62+0.04

1.1 £0.15
0.42+£0.10
0.65+0.12
0.30 £ 0.06
0.40 £ 0.15
0.40 £ 0.25
0.30 £ 0.06

0.42 = 0.21

0.37+0.08
0.30+0.09
0.45+0.10
0.45 £ 0.14

1.3 +0.29
0.72 £ 0.04

0.42 £ 0.08
0.45 £ 0.14
0.60 £ 0.13
0.38 £ 0.08
0.33 £ 0.05
0.38 £ 0.04
0.37 £ 0.08
0.32 £ 0.04

0.37+0.10
0.43 £ 0.08
0.38 £ 0.08
0.50 £ 0.14

0.57 £ 0.10
0.37+£0.08

0.38 +£ 0.08
0.45 + 0.05
0.40 £ 0.06
0.52 £ 12

0.35 £ 0.05
0.40 £ 0.09
0.32 £ 0.04
0.48 £ 0.08
0.35 £ 0.05
0.33 £ 0.05
0.65 £ 0.39
0.38 £ 0.08
0.50 £ 0.19
0.40 = 0.06
0.40 = 0.09
0.35 + 0.05
0.40 £ 0.06

0.47 £ 0.15

0.45+0.05
0.38 £ 0.08
0.42 £ 0.02
0.50 £ 0.09

0.48 £ 0.08
0.38 £ 0.08

0.47 £ 0.08
0.57 £ 0.08
0.57 £ 0.14
0.53 £ 0.04
0.38 £ 0.08
0.42 £ 0.05
0.45 £ 0.10
0.45 £ 0.05
0.43 £ 0.05
0.25 +£ 0.05
0.45 £ 0.10
0.57 £ 0.08
0.47 £ 0.04
0.50 + 0.06
0.45 + 0.08
0.50 £ 0.06
0.44 £ 0.08

0.37 £ 0.08




(HEW) also placed TLDs around the site. Because
the limit of sensitivity of these dosimeters was about
10 mR, they did not provide data useful to do-
simetric calculations. If significant quantities of ra-
dioactive material had been released after April 1,
however, these dosimeters would have been of
great value in determining the dose to the offsite po-
pulation.  Additional radiological monitoring in the
environment by the Department of Energy (DOE),
Met Ed, NRC, and the Commonwealth of Pennsyl-
vania confirmed that radiation levels off site were
quite low and remained so during the course of and
subsequent to the accident (see Section II.B.3).

Ad Hoc Interagency Dose Assessment Group
Study- The Ad Hoc Group™! analyzed the TLD
data available through April 7. The group deter-
mined that the most likely collective population dose
as a result of the accident was 3300 person-rem
for the period March 28 through April 7. The Ad
Hoc Group estimated that the possible doses
ranged from 1600 person-rem to 5300 person-rem.
In developing these estimates, several simplifying
assumptions were made. As a result, several fac-
tors known to reduce estimates of exposure were
not taken into account, including: (1) shelter factor
(the protection afforded to people remaining in-
doors), (2) population redistribution, (3) actual organ
doses which are smaller than the air dose calculat-
ed from the net TLD exposure, and (4) over-
response of the dosimeters supplied by Teledyne
lsotopes, Inc. In addition, a conserygtively small
value for background was subtracted.

The highest value (5300 person-rem)  resulted
from inclusion of data from NRC TLDs for the first
day of their deployment, which yielded dose values
higher than could be substantiated by other TLDs or
by field or aerial measurements. The Ad Hoc Group
believed that insufficient background subtraction
could have been the cause.

Two other methods used to estimate the popula-
tion dose were presented in the Ad Hoc Group's re-
port. One method used standard meteorological
dispersion calculations and an estimated source
term to calculate the population dose. By this
method, the populgtjon dose was estimated to be
2600 person-rem. The other population dose
estimate was based on radiation measurements
made from DOE helicopters. This method resulted
in a population dose estimate of 2000 person-
rem )>* A subsequent recalibration of the DOE in-
struments indicated that they were overresponding
to the radiation emitted by '33Xe, indicating that the
initial DOE population dose estimate may be high.

Task Group on Health Physics and Dosimetry of the
President's Commission — This Task Group es-
timated the offsite population dose by several
methods. The primary estimate was based on the
same TLD data analyzed by the Ad Hoc Group, plus
certain additional data available after April 7. This
Task Group concluded that the most, probable po-
pulation dose was 2800 person-rem,  without ac-
counting for the shelter factor. With a shelter factor,
the estimate of the population dose was 2000
person-rem.!>®

In arriving at its population dose estimates, the
Task Group evaluated the energy-response charac-
teristics of the TLDs, and the accuracy and preci-
sion of the measurements made. These factors
were used to establish the bounds of population
dose values from 600 person-rem to 6500 person-
rem.

The Task Group determined that the first batch
of TLDs deployed by NRC, which had been used by
the Ad Hoc Group to derive its maximum estimate of
population dose, was irradiated during storage and
transit prior to deployment.!®” Because the contri-
bution from this irradiation to the total dose could
not be ascertained, these data were not included in
the Task Group's dose assessment. Apparently,
the use of a shielded shipping container and a con-
trol dosimeter was not considered either for the de-
ployment or retrieval of the dosimeters. This situa-
tion should not have occurred and is not in accord
with acceptable practice.

The Task Group used three computer models
with different meteorological modeling and disper-
sion calculations, and a source term, to make addi-
tional population dose estimates.|®® The estimates
are shown in Table 11-23.

The Task Group concluded that the "most likely
collective (population) dose," as determined by
these methods was 500 person-rem. They also
stated that even if the results were in error by as
much as a factor of 10, the "highest likely collective
dose" was 5000 person-rem; and the "Iowestllyéely
collective dose" was less than 50 person-rem.

TABLE 11-23. Population dose estimates using
computer models

Computer Model Population Dose (person-rem)

ADPIC 276
AIRDOS-EPA 390
TMIDOS 970
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Other Collective Dose Estimate-Using an indepen-
dent computer model for atmospheric dispersion
and dosimetry, and an estimated source term con-
siderably larger than that used by the Task Group
of the President's Commission, Woodard '®° calcu-
lated the population dose to be about 3500
person-rem for the period from March 28 to April
30, although releases were effectively terminated by
March 31. No corrections were made for occupan-
cy or shielding. The uncertainties in this calculation
were estimated to be within a factor of 2 depending
upon whether the plume was elevated or not. The
range is from a low value of 2098 person-rem to a
high value of 6836 person-rem.

TM/ Special Inquiry Group-We analyzed the offsite
population dose estimates of the studies discussed
above. The estimates are summarized in Table II-
24. The studies were independently performed with
different methodologies, yet arrived at similar popu-
lation dose estimates. Each of the dose estimates
was comprehensive in its analyses of the potential
pathways of the plume and the potential error
sources in the data. The maximum population dose
estimates indicate that the population dose could
not have exceeded 5000 person-rem.

Based on our review of the population dose stu-
dies, we deemed it unnecessary to perform an addi-
tional independent analysis of the raw data. We find
that the collective dose as determined by the TLDs
is within the ranges estimated by the Ad Hoc In-
teragency Dose Group and the Task Group on
Health Physics and Dosimetry of the President's

TABLE 1I-24. Population dose estimates

Population Dose

Source (person-rem)
Ad Hoc Interagency Population 3300
Dose Assessment Group
President's Commission, Task 2800
Group on Health Physics and 2000
Dosimetry
Woodard (Pickard, Lowe, & 3500
Garrick)
ADPIC 300
AIRDOS-EPA 400
TMIDOS 1000

'Includes shelter factor.

Commission. Correcting for occupancy factors,
shielding, and reductions in the population due to
voluntary evacuation, the population dose is be-
lieved to be somewhere in the lower end of those
ranges, or about 2000 person-rem.

There are no data or methodologies available by
which to establish the collective dose with any
greater accuracy. Among the factors that contri-
bute to the inability to improve the collective dose
estimates are the uncertainties associated with indi-
vidual TLD determinations at the level of doses
measured, the sparcity of the data, and the influ-
ence of the many factors that contribute to addition-
al exposures of the TLD for which correction factors
cannot now be ascertained. However, the place-
ment of the TLDs and the prevailing wind directions
at the time of the accident indicate that the close-in
TLDs properly measured the radiation emanating
from the plume. Furthermore, because the health
effects implications do not change in this range of
population doses, it is not necessary to attempt to
estimate the range of the population dose more ac-
curately. We find that despite the uncertainties in
the TLD data, the data were adequate to character-
ize the magnitude of the collective dose to the po-
pulation.

Additional Offsjte Dosimetry- The HEW Public
Health Service  attempted to determine offsite ex-
posure from photographic film present in stores in
the TMI area during the first 3 days after the ac-
cident. The Public Health Service concluded that
even if the fogging noted on the purchased films
was attributed to radiation exposure, the total dose
would be less than 5 mrad. Some of these films
were from the Middletown, Pa. area, adding further
evidence that the offsite population exposures were
low, in agreement with the TLD readings. 1

Met Ed deployed several of its personnel TLD
badges around the site as an additional means of
determining onsite doses. The data from these
badges were compared to the data from the en-
vironmental dosimeters. These data were very er-
ratic and the results ranged from a factor of 6
higher to a factor of 10 lower than the environmental
monitoring TLD data. No correlation or explanation
for these wide variations could be established, so
the results could not be used in the population dose
assessment.

b. Maximum Individual Offsite Dose

The maximum individual offsite dose would be re-
ceived by a person near the plant in the path of the



plume. Based on the TLD data, the maximum dose
would be received by an individual located on the
east bank of the Susquehanna River. The Ad Hoc
Interagency Dose Assessment Group estimated
this dose tp.he 83 mrem (expressed as less than
100 mrem) The Health Physics and Dosimetry
Task Group of the President's Commission estimat-
ed the dose to be between 20 and 70 mrem. " Its
estimate included correction factors for occupancy
and dosimeter overresponse and is in close agree-
ment with the Ad Hoc Group estimate. Our review
of the available data and analytical methodologies
employed by both groups verified these estimates.

The highest actual individual offsite dose identi-
fied was received by an individual who was on Hill
Island for short periods of time during the accident.
The Ad Hoc Group calculated a most probable dose
of 37 mrem'® to this individual. The President's
Commission estimate was about 50 mrem.'®* Our
review of the available data and analytical metho-
dologies used by both groups verified these esti-
mates.

We find that the maximum offsite individual dose
was less than 100 mrem.

c. Internal Dose Assessment

Radionuclides that enter the body result in a radi-
ation dose to that individual. The dose is dependent
upon many factors, the most significant of which are
the degree of uptake, localization, the residence
time of the radionuclide(s), and the type and energy
of the emitted radiation(s). The routes of intake of
radionuclides into the body are well known, and the
environmental sampling program before and after
the accident is designed to detect and measure ra-
dionuclide concentrations in the environment. When
these concentrations have been determined, the
resultant internal dose to members of the public can
be estimated. As described in Section 11.B.2.f, the
only radionuclides released to the environment in
measurable amounts, as a result of the TMI ac-
cident, were noble gases and, to a much lesser ex-
tent, radioiodines.

Noble gases, when inhaled, do not chemically
react within the body, and the major fraction is
promptly exhaled. A small amount of the noble
gases passes into the blood, a small fraction of
which is dissolved in body fat. Even this fraction
has a relatively short residence time. Thus, the
dose received from internal exposure to noble gas
is very small in comparison to the external dose that
would be received by a person in or near a cloud of
noble gas.
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Radioiodines behave physiologically in the same
manner as stable iodine. The thyroid gland concen-
trates and uses iodine. Radioiodine entering the
body is taken into the blood; a fraction (about 25%)
is taken up by the thyroid gland and remains for a
significant period of time.

The report by the Health Physics Task Group of
the President's Commission presented internal dose
assessments. Based on the maximum concentra-
tion measured, hypothetical maximum individual
doses were calculated. Because of scarcity of po-
sitive data (the majority of the environmental sam-
ples yielded negative values, below minimum detect-
able limit), no population dose assessment from
internal exposure was performed.

The Task Group estimated maximum internal
doses to individuals offsite from the intake to be
6.9 mrem to the thyroid of a newborn child and 6.5
mrem to the thyroid of a 1-year-old child. On site,
they estimated the maximum dose to an adult thy-
roid to be 53 mrem. The Task Group also es-
timated maximum internal whole body dose from the
other radionuclides, such as #3Xe, to be 0.3 mrem
and the lung dose to be 3 mrem. These estimatgs
agree with those reported by the Ad Hoc Group.

Further confirmation of the type of radionuclides
released by TMI and the small internal population
dose was provided by whole-body counting.
Several hundred people residing in the environment
of TMI underwent this procedure and all results
were negative for radionuclides that could have
been released during the accident. We find that the
contribution of internal exposure to the population
and individual dose was small compared to the dose
from external irradiation.

d. Skin Dose Assessment

In case of an immersion in a plume of xenon-133
(the major radionuclide released), the skin dose
from beta radiation could be up to four times higher
than the whole-body gamma dose. '®®  The max-
imum permissible dose to thgégskin, however, is six
times that of the whole body.

Points of plume touchdown and data from TLDs
on integrated beta dose were not reported. In any
case, any individual in the plume would have bene-
fited from shielding afforded by clothing. For these
reasons, the Health Physics Task Group did not
quanfitatively assess the skin dose from beta radia-
tion.

The health effects of skin exposure are consider-
ably smaller than those from whole-body exposure.
Thus, the possible additional skin exposure would



not have any discernible effect. The Ad Hoc Group
reached similar conclusions. 17

e. Occupational Exposure

Met Ed reported three accident-related whole-
body exposures in excess of the NRC quarterly limit
of 3 rem. These doses were 3.9, 4.1, and 4.2 rem.
In addition, two workers received overexposures to
their hands. These doses have been calculated by
the NRC at about 50 rem to skin of the forearm of
one wgrker and about 150 rem to the fingers of the
other ' The worker who received 150 rem to his
fingers is the same individual who received a
whole-body exposure of 4.2 rem. (On August 27,
1979, six workers received overexposures to the
skin and extremities. The doses, as measured by
TLDs, were up to 50 rads to the skjn,and between
40 and 150 rads to the extremities.)

The potential for severe, additional overexpo-
sures existed during the first few days of the ac-
cident. Extremely high radiation fields, in excess of
1000 R/h, existed in the auxiliary building. '"> More-
over, unauthorized entries to the building were made
in violation of station health physics procedures.
Although a person could have been severely
overexposed, there is no evidence that anyone was.

The total estimated occupational collective dosg
through June 30 was about 1000 person-rem.
Table 11-25 shows the number of individuals moni-
tored and the collective occupational doses re-
ceived for the period March through September
1979.

Table 11-26 shows the number of individuals who
received whole-body doses in excess of 100 mrem
during the period from March through September
1979. The data in this table were extracted from
Met Ed's TLD personnel dosimetry report.

The collective dose received by the 1596 indivi-
duals receiving doses in excess of 100 mrem is ap-
proximately 800 person-rem. These data show that
no individual has received a dose in gxcess of the
allowable annual limit of 5000 mrem. The aver-
age dose received by these 1596 individuals was
10% of that limit.

Table 11-27 contains the dose accumulation rate
for the seven individuals receiving more than 3000
mrem during that 7-month period. The table shows
that most of the relatively high individual exposure
occurred during the first month after the accident.

The collective occupational dose is smaller than
that received by the surrounding population,
although it will continue to rise during recovery
operations. Moreover, the Health Physics and Do-
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simetry Task Group of the President's Commission
concluded, after its review of the procedures and
data regarding the occupational exposures resulting
from the accident, that "the available data on occu-
pational exposure at Three Mile Island must be
treated with caution. It may be incomplete. We
agree with this conclusion.

We find that the accident at TMI-2 resulted in
several exposures in excess of regulatory limits to
plant personnel in the first few days following the
accident. We find further that the collective occu-
pational dose and the extent of overexposure is not
large in relation to the radiation fields and contami-
nation levels encountered during the accident,
although the actual collective occupational dose is
not precisely known.

f. Health Effects of Low Level lonizing
Radiation

The human health effects of ionizing radiation
may be classified as: (1) acute somatic effects, (2)
developmental or teratogenic effects, (3) late somat-
ic effects, and (4) genetic effects.

Acute somatic effects involve various forms of ra-
diation sickness occurring shortly (a few days or
weeks) after whole-body doses of about 100 rad or
more. Teratogenic effects involve various kinds of
developmental abnormalities following irradiation in
utero. Such effects have been observed in animals
following doses as low as 5 rad’®_and in humans
following doses exceeding 50 rad. There is no
evidence associating much smaller doses of radia-
tion to developmental effects. 178,179

The radiation exposures caused by the accident
resulted in individual doses considerably smaller
than those associated with acute and teratogenic
effects. The most important effects of radiation on
man which may be caused by low level radiation are
those which may appear, or continue to appear, at
long intervals of time after exposure in the individual
irradiated (late somatic effects) or in his or her pro-
geny (genetic effects). (As used in this report, "low
level" or "low dose" refers to doses below individual
occupational dose standards of 5000 mrem per
year).

Late Somatic Effects-The most important late
somatic effect of low doses of radiation is the in-
crease of incidence of cancer. Most human studies
on populations exposed to radiation (e.g., atomic
bomb survivors in Hiroshima and Nagasaki, radium
dial painters) indicate that radiation-induced life



TABLE 11-25. Occupational dose March 1 to September 30, 1979 '75

Collective Dose

Month Number of Dosimeters Distributed (person-rem)
March 1131 334
April 4504 140
May 5282 350
June 2973 159
July 2500 (approx.) 63
August 2500 (approx.) 63
September 2472 36

TABLE 11-26. Occupational doses in excess of 100 mrem March 1, 1979 to September 30, 1979
Dose Range f00- 251- 501-  751- 1 001- 2001- 3001-  4001- More than
(mrem) 250 500 750 1000 2000 3000 4000 5000 5000
Number
of 648 465 213 118 129 16 4 3 0
Individuals

TABLE 11-27. Dose accumulatjgn rate for individuals receiving more than 3000 mrem from March 1,

1979 to September 30, 1979

Dose (mrem)

Indiv. Indiv. I ndiv. I ndiv. I ndiv. I ndiv. Indiv.
Period B C D E F G
03/01-03/31 4100 4120 1785 3575 2230 1785 2360
04/01-04/30 160 10 915 40 990 915 1335
05/01-06/30 5 30 45 220 100 45 180
07/01-09/30 30 15 395 70 345 395 210

shortening is largely due to increased cancer mor-
tality, 180181

Radiation-induced cancer is detectable only in a
statistical sense. A particular case cannot be attri-
buted to radiation Human evidence for ra-
diogenic cancer comes from epidemiological studies
conducted on relatively large population groups ex-
posed to doses much larger than those experienced
by the population in the vicinity of the Three Mile Is-
land Station. Numerous animal studies confirm the
carcinogenic properties of radiation, but those stu-
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dies also necessarily involved exposure to relatively
large doses. Cancers induced by radiation are in-
distinguishable from those occurring from other
causes. Radiogenic cancer thus can only be in-
ferred on the basis of an excess above the expect-
ed natural incidence.

Theoretical considerations suggest that at any
level of radiation, no matter how small, some carci-
nogenic potential exists. Thus far, nearly all human
data rely on observations at high dose levels and
high dose rates (doses generally greater than 50



rem and dose rates on the order of rads per minute)
and t1ré%’1rii3§!(1§?ctors given in most scientific publica-
tions are derived from these data. To
quantitatively assess the health consequences of
the incremental radiation exposure received by the
population as a result of the TMI-2 accident, it is
necessary to determine how the risk factors derived
from relatively high doses and dose rates can be
used in estimations of health effects resulting from
doses of a few millirads to tens of millirads of low
LET radiation. (LET, linear energy transfer, is the
average amount of energy lost by particle per unit of
track length; low LET radiation characteristics of
beta rays (electrons), X-rays and gamma rays, are
radiations to which the population in the vicinity of
TMI was exposed.)

One way of determining radiation risk factors,
which serves as the basis of current radiation expo-
sure standards, is to assume that the effects ob-
served at high doses from high dose rates can be
directly and linearly extrapolated to low doses
delivered at very much lower dose rates, and that
there is no dose (or threshold) below which there is
no health risk. Applying these assumptions results
in a linear, nonthreshold, dose-rate independent,
dose-effect relationship.

The majority of the scientific community consid-
ers that the linear, nonthreshold extrapolation
represents the upper limit of effects at very low
doses, and that the risk factors derived using such
an extrapolation probably overestimate the actual
risk18¢ This view is stated in relevant publications
of the N%tfl;’qggl Academy of Sciences (BEIR | and
BEIR 1II) and the United Nations (UNSCEAR
77)."®® Both BEIR | and BEIR Ill indicate that the ac-
tual risk could be appreciably smaller for low level
irradiation, and even zero. However, they also indi-
cate that, because of the greater killing of cells at
high doses and high dose rates, extrapolations
based on effects observed under such conditions
may be postulated to underestimate the risks. In
most cases, however, the linear hypothesis prob-
ably overestimates rather than underestimates the
risk from low level, low LET radiation.

BEIR Il further states that it is not known whether
dose rates of gamma or X-radiation of around 100
mrad/year are detrimental to exposed people; any
somatic effects would be indistinguishable from
those occurring naturally or caused by other fac-
tors. The observed variations in incidence (from
place to place and from year to year) are far greater
than any likely effect of radiation delivered at such
dose rates.

The 1977 UNSCEAR report is consistent with the
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view of BEIR | and BEIR Il that the linear nonthres-
hold extrapolation describes the upper limit of risk.
UNSCEAR concluded that at doses of a few rad, the
estimates are likely to be too high and the actual
rate might be substantially lower. UNSCEAR also
states that the risk from irradiation due to radionu-
clides deposited within the body is not different from
that from external radiation, provided that the ab-
sorbed dose to a given tissue is the same from both
modes of irradiation. Thus, the risk from the total
radiation dose received by the population is the
same whether the dose is received from external
exposure or from radioactive materials that might
have been ingested or inhaled.

Upper limits of possible premature cancer deaths
resulting from this accident can be estimated using
the linear, nonthreshold dose-response relationship.
However, in addition to dose response relationships,
several other assumptions must be made in deriva-
tion of risk estimates. The ongoing human studies
suffer from many imperfections: imprecise dose
determination, limited number of subjects, and ina-
bility to control variables. Because these studies
are not completed, many assumptions have to be
made, including: (1) the duration of increased risk
following irradiation, (2) latent period (time interval
between irradiation and detection of effect), and (3)
whether the risk following a given population dose
should be expressed by some number of excess
cancers, regardless of natural incidence (absolute
risk), or as a fractional increase of the natural risk in
a given population (relative risk). Because of the
numerous assumptions that have to be made, the
risk coefficients and risk estimation models pub-
lished by various scientific organizations differ. 189

The Radiation Health Effects Task Group of the
President's Commission on the Accident at Three
Mile Island applied risk factors and models pub-
lished by various national and international risk as-
sessment bodies, as discussed above, to estimates
of doses received by the population as a result of
the TMI-2 accident. Table 11-28, taken from this
Task Group's report, contains the ranges of pro-
jected numbers of Li;gtime excess cancer among the
offsite population. This table also shows the
ranges of the estimated additional risk of developing
cancer by the maximally exposed individuals in the
vicinity of Three Mile Island Station. Our analysis
yields the same values.

We find, therefore, that it is extremely unlikely
that any individual will suffer discernible ill effects,
during his or her lifetime, from radiation exposure
associated with the TMI accident. The effects on
the population as a whole, if any, will certainly be
nonmeasurable and nondetectable.



TABLE 11-28. Summary of various projected lifetime cancer numbers or risk estjpnates for whole-
body external gamma radiation doses to offsite TMI population (within 50 miles)*

Projected Numbers of Cancers
At 3000 Person Rem**

Source of

Estimates Or

Cancer Risk Max. Exposed Person
(approx. 70 mrem)**

Risk Factors Fatal Non-Fatal Total Fatal Non-Fatal Total

Ad Hoc Group 0.6 0.6 1.2 1.4/10° 1.4/10° 2.8/10°
EPA**

General Pop. 0.3-1.6 0.3-1.6 0.6-3.3 --

Adults 0.24-0.5 0.24-0.5 0.5-1.0  (0.7-1.4)/10° [0.7-1.4)/10°  (1.4-2.8)/10°

Children < 10 yr. 0.06-1.2 0.06-1.2 0.12-2.4  (0.7-14)/10°  (0.7-14)/10°  (1.4-28)/10°
Reactor Safety Study

Upper Bound Model 0.3 0.3 0.6 0.9/10° 0.9/10° 1.8/10°

Central Model 0.06 0.06 0.12 0.17/10° 0.17/10° 0.34/10°

Lower Bound Model 0.0 0.0 0.0 0.0 0.0 0.0
UNSCEAR 1977 0.30 0.30 0.60 0.7/10° 0.7/10° 1.4/10°
ICRP 1977 0.3 0.3 0.6 0.7/10° 0.7° 1.4/10°

* Values obtained by applying projections or risk coefficients yielded by models in listed reports to TMI dose esti-

mates used in this report.

** 3,000 person-rem 50% higher than most probable actual total collective dose, and 70 mrem the dose the maxi-

mally exposed individual estimated by HP&D Task Group.

*** Range for general population the sums of lower range values and upper range values for adults and children
< 10 years. Extraordinarily high upper range values for children and general population due to inclusion of causally
guestionable association of high risk of childhood cancer with in utero diagnostic irradiation and to projection of the
assumed high relative risk of radiogenic cancer in children (0-9 years) to the 50+ age group in the BEIR 1972 relative

risk model used.

Genetic Effects-When cells are exposed to ioniz-
ing radiation, the chromosomes of the cell nuclei
may be damaged by the production of gene muta-
tions, involving alterations in the elementary units of
heredity that are localized within the chromosomes
or by the induction of changes in the structure or
number of the chromosomes. When such changes
are induced in the germ cells, they may be transmit-

ted to descendants of the irradiated subject. This
has been clearly established in experimental studies
on short-lived animal species.

Although similar genetic changes may also be in-
duced in humans, none has yet been demonstrated,
perhaps because the effect is too small to detect
with the data resources available or with present
methods of observatipns. Direct human information
is therefore limited Studies of Japanese children
conceived after their parents were exposed to atom
bomb radiation have not demonstrated an observ-
able increase in genetic defects. 2 For lack of hu-
man data, estimates of the genetic risk to population
from low dose and dose rates are based on linear
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extrapolation from low dose laboratory mouse data.
The 1972 BEIR report estimated that spontaneous
human mutation rates may be increased between
0.5 and 5.0% per rem of gonadal dose, which is
equivalent to a mutation doubling dose of 20 to 200
rem].92 (A doubling dose is that dose which dou-
bles the frequency of any given effect.) The 19743
UNSCEAR Report provides similar estimates.
Although such risk values are difficult to translate
into actual health effects, the 1972 BEIR report has
estimated that a cumulative dose of 5 rem per gen-
eration might be expected in the United States to
produce between 60 and 1000 genetically deter-
mined jlinesses of various sorts per million live
births4” This would represent a 0.1 to 1.6% in-
crease over the expected incidence of 60000
cases.

The estimates of genetic effects given in the draft
BEIR III Report are not notably different from those
cited above: 5 to 75 additional serious genetic
disorders per million live births in the first generation
following parental dose of 1/rem. Such a parental



dose will, according to BEIR Il estimates, result over
all time (i.e., over many future generations) in a total
increase of 60 to 1100 s%ibous genetic disorders per
million liveborn offspring.

The ranges of risk estimates underscore the lim-
ited understanding of genetic effects of radiation on
human population. But even the upper values of
risk estimates are small compared to the current
estimates of the existing incidence of serious human
disorders of genetic origin-about 107 000 per mil-
lion liveborn offspring. 196

g. Radiation Doses Due To Natural
Background and Medical Practice

In estimating the potential health impact of radia-
tion doses received by the population in the vicinity
of the Three Mile Island Station, it is useful to main-
tain a perspective by comparing these doses to ra-
diation doses that the same population receives
from other sources, mainly natural background and
medical X-ray procedures. Mankind (and all other
living things) has been exposed to ionizing radiation
since the beginning of time. There are three primary
sources of this natural exposure: (1) solar and
galactic cosmic radiation, (2) very long-lived ra-
dioactive materials present in the earth's crust, and
(3) radioactive materials produced by cosmic radia-
tion in the atmosphere. Some of the naturally oc-
curring radioactive materials are chemically indistin-
guishable from nonradioactive materials normally
present in the human body and are therefore always
present inside our bodies (e.g., potassium-40,
carbon-14).

The average dose to the gonads and bone mar-
row of people living in areas of normal background
radiation is shown in Table 11-29. The average an-
nual dose in the United States, shown in Table 11-30,
is not significantly different. The doses in these

tables are averages. Natural background radiation
varies widely; even large local variations are possi-
ble, as shown in Tables 11-31 and 11-32. People living
at high altitudes or in areas of high external terres-

trial radiation receive much higher doses. ¥’
On the basis of a nationwide survey conducted

by the U.S. Department of Health, Education, and
Welfare, it is estimated that in 1970, out of a popula-
tion of 200 million persons, 130 million had one or
more X-ray examinations. '*® The most commonly
performed procedures, radiographic chest examina-
tions and dental examinations, result in a mean dose
to total active bone marrow of about 10 mrad per
examination. The annual per capita rate for each of
these examinations is about 0.3. Some other exam-
inations, although performed with lesser frequency,
cause much higher mean marrow doses; e.g., upper
Gl series, 535 mrad; barium enema, 875 mrad; pel-
vimetry, 595 mrad. It is estimated that in 1970 the
active marrow dose per each adult in the U.S. popu-
lation from medical X-ray procedures was approxi-

TABLE 11-29. Global annual per capita doses
from normal exposure to natural sources of
radiation (in mrad) '°

Radiation Source Gonads  Active Marrow

External Irradiation

Cosmic rays 28 28

Terrestrial radiation 32 32
Internal Irradiation

Potassium-40 15 27

Radon-222 0.2 0.3

Other Nuclides 2 4
ROUNDED TOTAL 78 92

TABLE 11-30. Average annual doses from natural
natural bazglgground radiation in the United States

(in mrem)

Radiation Source Gonads  Active Marrow
Cosmic radiation 28 28
Cosmogenic radionuclides 0.7 0.7
External terrestrial 26 26
Radionuclides in body 27 24
ROUNDED TOTALS 82 79




TABLE 11-31. Selected estimatgs of natural "background” radiation levels in the

(annual dose rate [mrem/year])

United States

] Cosmic Terrestrial Internal
Location Radiation Radiation Radiation Total
Atlanta, Georgia 44.7 57.2 28 130
Denver, Colorado 74.9 89.7 28 193
HARRISBURG,

PENNSYLVANIA 42.0 45.6 28 116
Las Vegas, Nevada 49.6 19.9 29 98
New York, New York 41.0 456 28 115
PENNSYLVANIA 42.6 36.2 28 107
Washington, D.C. 41.3 354 28 105
UNITED STATES (range) 40-160 0-120 28 70-310

TABLE 11-32. Examples of differencesjn annual doses
due to natural background variations
Estimated Difference in
Natural Background Variation Annual Doses

Living in Denver, Colo.

compared to Harrisburg, Pa. + 80 mrem/yr
Living in a brick house

instead of a wood frame house + 14 mrem/yr
Added dose from potassium-40

due to being male instead of female

(There is 25% less potassium in

women than men.) + 4.8 mrem/yr

mately 100 mrad.*%®> The genetically significant containing radioactive material, and air travel. The

dose (GSD) from medical X-ray procedyyes is es-
timated at 20 mrem per person in 1970. (GsDis
the gonad dose from medical exposure that, if re-
ceived by every member of the population, would be
expected to produce the same total genetic effect
on the population as the sum of the individual doses
actually received.) This lower estimate is due to the
fact that in most X-ray procedures the dose to the
gonads is lower than the mean marrow dose, and in
calculation of GSD, the dose to the gonads is
weighted, based on the expected number of future
children that the irradiated individual will have.

In addition to natural background and medical X-
ray procedures, there are other sources of radiation
exposure to the general population; e.g., diagnostic
use of radiopharmaceuticals, consumer products
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contribution of these radiation sources to the total
population dose is small compared to the dose due
to natural background and medical X-ray pro-
cedures. The average dose, of 1.4 mrem, received
by the approximately two million people as a result
of the TMI-2 accident is less than 1% of the annual
dose from both natural background and medical
practice.

h. Cancer Incidence and Mortality in the
United States

Cancer is the second leading cause of death in
the United States, after heart disease. In 1976,
there were 377 312 reported deaths in the U.S. from



cancer, which corresponds to 175.8 cancer deaths
per 100000 people and accounts for 19.8% of all
deaths.2°® The American Cancer Society estimated
that in 1979 there would be 765 000 new cases of
cancer in the United States and 395 000 people will
die from it, which corresponds to the death rate of
180 per 100 000 people.2°® The estimated cancer
death rate for the United States varies from 57 in
Alaska to 250 in Florida (not adjusted for population
age distribution). The estimated death rate in
Pennsylvania is 208.2°7 Based on this estimate, we
calculate that among the more than two million peo-
ple living within 50 miles of the Three Mile Island
Station, there will be approximately 4000 cancer
deaths per year unrelated to the accident.

The American Cancer Society estimates that, if
the present rates continue, 25% of all people in the
United States will gggntually develop cancer and
15% will die from it. Applying these approximate
statistics to the population within 50 miles of the
Three Mile Island Station indicates that approxi-
mately 325 000 people in that area would normally
die of cancer.

The natural incidence of cancer varies consider-
ably depending on the type and site of the cancer,
age, sex, geographic location, dietary habits, en-
vironment, and other factors. Because cancers in-
duced by radiation are indistinguishable from those
occurring naturally, it is usually impossible to deter-
mine in cases of low level radiation exposure if this
radiation was causative in it duction of a few of the
many thousand cancer cases normally expected in
a given population.

i. Summary of Health Effects

Our analysis of the potential health effects result-
ing from radiation exposure due to the TMI-2 ac-
cident is in accord with the conclusion of the Radia-
tion Health Effects Task Group of the President's
Commission.2°® As a result of the radiation expo-
sure to the offsite population within 50 miles of the
TMI site, the projected incidence of fatal cancer is
less than one; and fatal plus nonfatal cancers is less
than 1.5, with zero not excluded. This projection is
to be contrasted to the nearly 541000 cancers
(325000 fatal and 216000 nonfatal) expected in
this population over its remaining lifetime that are
not related to the TMI accident.

The additional lifetime fatal cancer risk to the in-
dividual receiving the maximum probable dose
offsite (less than 100 mrem) is about 1 in 100000.
The additional risk of fatal cancer to an individual
receiving the average offsite dose (1.4 mrem) is
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about 1 in 5 000 000. This risk is additive to the ex-
isting risk of fatal cancer of about one in seven.
The risk of nonfatal cancer is about the same as the
risk of fatal cancer, and the combined normal risk
is about one in four.

The additional cancer risks due to internal irradi-
ation and skin irradiation are very small compared
to the above values and can be regarded as being
included in the values presented above for whole-
body gamma irradiation. Even if the cancer risks
defined above were to be expressed, the resultant
cancers would not be detectable among the popula-
tion in the vicinity of TMI-2. (Note that zero addi-
tional incidence is not excluded.)

The whole-body external occupational exposure
of 1000 person-rem has potential total cancer risk
of less than 0.5 (zero not excluded). The risk to the
maximally occupationally exposed individual (4.2
rems) is about 1.2 in 1000 for both fatal and nonfatal
cancers.

The potential incidence of genetically related ill
health is considerably smaller than that of producing
a fatal or nonfatal cancer. This risk is estimated to
be about 0.002 cases per year, and about one case
per million live births for all future human existence.
This contrasts with an estimated 3000 cases per
year of genetically related ill health among the
offspring of the population in the vicinity of Three
Mile Island based on present birth rate (28 000
births per year), and not related to the accident.

In our view, the fact that there will be no, or very
minimal, adverse health effects from the accident
has not been understood by the public. We believe
that the public misconception that the risks associ-
ated with this accident, and with radiation in general,
are much greater than they are in fact is due to the
failure to convey credible information regarding
these risks in an understandable form. Thus, we
believe that substantial efforts are necessary to
educate the public to eliminate the apparent gap
between "real" and "perceived" risks of radiation.

Summary of Findings
We find that:

despite the uncertainties in the offsite TLD data,
it was adequate to characterize the magnitude of
the collective dose to the population (Section
I.B.4.a);

the collective dose as determined by the TLDs is
within the ranges estimated by the Ad Hoc In-
teragency Dose Assessment Group and the Task
Group of the President's Commission. Correcting
for occupancy factors, shielding, and reductions
in the population due to voluntary evacuation, the



population dose is believed to be somewhere in
the lower end of those ranges, about 2000
person-rem.

* the maximum offsite individual dose was less
than 100 mrem (Section 11.B.4.b);

* the contribution of internal exposure to the popu-
lation and individual dose was small compared to
the dose from external irradiation (Section
I.B.4.c);

* the accident resulted in several exposures in ex-
cess of regulatory limits to plant personnel in the
first few days following the accident (Section
II.B.4.e);

* the collective occupational dose and the extent
of overexposure is not large in relation to the ra-
diation fields and contamination levels encoun-
tered during the accident (Section 11.B.4.e); and

* it is extremely unlikely that any individual will
suffer discernible ill effects, during his or her life-
time, from radiation exposure associated with the
TMI-2 accident. The effects on the population as
a whole, if any, will certainly be nonmeasurable
and nondetectable. (Section 11.B.4.1).

5. RADIATION PROTECTION PROGRAM

The production of power by nuclear energy en-
tails exposure to radiation of plant personnel, as
well as a risk of exposure to the general public. The
primary functions of a radiation protection, or health
physics, program are to maintain those exposures
below limits specified in applicable Federal and
State regulations and as low as reasonably achiev-
able (ALARA).

The potential for exposure to both onsite and
offsite populations increases under non-normal con-
ditions: when the plant is undergoing major mainte-
nance or refueling, or accident conditions. Conse-
quently, radiation protection functions assume
greater importance during such conditions.

Exposure and resultant doses can be kept
ALARA by proper engineering design, good work
practices, monitoring, and preplanning of the tasks
to be performed. A good radiation protection pro-
gram requires a concerted effort and mutual under-
standing on the part of management, operations,
and radiation protection personnel. The program
also requires an adequate staff of well-trained indi-
viduals who are supplied with appropriate instru-
mentation and protective devices and who have the
authority to control access to radiation areas. An
effective program also includes continual training
and refresher courses for all plant personnel,

maintenance of equipment, personnel monitoring,
and the maintenance of accurate exposure records.

Fulfillment of these radiation protection functions
and goals, especially during normal power opera-
tions, entails a large amount of routine work; for ex-
ample, the conduct of area radiation surveys; wipe
testing for contamination control; collection and
analyses of air and water samples; maintenance of
access control to radiation areas; issuance and
control of dosimetric devices; maintenance of do-
simetry records; and calibration of instruments.

Radiation protection is frequently perceived as no
more than a "meter reading" and sample collecting
function. The management at Three Mile Island Sta-
tion, as well as a large segment of the nuclear in-
dustry, had this misconception. Radiation protection
was regarded as distinctly secondary in importance
to power operations and a "necessary evil." The
NRC similarly did not attach great importance to ra-
diation protection.

The radiation protection program at Three Mile
Island Station was seriously deficient. Many of its
deficiencies were made evident by the accident, but
they were, or should have been, known well before
March 28, 1979. The Three Mile Island Station pro-
gram, although apparently below average, was not
significantly worse than radiation protection pro-
grams at other nuclear power stations. The NRC's
regulation of radiation protection programs has simi-
larly been inadequate.

a. The Regulatory Framework

The NRC has promulgated regulations regarding
radiation protection programs in 10 C.F.R. Parts 19,
20, and 50. In addition, the NRC Regulatory Guides
(particularly Series 8 Guides) and Standard Review
Plans (particularly Chapters 12 and 13) provide gui-
dance regarding radiation protection programs.
Industry standards are established by the American
National Standards Institute (ANSI). Other guidance
is provided by sources such as the International
Commission on Radiological Protection (ICRP), the
National Council on Radiation Protection and
Measurement (NCRP), and the U.S. Bureau of Mines.

The technical specifications, a part of the operat-
ing license, require that a utility establish and main-
tain a radiation protection program that complies
with 10 C.F.R. Part 20. The NRC's Office of Nuclear
Reactor Regulation (NRR) approves the procedures
that the utility initially establishes and any modifica-
tion or amendment of them. The NRC's Office of In-
spection and Enforcement (IE) reviews the operation
of the radiation protection program.



The technical specifications for TMI-2 carry only
minimal specific reference to the radiation protection
program. Section 6.11 states:

6.11 RADIATION PROTECTION PROGRAM"

Procedures for personnel radiation protection shall
be prepared consistent with the requirements of 10
C.F.R. Part 20 and shall be approved, maintained,
and adhered to for all operations involving person-
nel radiation exposure.

The NRC staff reviewed Met Ed's radiation pro-
tection program proposed in Chapter 12 of the
TMI-2 FSAR  and discussed the review in Section
12 of the Safety Evaluation Report (SER).?'* It ap-
pears that the NRC staff review of radiation protec-
tion programs, including Met Ed's, focused on their
adequacy in the conductzpj normal and anticipated
operational occurrences. "Anticipated operation-
al occurrences" are defined by NUREG-0115 and
NUREG-0117 as "unplanned releases of radioactive
material from miscellaneous actions such as equip-
ment failures, operator error, administrative error,
that are not of consequence to be considered an
accident." It was implicitly assumed by the NRC
staff that the program and procedures developed
for normal operation would readily extrapolate to
abnormal conditions. The error in this assumption
was demonstrated by the accident at TMI-2.

b. Implementation and Weaknesses of the
Radiation Protection Program

The deficiencies in TMI's radiation protection pro-
gram, as well as the weaknesses in NRC regulation
and the radiation protection response to the ac-
cident are discussed below.

Design- Consideration of radiation protection is a
central part of the design of a nuclear power station.
Traditionally, consideration of design has been
focused on providing shielding and radiation protec-
tion facilities adequate to support normal operations
and anticipated operational occurrences. During the
course of the accident, the plant's design bases
were exceeded, resulting in serious radiation pro-
tection problems. As a consequence, the role of ra-
diation protection in design will have to be in-
creased.

Shiglding- The NRC staff's shielding design re-
view concluded that expected exposure to
operating personnel was consistent with the re-
quirements of 10 C.F.R. Part 20 and the ALARA
concept during normal operations and anticipated
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operational occurrences. Met Ed classified plant
areas into radiation zones based on maximum
design dose rates and expected frequency and
duration of occupancy. It described the location,
size, and shape of significant sources of radiation in
the auxiliary and fuel handling buildings and the con-
tainment structure. Source term calculations were
based on: (1) 2772-MW thermal power, (2) a failed
fuel rate of 1%, and (3) an acceptable set of estimat-
ed leakage rates and partition factors. Pipes, dem-
ineralizers, tanks, evaporators, pumps, and sampling
points containing radioactive materials were located
in shielded areas or compartments, and Met Ed pro-
posed to use labyrinths, shield valve galleries and
penetrations, reach rods, remote valve actuation,
and portable shielding to maintain exposures
ALARA. The assumptions used in Met Ed's shield-
ing calculations were considered conservative and
acceptable to the NRC staff.

The NRC staff's review of TMI-2 considered
shielding for the primary coolant sample lines within
TMI-2 but did not consider shielding these lines
when they passed into TMI-1 where the primary
coolant sampling room that serves both units is lo-
cated. The highly radioactive primary coolant
resulting from the accident and the failed TMI-2 fuel
produced high radiation fields in TMI-1, reducing ac-
cessibility in those areas through which the lines
passed. We find that the design of TMI-2 and the
NRC staff's review of this design did not adequately
consider the relationship between TMI-1 and TMI-2.

Although the NRC staff's conclusions regarding
the adequacy of shielding design were valid for nor-
mal operation, highly radioactive primary coolant
and wastewater were contained in the piping and
tanks during the accident and produced radiation
levels higher than anticipated by the design bases.
We find that the shielding was not adequate to cope
with the accident.

Ventilation Systems-The I\LI%C staff's review of the
TMI-2 ventilation systems concluded that their
design would ensure that personnel were not ex-
posed to normal or abnormal airborne concentra-
tions exceeding those in 10 C.F.R. Part 20, and was
consistent with the ALARA concept by: (1) main-
taining air flow from areas of low radioactivity po-
tential to areas of high radioactivity potential, (2)
preventing recirculating air in the auxiliary and fuel
handling buildings, (3) maintaining a negative pres-
sure in the auxiliary and fuel handling buildings with
respect to the atmosphere, and (4) periodically
purging the containment structure with outside air
through high efficiency particulate air and charcoal
fiters. Various other areas of the plant contained



high efficiency particulate air and charcoal filters to
minimize the buildup of airborne radioactivity, and
the air filtration system in the control room was
designed to limit radiation exposure to occupants
consistent with General Design Criterion 19 of Ap-
pendix A to 10 C.F.R. Part 50.

The NRC staff's assessment of the ventilation
systems of TMI-2 did not include a review of the en-
gineering aspects of ventilation systems (e.g., fan
capacity, duct size, and balance of system). More-
over, the NRC does not possess the expertise to
assess the engineering adequacy of the ventilation
systems. 217

Operational experience with the ventilation sys-
tem of TMI-2 during normal operation provided evi-
dence of deficiencies in the system ventilation. The
ventilation of the nuclear sampling room and hood
was inadequate for the sampling of primary coolant
during normal operation. Sampling resulted in
releases of radioactive material out of the face of
the hood and the alarming of the mobile airborne ra,
diation monitor in the nuclear sampling room.
Station personnel were aware that the monitor's
alarm was indicating inadequate ventilation of the
sampling hood. During the accident, this ventilation
system deficiency resulted in the release of radioac-
tive gases from primary coolant samplings, which
affected the accessibility of important areas.

We find that: (1) the ventilation system in the pri-
mary coolant sampling room was inadequate for
both normal and emergency operations, and (2) the
NRC staff's review of the ventilation system was
inadequate.

Control Room Habitability-The NRC gfaff's review
of control room habitability systems concluded
that the TMI-2 design met General Design Criterion
19. The design used concrete shielding and high ef-
ficiency filter trains to ensure a habitable environ-
ment within the control room. In the event of a high
radiation signal from the monitor located in the air
intake structure, the control room supply was to be
automatically shut off and the safety-grade filter
system (including particulate filters and carbon ad-
sorbers) was to go into operation. The system
would process 15 620 cubic feet per minute (cfm) of
control room air in a recirculating mode and would
process up to 1500 cfm of filtered outside air to
pressurize the control room. This mode of opera-
tion could also be manually initiated by the operator.

Until nearly 8:00 a.m. on March 28, 1979, the
ventilation air to the control room was treated in its
normal flow path by particulate filters only. At this
time, a control room operatgy manually activated the
recirculation filter system. At almost the same

410

time, this activation would have automatically oc-
curred on high containment pressure (7:56 a.m.). In
any event, the control room was in the recirculation
ventilation mode from approximately 8:00 a.m., pro-
viding protection against iodines and particulates.
However, due to poor meteorological conditions, no-
ble gases released from the facility did infiltrate the
control room.

Radiation Protection Facilities- Each unit was
designed to have a counting laboratory. However,
the TMI-2 laboratory was never made operational.
Thus, TMI-2 shared the TMI-1 laboratory. The facili-
ties in each unit also included a calibration room for
monitoring instruments, a locker room for changing
into protective clothing and respirators, and a per-
sonnel and equipment decontamination room. The
NRC staff's review ?" concluded that these facilities
were adequate.

During the accident, the counting laboratory was
disabled at the most crucial time because of high
background radiation that resulted from airborne ra-
dioactive releases into TMI-1 arising from sampling
of the primary coolant. The decision to don respira-
tory protection in the control room, which hampered
communications, resulted from the inability to quick-
ly analyze control room air. The control room air in-
take monitor (HP-R-220) alarmed at 9:48 a.m. for
particulates and at 10:10 a.m. for noble gases.
Masks were donned by the control room personnel
at10:17 a.m., and were on until 3:10 p.m. Masks
were put on for a second time at 2:11 a.m. on March
29, when the particulate channel of HP-R-220
alarmed, but the levels quickly decreased and the
masks were removed at 3:15 a.m.223 e find that
the improper design of the ventilation system of the
sampling room and that loss of the counting room
were responsible for the conservative use of
respirators in the control room, which led to a
severe reduction in communications ability among
control room personnel and added to the difficulty in
coping with the emergency.

Because of its inability to analyze samples on
site, Met Ed began shortly after the accident to
send air samples to the Commonwealth of
Pennsylvania's Bureau of Radiological Protection in
Harrisburg for analysis. By 7:30 p.m. on March 28,
the NRC Region | mobile laboratory, which had
analytical capability, arrived at the site. A mobile la-
boratory from RMC arrived on March 29. Samples
were also sent to the home laboratories of RMC and
Teledyne Isotopes.

We find that the design of, and the NRC staff's
review regarding, the sample counting room were
inadequate because the shielding and location of



that facility did not provide sufficient protection to
maintain operability. We find further that Met Ed's
implementation of the design was inadequate be-
cause there was only one operational facility to be
shared by both units.

Decontamination Facilities- Prior to the accident,
Met Ed planned for routine emergency decontami-
nation of personnel and small equipment, tools, and
instruments. Decontamination facilities were provid-
ed in the health physics area of each unit but con-
tained supplies adequate only for the limited use ex-
pected during normal operation. These facilities
were utilized during the earliest stages of the ac-
cident to decontaminate personnel. At 9:10 a.m. on
March 28, the airborne radiation levels became too
high in the TMI-1 health physics area and the use of
these facilities was lost. We find that inplant per-
sonnel decontamination facilities were inadequate to
cope with emergency conditions.

Summary of Findings and Recommendations
We find that:

o the design of TMI-2 and the NRC staff's review of
the design did not adequately consider the rela-
tionship between TMI-1 and TMI-2;

o the shielding was not adequate to cope with the
accident;

¢ the ventilation system in the sampling room was
inadequate for both normal and emergency
operations;

o the NRC staff's assessment of the ventilation
systems of TMI-2 did not include a review of the
engineering aspects of ventilation systems;

¢ the NRC does not possess the expertise to as-
sess the engineering adequacy of the ventilation
systems;

¢ the improper design of the sampling room and
the loss of the counting room were responsible for
the conservative use of respiratory equipment in
the control room, which led to a severe reduction
in communications among control room person-
nel;

¢ the design of, and NRC staff's review regarding,
the sample counting room were inadequate be-
cause the shielding and location of that facility
did not provide sufficient protection to maintain
operability, and there was only one operational
counting room shared by both units; and

¢ inplant personnel decontamination facilities were
inadequate to cope with emergency conditions.

We recommend, therefore, that licensees, in their
design, and the NRC, in its review, ensure that ade-

quate consideration be given to radiation protection
matters, particularly:

¢ shielding, including shielding of primary coolant
sampling lines;

¢ ventilation systems;

¢ counting room location and shielding;

« inplant personnel decontamination facilities; and

o the relationship between two or more units at the
same site.

Management and Organization

The management and organization of a radiation
protection program should provide effective leader-
ship and supervision of the program during normal
operation and emergency situations. The manage-
ment and organization of the radiation protection
program failed to fill this role because of an inade-
quate organizational structure, personnel who were
not qualified for the positions they held, inadequate
communications at all levels, and, most significantly,
upper management's attitude that radiation protec-
tion was less important than production.

During the accident, the emergency organization
underwent several changes because of realign-
ments of functions and relocations of key individu-
als. This added to the preexisting communications
inadequacies and resulted in the loss of control over
the radiation protection program during the first
several days of the accident.

Preaccident Organization- The organization of the
radiation protection staff was approved by the NRC
staff and is shown in Figure 11-16. This organization
has the Supervisor of Radiation Protection and
Chemistry, Richard Dubiel, reporting directly to the
station superintendent, the senior plant official.
However, a different organization (Figure 11-17) was
prescribed by Met Ed at the time of the accident,
which added another level of management between
Dubiel and the senior plant official. Moreover, Du-
biel actually reported to the unit superintendents.
Dubiel's theoretical and actual reporting responsibili-
ties were inconsistent with the technical specifica-
tions.

Under the Met Ed organization as approved by
the NRC, the radiation protection-chemistry techni-
cians (R-CTs) performed the dual functions of radia-
tion protection and chemistry and reported along
two different chains of command. The dual function
of techpjcians is common in the nuclear power in-
dustry. The inefficiencies of this system detract-
ed from the implementation of an effective radiation
protection program. One R-CT characterized this
as "the biggest, most devastating hindrance to our
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department."?27 We find that the dual functions of
radiation protection and chemistry that the R-CTs
performed were detrimental to the efficiency of the
radiation protection program.

Qualifications- Minimum qualification requirements
for the radiation protection staff are contained in the
FSAR, Section 13, and Technical Specification 6.3.
The latter states:

Each member of the unit staff shall meet or exceed
the minimum qualifications of ANSI N18.1-1971 for
comparable positions, except for the Supervisor of
Radiation Protection and Chemistry, who shall meet
or exceed the qualifiggfigns of Regulatory Guide
1.8, September 1975.
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Met Ed's position of supervisor of radiation protec-
tion and chemistry corresponds with the position of
Regulatory Guide 1.8's radiation protection manager
(RPM). The guide states that the RPM should be an
experienced professional in applied radiation pro-
tection at nuclear facilities dealing with radiation
protection problems and programs similar to those
at nuclear power stations. The guide further indi-
cates that he should be familiar with the design
features and operations of nuclear power stations
that affect the potential for exposures of persons to
radiation; he should have the technical competence
to establish radiation protection programs; and he
should have the supervisory capability to direct the
work of professionals, technicians, and journeymen
required to implement the radiation protection pro-
grams.

The guide states that the RPM should have a
bachelor's degree or the equivalent in a science or
engineering subject, including some formal training
in radiation protection, and should have at least 5
years of professional experience in applied radiation
protection. At least 3 years of the RPM's profes-
sional experience should be in applied radiation pro-
tection work in a nuclear facility dealing with radio-
logical problems similar to those encountered in nu-
clear power stations, preferably in an actual nuclear
power station.

At the time of the accident, Dubiel, Supervisor of
Radiation Protection and Chemistry, had 6 /2 years
of power station or applicable industrial experience,
a bachelor's degree in physics, and a master's
degree in nuclear engineering. 2°° He thus satisfied
the requirements of the FSAR and Regulatory Guide
1.8.

The FSAR states that the radiation protection
supervisor shall have a minimum of 5 years of
experience in radiation protection at a nuclear facil-
ity. He should have a minimum of 2 years of related
technical training. "

Thomas Mulleavy, the Radiation Protection
Supervisor, had a total of 19 years of power station
or applicable industrial experience and met the
minimum radiation protection experience criteria by
a wide margin. However, there is no evidence to
indicate tha}sjge met the minimum criteria for techni-
cal training.

Dubiel's time and attention were spread much too
thinly because: (1) he was acting (in conjunction
with the chemistry foremen) as chemistry supervi-
sor, (2) he had the additional burden and responsi-
bilities of running the radiation protection program
for a two-unit station, and (3) he had too many peo-
ple reporting to him.%2® As a result, we find that
Dubiel did not function as the RPM as defined in
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Regulatory Guide 1.8, and that the role fell, by
default, to Mulleavy, who was not qualified for this
position.

The FSAR states that the chemistry supervisor
shall have a minimum of 5 years' experience in
power station chemistry and water treatment, of
which a minimum of 1 year shall be in radiochemis-
try. He shall have a minimum of 2 years of related
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training.>>* This position was not filled, but the
functions and responsibilities of the position were
assumed by Dubiel in conjunction with the chemis-
try foremen. ngind that Dubiel was not qualified
for this position.

The positions of radiation protection foreman and
chemistry foreman were established by Met Ed. We
find that the positions are not identified in the techn-



ical specifications or the FSAR and that the NRC
does not require minimum qualifications for these
positions.

According to the FSAR, each radiation protection
technician should have a minimum of 2 years'
experience in radiation protection or closely related
areas. He should have a thorough knowledge of the
design and operation of all types of radiation moni-
toring;.and analytical instrumentation in the sta-
tion. Six of the 24 R-CTs did not haye 2 years of
working experience in their specialty.

In addition, the R-CTs were transferred between
functional areas and between units, with assign-

ments seldom lasting more than 1 week. This
removed them from any particular duty area for
about 6 weeks, and provided little incentive for them
to become highly proficient in a certain area. 237 As
aresult, R-CTs did not receive a thorough
knowledge of the design and operation of the radia-
tion detection instrumentation. We find that R-CTs
did not develop or maintain adequate job skills and
did not meet FSAR requirements.

Communications - Serious communications gaps
existed between every level of the radiation protec-
tion organization. This was a substantial problem
that had existed for some time before the accident,
as notedjp an audit of the program conducted for
Met Ed. We find that the communication prob-
lem contributed significantly to the deficiencies not-
ed in the radiation protection program.

Management Attitudes-A typical conflict in the nu-
clear industry existed between the operations staff,
which was production-oriented, and the radzigt'i%%
protection staff, which was service-oriented. "~ S
Station management, as well as the operations staff,
viewed radiation  protection as a "necessary
evil. The conflict, and management's atti-
tude, are discussed in detail in Section II.B.5.c.

The attitude of management and operations seri-
ously impaired the effectiveness of the radiation
protection program and was reflected in:

violation of statigp) health physics procedures by
operations staff;

poor enforcement of station health physics pro-
cedures; 244 >a5-

low morale of radiation protection staff; gas
failure of radia;ign protection management to
support R-CTs;

low priority in maintenance and %gglof portable
radiation survey instrumentation; 252
waivers of requirements of procedures; and
lack of support (financial ar}glpz%gsonnel) of radia-
tion protection depantment.
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We find that the conflict between operations and
radiation protection was serious, existed at all levels
of the plant's organization, and contributed in a ma-
jor way to the deficiencies noted in the radiation
protection program.

Organization and Management During the
Accident- A radiation protection organization for
emergencies, different from the everyday organiza-
tion, was prescribed by TMI's emergency plan. The
emergency organization changed several times dur-
ing the accident-first, back to the everyday organi-
zation, and then, due to forced relocations of the
ECS and agreements between Dubiel and Mulleavy,
several more times to different variations.  With
each change, some control of radiation protection
functions was lost. The communications gap that
existed during normal operations was compounded
during the emergency and contributed to confusion
that existed at the foreman and R-CT level. As a
result, radiation protection control during the ac-
cident was very poor, manifesting itself in unrestrict-
ed and uncontrolled access to high radiation areas
and other lapses from good radiation protection
practice.

Initially, the emergency radiation protection
response organization approximated that indicated
in the emergency plan (see Figure 11-18). Dubiel
served as Radiological Assessment Advisor to the
Emergency Director. Control of the emergency ra-
diation protection organization was from the emer-
gency director through Mulleavy who served as the
ECS Director. In accordance with this organization,
Mulleavy should have controlled all of the emergen-
cy repair, chemistry, monitoring (inplant and offsite)
and washdown area activities.

At approximately 7:30 a.m. on March 28, 1979,
the emergency radiation protection organization as-
sumed a new form that had been developed during
emergency drills and was more consistent with the
normal organization of the radiation protection or-
ganization. This second organizational structure is
shown in Figure 11-19. Mulleavy now reported to Du-
biel, who was his normal supervisor, although all ra-
diation protection functions would continue to be
performed through Mulleavy at the ECS in the TMI-1
health physics laboratory area. Because of airborne
radioactivity at that location, the ECS was relocated
at about 9:00 a.m. to the alternative ECS in the
TMI-2 control room. This relocation impaired effec-
tive control of the inplant radiation protection and
repair party monitors.

Shortly after establishment of the alternative
ECS, Dubiel and Mulleavy met and determined that
Mulleavy would maintain control of onsite and offsite
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monitoring activities and Dubiel would assume direct
contrgL,of all inplant radiation protection func-
tions. Dubiel determined this action was neces-
sary because the emergency plan did not contain
provisions for dealing with the radiological condi-
tions that then existed in the plant. This third or-
ganization is indicated in Figure 11-20. At about
10:30 a.m., the alternate ECS was relocated to the
TMI-1 control room, where Mulleavy assumed a new
function of Onsite and Offsite Monitoring Director.

The fourth emergency organization is shown in Fig-
ure 11-21.

Neither Dubiel nor Mulleavy nor anyone else ac-
tually provided effective supervision of radiation pro-
tection activities during the first several days. Con-
sequently, the personnel they were supposed to su-
pervise often acted on their own. For example, at
about 11:30 a.m., a washdown area to serve as a
monitoring and decontajpjnation point for individuals
evacuating the island was established at the
500-kV substation at the direction of Peter Velez, a
radiation protection foreman. This action was_taken
without the knowledge of Mulleavy or Dubiel.

The inplant radiation protection and repair party
monitoring function was not suitably under Dubiel's
control until the morning of March 29, 1979. Activi-
ties, including entries into the auxiliary building, oc-
curred without his knowledge, although he believed
that he had control of this function and that he was
fully aware of all entries into the auxiliary building
and other radiation protection activities. 2°® As
Michael Janouski, a Senior R-CT summarized, the
radiation protection personnel acted on "instinct,"
with ng direction. "It was like we did not have a
boss."

There was, thus, a lack of management control of
the inplant radiation protection function early in the
accident. During the first several days of the ac-
cident, the radiation protection program was seri-
ously compromised: (1) the radiation work permit
(RWP) procedure was not used, (2) no logs of en-
tries into the auxiliary building were maintained, (3)
no accumulation system of pocket dosimeter dose
measurements was utilized for entries into high radi-
ation areas, (4) records of dose rate surveys in the
auxiliary building were made at times, but were not
maintained, (5) surveys of personnel contamination
were made, but in only one instance were records
maintained, (6) high radiation areas were not con-
trolled in accordance with Technical Specification
6.12, and (7) no positive control over entries into the
auxiliary building was maintained. We find the
compromise of the radiation protection program
during the accident was unjustified and contributed
to the potential for unnecessary and hazardous ex-
posure of plant personnel to radiation.
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The reduced emergency radiation protection pro-
gram was in effect until approximately midnight on
March 30, 1979, when the RWP procedure was fi-
nally reestablishg%lggléer continued urging of the
NRC inspectors. By this time, however,
many uncontrolled entries had been made into the
auxiliary building without adequate direction or
knowledge of previous entries; adequate communi-
cations between plant personnel; or adequate radia-
tion protection instrumentation, personnel do-
simetry, and radiation protection. These entries oc-
curred while radiation levels in excess of 1000 R/h
existed in the auxiliary building. In view of these
conditions, the potential for serious radiation injuries
to employees making entries into the auxiliary build-
ing existed during this time; although, as discussed
in Section I1.B.4, only three overexposures above
regulatory limits were reported. (See Section I1.B.4
for further discussion of this point.) (Descriptions
characterizing the events and unauthorized entries
into the auxiliary building and overexposures experi-
enced during the first 3 days of the accident are
contained in Section 11.3 of NUREG-0600.)

Summary of Findings and Recommendations

We find that:

¢ the performance of the dual functions of radiation

protection and chemistry by the R-CTs is detri-
mental to the efficiency of the radiation protection
program;

Dubiel, the Supervisor of Radiation Protection
and Chemistry, did not function as the Radiation
Protection Manager (as indicated in Regulatory
Guide 1.8), and the role fell, by default, to Mul-
leavy, who was not qualified for this position;
Dubiel was not qualified for the position of Chem-
istry Supervisor;

the positions of radiation protection foreman and
chemistry foreman were not included in the FSAR
or the technical specifications and the NRC did
not require minimum qualifications for these posi-
tions;

the R-CTs did not develop or maintain adequate
job skills and thus did not meet FSAR require-
ments;

a serious communications gap existed at all lev-
els of the radiation protection organization and
contributed significantly to the deficiencies noted
in the radiation protection program;

a serious conflict existed between operations and
radiation protection staffs at all levels of the
station's organization and contributed in a major
way to the deficiencies noted in the radiation
protection program; and
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e the compromise of the radiation protection pro-
gram during the accident was unjustified and
contributed to the potential for unnecessary and
hazardous exposure to radiation.

We recommend that:

e the functions of radiation protection and chemis-
try be separated and that technicians not be re-

quired to perform in both roles;

419

¢ the duties of a radiation protection manager
should be clearly specified and performed by a
qualified individual;

¢ the NRC require minimum qualifications for the
positions of radiation protection foreman and
chemistry foreman;

¢ the technical specifications be amended to in-
clude the positions of radiation protection fore-
man and chemistry foreman;



» technicians be given training adequate to meet
FSAR requirements and to develop and maintain
adequate job skills; and

e Met Ed take appropriate steps to eliminate the
serious communications problems in the radiation
protection organization.

Radiation Protection Procedures

The radiation protection program for normal
operations at TMI is specified in Station Administra-
tive Procedure 1003, Radiation Protection Manual
(Rev. 12, 12/13/77). It is supplemented by station
health physics procedures (HPP) that specify the
limits; criteria; responsibilities; equipment usage; in-
strument issue, use, control, and calibration; area
posting and control; facilities; dosimetry; and training
and emergency procedures. Individual HPPs may
apply to the station as a whole or to each unit. The
procedures are developed by the radiation protec-
tion department and are reviewed by the respective
unit plant operating review committee (PORC). If the
procedures pertain to both units, then each unit
PORC reviews the procedure. Before June 1978,
station HPPs were approved by the station superin-
tendent, and since that time the respective unit su-
perintendents have approved the procedures.

Met Ed radiation protection procedures for nor-
mal operations were generally adequate but their
emergency procedures were inadequate. Generally,
during the first several days of the accident, Met Ed
did not comply with either the radiation protection
procedures for normal operations or the procedures
for emergency situations. Those procedures that
were used during the accident did not provide ade-
quate radiation protection and contributed to un-
necessary personnel exposures.

Radiation Emergency Procedures 1670.1 through
1670.15 are intended to provide guidance during em-
ergencies. However, they do not adequately ad-
dress inplant radiation hazards or the role of the ra-
diation protection staff during an emergency
response. This lack of necessary guidance to cope
with emergencies contributed to serious deficiencies
in the radiation protection program during the ac-
cident, for example:

¢ the organization of the radiation protection staff
deviated from that specified in the emergency
plan;

e access control to the auxiliary building was lost,
resulting in uncontrolled entries into high radiation
areas without proper protection; 2°° and

o the radiation protection program was comprom-
ised and essential procedures regarding such
matters as radiation work permits, completion of

survey forms, and maintenance of logs were not
complied with during the first few days, resulting
in the loss of important data that could have been
used for briefing teams prior to entries into high
radiation areas, observing trends to detect
changes in plant status and ensuring continuity
between personnel shift changes.

Met Ed had no written procedures for personnel
decontamination on site. The matter was left to the
discretion of the radiation protection supervisor.
Procedures to be used by Hershey Medical Center
in cases of medical emergencies involving personnel
contamination were set forth in the emergency plan
as station HPP 1670.10. However, personnel con-
tamination on site without any medical problem is
more probable than contamination that requires
medical attention. Onsite decontamination can be
more timely and more effective, but it needs to be
performed properly and by knowledgeable person-
nel using approved procedures. We find that Three
Mile Island Station did not have adequate pro-
cedures for onsite personnel decontamination.

The onsite personnel decontamination facilities
were used early in the accident. At 9:10 a.m., the
airborne radiation levels became too high in the
TMI-1 health physics area and the use of these facil-
ities was lost. The TMI-2 decontamination area also
was lost very early due to high radiation levels.

The island was evacuated of nonessential per-
sonnel at 11:10 a.m. on March 28, and a personnel
release point was established at the north security
gate. The south gate was closed. To prevent
crowding at the north gate, a personnel release
point was established at the 500-kV substation.
Personnel and vehicles leaving the island were
directed to the substation for monitoring and decon-
tamination, but no controls were established to en-
sure that all vehicles and personnel went there.

There had been no prior preparations for using
the 500-kV substation as an alternative release
point. A limited amount of equipment consisting of
paper coveralls, plastic boots, rags, and some
contamination-monitoring portable survey instru-
ments (RM-14-HP-210 probe) was taken to the
substation. It was first thought that no water supply
was available at this location; however, a water sup-
ply was located later on the first day. No shower
facilities or appropriate wastewater holdup capabili-
ty were available and little decontamination was ac-
tually performed.

The personnel contamination detected at the
substation consisted primarily of xenon that tended
to be adsorbed on clothing, particularly polyesters,
and on hair. Personnel were frisked, and 'gsgount
rates in excess of 200 cpm were detected, their
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clothing was exchanged for paper coveralls. If ex-
cessive contamination remained, the individuals
were detained until the xenon could dissipate, usu-
ally a matter of minutes to several hours. Levels of
up to 10000 cpm were observed.

With few exceptions, the personnel performing
frisking of personnel and vehicles were inexperi-
enced, and without any written prz%%edures to follow,
their surveys were undisciplined” No thyroid sur-
veys were made; no records or followups of any
personnel decontamination weggsfggjntained; and no

bioassay samples were taken.
On March 29, an R-CT established a decontami-

nation area in the men's room of the observation
center. Because there were no written procedures,
radioactive wastewater was flushed down the sink,
contaminated clothing was "Iayir}gsaround," and no
logs or records were maintained.

Within the plant, personnel decontamination also
went unsupervised and was performed by the indivi-
duals themselves, primarily by showering, and in
some cases, decontamination was performed in
unauthorized facilities. No documentation of per-
sonnel contamination was maintained.

Met Ed did have emergency procedures for
offsite vehicle and equipment decontamination; how-
ever, they were not employed during this emergen-
cy. Decontamination of offsite vehicles and equip-
ment was to be performed at specific locations on
Route 441, north and south of the plant.26° These
preplanned areas were not used in the emergency
response. Equipment, supplies, facilities, and ra-
dioactive wastewater holdup capabilities were not
available at these locations. During the emergency,
vehicle monitoring was performed at the 500-kV
substation. Decontamination consisted of keeping
the vehicles parked until the radioactive noble gases
decayed and dissipated.

Finally, there were no emergency procedures for
collection of primary coolant samples that contained
significant quantities of radioactive materials.
Therefore, ad hoc procedures were developed for
the initial sampling without adequate consideration
of the high exposure rates. As a result, the initial
primary coolant sample was taken without appropri-
ate dosimetry and instrumentation, and overexpo-
sures of some personnel were experienced. 266

Summary of Findings and Recommendations

We find that:

the emergency plan radiation protection pro-
cedures did not adequately address the role of
the radiation protection staff or adequately ac-
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count for inplant radiation hazards during the em-
ergency response; and

* there were no procedures for onsite personnel
decontamination.

We recommend that:

* emergency plans provide for radiation protection
staff response to inplant radiation hazards; and

* radiation protection procedures should be fol-
lowed during emergencies, and appropriate do-
cumentation should be maintained.

Training

The level of training in radiation protection that
nuclear powerplant personnel need varies in rela-
tionship to the degree of association each person
has with radiation work and radiation areas. Basic
training may be adequate for nonradiation workers,
for temporary personnel working outside restricted
areas, and for workers who will be on site for only a
few days. A higher level of training is necessary for
people working in radiation areas and in the control
room. Radiation protection technicians obviously
should be comprehensively trained. In addition to
the normal complement of workers at a power sta-
tion, others such as the local fire, police, medical,
and civil defense groups need training. Another
group of individuals who need to be trained or
whose current knowledge of radiation protection
should be ensured, are contract health physics
technicians, commonly referred to as "rent-a-techs."”

The TMI-2 FSAR, Section 12, and Technical
Specification 6.4 require that a training and retrain-
ing program for the unit staff be conducted and that
such training meet or exceed the requirements of
Section 5.5 of ANSI N18.121971. The NRC staff
found this to be acceptable.

The training department at Three Mile Island Sta-
tion had no substantive responsibility for radiation
protection training.?%®  The responsibility for the
development and implementation of the radiation
protection training and retraining program was vest-
ed in Richard Dubiel, the Supervisor of Radiation
Protection and Chemistry. He, in turn, delegated the
training coordination and maintenance of training
records to Peter Velez, a Radiation Protection Fore-
man. Radiation protection training was provided in
three categories-nonradiation protection person-
nel, radiation protection personnel, and emergency
response personnel from surrounding communities.
The course titles and target groups of the program
are shown in Table 11-33.

Radiation protection personnel were dissatisfied
with the quality and extent of the radiation protec-



259

TABLE 11-33. Radiation protection training program Three Mile Island Station

Program Title

Personnel Receiving Training

Temporary personnel on site less than 1

Temporary personnel working outside

restricted areas.

1. Basic |

day
2. Basic Il (1 hour)
3. Basic lll (3 hours)

Permanent personnel working outside

restricted areas. Temporary personnel in
restricted areas for more than 1 day.

. Intermediate | (3 hours)

All radiation workers. All personnel under

radiation work permits (RWP).

. Intermediate 1l (8 hours)

Maintenance personnel, engineers, supervi-

sors, others requiring radiation work
permit clearance.

. Advanced Radiation
Protection (2 weeks)

. Comprehensive Radiation
Protection (3 months)

. General Employee Training
(No time specified)

. Training for local fire,
police and civil defense
departments.

Auxiliary operators, control room operators,
senior licensed operators.

Radiation/chemistry technicians.

Selected temporary personnel (all permanent
personnel once per year).

tion training they had received in the past few
years. 279271 por example, some R-CTs requested
training in the use of SAM-2, an instrument intended
for emergency radiation monitoring, but did not re-
ceive such training. These individuals later learned
that their training records indicated that they did re-
ceive the training. When the R-CTs brought this
discrepancy to the management's attention, they
were given training on the responsibilities of radio-
logical mgnitoring teams, but not on the use of
SAM-2. The R-CTs' continued lack of familiarity
with the SAM-2 became apparent during the emer-
gency, when the R-CTs could not properly operate
the instrument, lost confidence in it, and then aban-
doned it.

Dubiel and Mulleavy acknowledged that there
was no formal retraining program for themselves or
their foremen. Dubiel further indicated that little time
was available to give the training and little time was
available to R-CTs to be formally trained begayse of
a heavy workload and insufficient staffing. The
R-CTs were working on a 6-week rotational
schedule, in which the sixth week was to be set
aside for training-retraining. However, understaffing
precluded any significant technical training for at
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least 1’2 years before the accident, and the training
that was to be given in the sixth week was aban-
doned in an attegpt to keep up with vital health
physics functions.

In addition, notification of the R-CTs of changes
in station procedures, one of the ANSI N18.1-1971
retraining requirements, was ineffective. Notification
of procedural changes was made to the radiation
protection staff by placing a note on the bulletin
board indicating a change. There was no formal
mechanism for ascertaining whether the R-CTs
read the change.272.275

Radiation protection coverage during refueling,
maintenance, and other outages required the use of
"rent-a-techs" to supplement the station radiation
protection staff. "Rent-a-techs" are not recognized
by the NRC as a group separate from regular licen-
see employees. Because "rent-a-techs" are, by
definition, temporary employees, they often do not
have the same level of knowledge of the plant and
station procedures as the permanent staff.
Although the NRC regulations do not clearly so
require, "rent-a-techs" should be subject to the
same training and qualification requirements for the
positions and functions that they fill.



As part of the training conducted by Met Ed,
paragraph 6.1.2 of the emergency plan requires the
conduct of an annual site or general emergency drill.
Station Health Physics Procedure 1670.9, "Emer-
gency Training and Emergency Exercise," provides
for planning, conducting and documenting drills.
During calendar year 1978, Met Ed conducted seven
radiation emergency drills that satisfied the site or
general emergency drill requirements. These seven
drills were conducted between October 23 and
November 8, 1978, and were, in effect, dress
rehearsals for the one that would be observed by
the NRC. The November 8 annual drill was
observed by the NRC. No other drills which satis-
fied the TMI emergency plan requirements were
conducted during 1978.

Although spacing these drills throughout the year
may have been more effective, in retrospect, it was
perhaps fortuitous that an intensive set of drills was
conducted so near the time of the accident. Partici-
pation in the drills had a constructive effect on the
conduct of the emergency response. For example,
the relocation of the Emergency Control Station, a
drill scenario, occurred during the accident. The
relocation went more smoothly than it probably
would have if there had been no drills. At the end of
each drill, a formal critique of the drill was held for
all participants, observers, and staff. However, par-
ticipation in the drill critiques by all participants was
not required. Even though overtime was authorized
for R-g;és_zt?o attend the critiques, many did not
attend. We believe that participation of all
personnel in drill critiques is necessary for proper
evaluation of the plant's performance.

We find that there was no adequate radiation
protection training or retraining program in effect
prior to the accident, that radiation protection func-
tions were performed, on occasion, by personnel
not adequately trained in radiation protection, and
that the NRC has never clearly specified the training
and qualification requirements of "rent-a-techs" in
the health physics area.

The NRC inspected the radiological aspects of
Met Ed's program a number of times during the past
2 years, but we found no evidence that the inspec-
tions detected the deteriorated condition of the
radiological training program. The IE's inspections
for radiation protection training are usually limited to
an audit of the training records and course outlines,
and do not include any attempt to determine thg
competence of the instructors or the trainees.
Part of this can be attributed to the fact that NRC
has never established standards for the evaluation
of radiation protection personnel or training pro-
grams. Although the training records indicated that
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the R-CTs were given at least the minimum number
of hours required, the R-CTs performance during
the accident demonstrated the failure of the training
program.

We find that IE's inspection procedures for radia-
tion protection training programs are inadequate
because the results of the programs, i.e., the exper-
tise of the students, are not evaluated; and that the
NRC has not established standards for the evalua-
tion of the training or retraining of the radiation pro-
tection personnel.

We find also that there is need to consider the
feasibility and advisability of licensing or certifying
radiation protection personnel. We note that licens-
ing or certification of all radiation protection person-
nel at commercial nuclear power reactors has been
suggested to deal with this situation. Currently, the
NRC has before it a petition, PRM 20-13, submitted
on January 24, 1979, which calls for NRC certifica-
tion of all health physics personnel.

Summary of Findings and Recommendations
We find that:

¢ there was no adequate radiation protection train-

ing or retraining program in effect prior to the ac-
cident;

the IE's inspection procedures for radiation pro-
tection training program are inadequate because
the results of the programs, i.e., the expertise of
the students, are not evaluated;

the NRC has not established standards for the
evaluation of the training or retraining of the radi-
ation protection personnel;

radiation protection functions were performed on
occasions by personnel not adequately trained in
radiation protection;

the NRC has never clearly specified training and
qualification requirements of "rent-a-techs" in the
health physics area; and

there is a need to consider the feasibility and ad-
visability of licensing or certifying radiation pro-
tection personnel.

We recommend that:

e the NRC require the implementation of an ade-
quate radiation protection training program by
establishing standards for licensee radiation pro-
tection programs and for competency of licensee
radiation protection personnel;

the NRC inspect for actual competence of the
trainees and trainers in addition to auditing
records of training; the NRC and the lice