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ABSTRACT

The Pacific Northwest Laboratory (PNL) is providing assistance to the
Nuclear Regulatory Commission (NRC) Three Mile Island (TMI) Program Office to
assess the sources of exposure in the TMI-2 reactor building basement and to
evaluate possible approaches to basement cleanup.

The major sources of exposure in the basement include the enclosed
stairwell/elevator shaft structure, water and sludge in the elevator shaft,
cast concrete walls, concrete floor slab, water and sludge on the floor, and
activity in the paint and loose surface contamination. The sources were
identified using data obtained by the utility from water processing, water and
solid samples, remote video inspections and radiation monitoring with a robot,
and strings of thermoluminescent dosimeters lowered from upper elevations.

The area dose rates in the basement range from approximately 4 R/hr (in the NE
quadrant) to over 1100 R/hr (near the enclosed stairwell/elevator shaft struc-
ture). It is estimated that the basement contains between 11,000 and

21,000 curies of 137Cs,

Specific decontamination and cleanup techniques are discussed. These
techniques include flushing with water, high-pressure water blasting, leach-
ing, scabbling and chemical cleaning. The applicability of these techniques
to the major sources of radiation are discussed, and possible approaches and
work sequences for basement cleanup are given.






EXECUTIVE SUMMARY

Cleaning the TMI-2 reactor building is one of the most challenging decon-
tamination projects ever undertaken, and cleaning the basement, at the 282-
foot above sea level elevation, is one of the most challenging tasks of that
project.

Activities in the TMI-2 basement have included: sampling water and
solids collected remotely and in one instance by a worker who descended the
stairs into the basement; extensive water processing; high- and low-pressure
water flushing from upper elevations; radiation monitoring by robot and with
thermoluminescent (TLD) strings lowered from above; viewing video inspections
while they were being taken by a robot and by cameras lowered on cables; and
flushing and pumping the elevator shaft.

These activities provided considerable data on which to base future
cleanup plans. Sections 2 and 3 of this study contain a detailed analysis of
the available data on the basement. Basement data comes from knowledge of the
accident sequence, data from TLD strings lowered into the basement, observa-
tions and measurements made by a robot, and analyses of water and solids
removed from the basement.

The concrete and painted metal basement has three distinct areas. The
first area, which includes the NE and NW quadrants, has area dose rates in the
range of 4 to 10 R/hr gamma, with a few locations as low as 2 R/hr and others
approaching 20 R/hr gamma, from waterborne and airborne contamination. Many
surfaces in this area also have beta activity up to several hundred rad/hr.
The concrete floor in most of this large area is covered with sludge and
water. In a few locations, the floor is only moist and dirty.

The second area, which is around the reactor coolant drain tank vent in
the SW quadrant, is similar to the above area except that it is more contami-
nated. Beside the contamination that is common to the previous two quadrants,
there is fine reactor core debris on the floor and fine particulate contami-
nation above the previous water line. These contaminants were deposited by
water and steam during the accident. Gamma doses in this area are as high as
50 R/hr.

The third area, the SE quadrant, contains the elevator shaft and the
stairwell enclosure. These are constructed of hollow concrete block, and the
elevator shaft has no drainage. Dose rates in contact with this concrete
block structure exceed 1000 R/hr in some locations. Like other areas of the
basement, the concrete block structure is painted, but not inside the stair-
well and elevator shaft and not up to the 305-foot elevation. This structure
is estimated to contain about 11,000 to over 19,000 curies of 137Cs. This
concrete block structure will have to be remotely disassembled (or possibly
shielded) before any hands-on decontamination work can be done in the
basement.



The NRC asked the Pacific Northwest Laboratory(a) to evaluate decon-
tamination options and to investigate characterization and other activities
that will be necessary to clean the basement. The principal conclusions from
this evaluation are described here, and the bases for them are in the refer-
enced chapters of this report.

Sources on the basement floor, walls and equipment below the high-water
mark contribute very slightly to the dose rate at the 305-foot elevation.
Most of this contribution has already been mitigated by shielding. Other,
much smaller sources above the high-water mark in the basement contribute as
much to the doses at the 305-foot elevation as the much larger sources at
lower elevations. The dose contribution from these sources has also been
mitigated in most areas. The mitigation method used most frequently has been
shielding; however, remote decontamination processes, such as hydroblasting
penetrations in the sources, scrubbing, and using strippable coatings should
be considered for future operations.

Processes that could reduce the dose from the elevator shaft and enclosed
stairwell by even 90% would save very little occupational radiation dose
because remote dismantling would still be required. Leaching by filling the
basement with water might remove a large number of curies of activity from
this source but is not expected to save much of the basement cleanup dose.

Analyses of the enclosed stairwell and elevator shaft structural mater-
ials have not proceeded far enough to allow any firm recommendations. If
future tests demonstrate the leachability of exposed concrete block, it may
help to remotely demolish the stairwell and leave the rubble on the 282-foot
elevation under a leach solution. If, however, the concrete block exhibits an
extremely high selectivity for cesium, as certain naturally occurring minerals
(zeolites) do, then any attempt to leach the material will fail, and radio-
logical conditions would not be improved by leaching.

Sludge on the floor is not a significant radiological concern at the
present time except in the areas where there was direct drainage from the
reactor coolant drain tank during the accident. Particulates in the sludge
around the reactor coolant drain tank vent are a radiological concern, but not
to the extent that they greatly overshadow other basement sources. Sludge
whether wet or dry. would hamper hands-on basement cleanup efforts when they
become practical from a dose rate standpoint. Therefore, most of the sludge
should be removed fairly early in the basement cleanup effort. Further, there
is no identified benefit in postponing desludging, other than using resources
for higher priority work. Prompt collection and analysis of the sludge might
also help verify that it is unnecessary to use highly borated water in the
basement. Preliminary planning and sufficient technology are available to
remove, solidify and dispose of the sludge with relatively little occupational
dose. Sludge removal will, however, require substantial equipment modifica-
tions and procurements.

(@) The Pacific Northwest Laboratory is operated for the Department of Energy
by Battelle Memorial Institute.
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Leaching and removing cesium from basement sources could be done more
efficiently if the licensee had not require that 10,000 gallons of water be
kept in the basement at all times. The water is for controlling airborne
contamination. Controlling airborne contamination is valid of course, but it
can be done other ways, including: 1) studying the contamination to determine
if it will become airborne if allowed to dry out, 2) keeping the contaminated
areas wet with sprays, and 3) adding water immediately after pumpout. The
containment floor was not completely submerged during the last robot
inspection.

Robot measurements and video and TLD investigations of the basement
showed radioactive contamination and dirt on walls and equipment in the base-
ment. This phenomenon, called the bathtub ring, appears to be a relatively
broad, discontinuous band, such as might result from black oil floating on
water as the water level slowly receded. There were a few attempts to flush
or hydroblast areas of the basement, but the only data taken did not demon-
strate that this was effective at reducing dose rates on the upper elevation.
A program of smear surveys, either performed by the robot or by long poles
lowered through the seismic gap and other penetrations, would be a cost-
effective way to collect a statistically significant quantity of data that
could be used to design an approach to clean the bathtub ring and other
contaminated locations. A survey program would show whether or not the
contamination is closely associated with the oil and/or dirt and if the oil
and dirt is readily removable by mechanical methods. More effective removal
methods are likely to include steam cleaning, specially designed scrubbing
devices, hydroblasting with heated water, and applying and removing strippable
coatings. (The Navy uses magnetically attached scrubbing devices that operate
unattended to remove marine growth from drydocked ships. A similar device
might work well on the outside containment walls.) Detergents may be effec-
tive in removing o0il. A smear survey program would also indicate the advis-
ability of attempting to lower dose rates at the 305-foot elevation by
decontaminating surfaces above the previous water level.

After the most significant basement source, the elevator shaft and
enclosed stairwell, has been dealt with, it may be desirable to identify the
other basement sources by performing additional TLD surveys and using a
computer program to model the locations of the remaining contamination.

Reflooding the basement so that divers can perform decontamination work
warrants further investigation. The risk to workers is considerably less if
the cleanup work is done by robots, but robot work may not be economically
feasible in the near future. Protecting workers by water shielding is a
possible alternative, although it would still entail significant radiation
doses and would require some instrument and equipment development.
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1.0 INTRODUCTION

The Pacific Northwest Laboratory (PNL)(a) was asked by the NRC-TMI Pro-
gram Office to identify the sources of exposure in the TMI-2 basement and
evaluate decontamination techniques that might faciliate cleanup progress.
This document deals with current data about the TMI-2 basement and the source
terms (radionuclide inventory) and with possible approaches to basement clean-
up. While the licensee, not the NRC, is charged with planning and conducting
cleanup, it is the responsibility of the NRC to see that cleanup is accomp-
lished safely and that occupational radiation doses during cleanup are as low
as is reasonably achievable (ALARA). Because of potentially high radiation
doses to workers, the basement of the TMI reactor building is expected to be
one of the most difficult cleanup tasks ever undertaken in the U.S. commercial
nuclear industry. For this reason, evaluation by the NRC is appropriate
before a specific proposal is received from the licensee.

1.1 THE TMI UNIT-2 ACCIDENT SEQUENCE

The 28 March 1979 accident at TMI Unit 2 happened because decay heat was
not removed by circulating primary coolant after the reactor was shut down.
This resulted in serious damage to the fuel. When circulation was restored
debris and fission products were fuel throughout the primary system of the
reactor. The primary flow path out of the reactor core was through the prim-
ary piping to the pressurizer, out the pressurizer vent line into the reactor
coolant drain tank (RCDT), and out the RCDT vent line (through a ruptured
blow-out disk) into the reactor building basement. Most of the water from the
accident remained in the basement, though some was pumped to the auxillary
building (Rogovin and Frampton 1979).

The accident left the lower level of the reactor building, the 282-foot
6-inch elevation (relative to sea level), also called the basement, covered
with about 1,000,000 1iters of water (Cox, Horan and Worku 1983). The depth
of the water was estimated at slightly over 3-1/2 feet. Most of this water
came from the primary coolant system, through the pressurizer relief valve,
into the RCDT, out the ruptured blow-out disk, through the vent line and onto
the basement floor. This coolant carried both dissolved and particulate
contaminants.

A small amount of borated water from the reactor building sprays that
followed the hydrogen burn was also added to the contaminated water on the
floor. The volume of this borated water was estimated at 6440 liters (Cox,
Horan and Worku 1983), which corresponds to less than 0.1 foot in the base-
ment. This water contained essentially no radioactivity, although it may have
contributed some contamination from the air or from surfaces at upper
elevations.

(a) The Pacific Northwest Laboratory is operated for the Department of Energy
by Battelle Memorial Institute.
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For more than two years following the accident, primary coolant continued
to enter the basement via the same flow path as before, but at a rate of
0.49 L/min (Cox, Horan and Worku 1983). Primary coolant samples during this
time showed decreasing levels of activity as soluble fission products were
leached from the damaged fuel into the basement. This source contributed
approximately 674,000 liters. During this time, the water level in the
basement rose at a higher rate than could be accounted for by primary coolant
leakage. This addition was ultimately attributed to river water inleakage
from the building air coolers, probably through a relief valve on the cooling
coils. This source was estimated to account for 681,000 liters (Cox, Horan
and Worku 1983) or about 2.4 feet of the 1981 water level.

The first sample of basement water, taken 28 August 1979 through a
reactor building penetration, contained 174 uCi/mL of !37Cs in solution and an
additional 0.008 uCi/mL in the solids. Successive samples and pumpouts con-
tained correspondingly less cesium activity, which was consistent with the
dilution that was occurring. Pumping of the basement began in September 1981
and continued, with only brief interruptions for water processing and treat-
ment system maintenance, until April 1982 when the water level had been
reduced to about three or four inches.

1.2 PHYSICAL CHARACTERISTICS OF THE BASEMENT

When the basement water was processed, the dose rates in the basement and
the remainder of the building did not decrease as expected. The basement
remained highly contaminated with dose rates considerably higher than those in
other areas. After the accident water was drained, additional decontamination
solutions were added and some samples and measurements were taken. On one
occasion a worker agreeded to descend to the bottom of the open stairwell to
obtain a sample and observe basement conditions. Except for this one occa-
sion, the basement has remained unentered by workers since the accident.

The basement is structurally similar to many other reactors in that it is
divided into two distinct areas: inside the D-rings and outside the D-rings
(see Figure 1.1). Within the D-rings are the two steam generators and the
reactor coolant pumps. Outside the D-rings are support facilities, tanks,
pumps and equipment; and the stairways. The D-rings are constructed of
5000-psi reinforced concrete. (Concrete is designated by the breaking
strength.) Other materials in the basement include 3000-psi concrete, hollow
concrete block and a steel containment liner. The inside of the D-rings is
one continuous area with no intervening floors and continues up to the top of
the D-ring walls at the 367-foot elevation. This document deals primarily
with the area outside of the D-rings.

In this document, the basement is divided into quadrants, SE, SW, NW, and
NE, and the available data is discussed in that order. In the SE quadrant,
the only major structure is the elevator shaft/enclosed stairwell, which
is constructed of concrete block (with metal reinforcement for seismic
restraint). This structure is the largest known source of radiation in the
basement. The bottom of the elevator shaft is about 1 foot below the floor

1.2
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FIGURE 1.1. The TMI-2 Reactor Building Basement (282-foot elevation)

level. There is no drain, but it has been pumped and flushed (see Fig-

ure 1.2). Inspections by the robot have shown two large tool chests near the
stairwell structure. There are also electrical, instrument, and ventilation
systems in this quadrant.

In the SW quadrant, there are numerous structures, most constructed of
3000-psi concrete. A wire mesh door on a wooden frame leads to the inside of
the D-rings. The RCDT is enclosed in a cubicle that also has a door of wire
mesh on a wooden frame. The leakage coolers and leakage transfer pumps are
located in this quadrant. Moving clockwise past this area, there are several
instrument racks and an open staircase to the 305-foot elevation. The top of
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FIGURE 1.2. The Elevator Shaft/Enclosed Stairwell Structure

the staircase has been shielded to reduce the dose rate at the 305-foot
elevation where workers prepare to defuel the reactor.

In the NW quadrant, there are additional instrument racks and another

shielding wall, which shields the remainder of the basement from the incore
instrument cable chase. Additional shielding walls surround the letdown
coolers and, in the NE quadrant, the sump.

compartments:

The sump, in the NE quadrant, is below floor level and consists of two

the other side. The sump is protected from plugging by a trash rack and

screens that are designed to collect debris before it enters the sump.

are also radiation monitor cabinets, instrument racks, a chemical addition
tank, and various pumps in this quadrant.
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Also located within the D-rings, in addition to the steam generators and
primary system piping and pumps mentioned previously, there are oil shield
drain tanks, a concrete baffle wall and the reactor vessel.

Radiation dose rates in the basement range from approximately 4 R/hr to
greater than 1000 R/hr. To date, all of the information obtained in the
reactor building su?gests that the most important radionuclide from a dose
rate standpoint is 137Cs, and, consequently, it is the primary radionuclide of
concern in this analysis. The other radionuclides are important when dealing
with waste disposal, beta exposure or the indication of fuel particulates;
however, 137Cs is the principal source of occupational radiation dose. More-
over, most processes that remove cesium are expected to remove the other
radionuclides as well (with the exception of ion exchange on zeolite).

This analysis presents a summary of what is known about the physical and
radiological characteristics of the basement and evaluates courses of action
for data collection and for decontamination based on conservation of doses to
workers who will complete the cleanup procedure. Conservation of occupational
dose was the principal consideration in this analysis.
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2.0 ANALYSIS OF DATA ON CESIUM IN BASEMENT WATER

Conditions in the basement have been severely effected by the contami-
nated water that remained there for two years. We therefore analyzed pumpout
data to determine if processes such as leaching, precipitation or ion exchange
could be identified. Knowledge of such processes is considered pivotal to
evaluating basement cleanup options.

This analysis is based on data from:

e volumes and concentrations of cesium in water pumped out of the reactor
building basement

e tracings from instruments monitoring the water levels of the reactor
building basement (Appendix A)

e samples of other basement waste and sludge
e additional information (from stated references).

This data was originally gathered for determining the radionuclide inventory
transported offsite, not for the detailed analysis for which we have used it
here.

In spite of the limitations of the available data, this analysis substan-
tiates two important conclusions. First, the majority of the activity removed
from the reactor building basement (approximately 305,000 (95%) of the esti-
mated total 322,000 curies of 137Cs from the total of 1,080,000 gallons
(4.1 x 108 L) of water processed) was present in the basement water immedi-
ately after the accident. Only about 17,000 curies, or 5%, came from other
sources, which may include: sludge containing undissolved solids and inter-
stitial water; water with a higher concentration of cesium, which is more
representative of undiluted accident water; water trapped in the elevator
shaft; decontamination; leaching; line backflushing; suspended solids; and
other sources. To date, significant concrete leaching is not well sub-
stantiated by the data. Second, there is considerable evidence that the
interstitial water associated with the sludge is not evenly mixed with the
remainder of the basement water (bulk solution) and that the interstitial
water is more highly contaminated than the bulk solution.

Throughout this analysis, we have assumed that water reaching to the
283.87-foot elevation represents 100,000 gallons and a height of 0.1 foot of
water equals 7400 gallons, as indicated in GPU operating procedures. This
latter assumption uses as a model a vertical cylinder with an inside diameter
of 112.2 feet. The reactor building is about 138 feet in diameter but has
numerous pieces of equipment and other structures that account for the dif-
ference between the inside diameter of the model used, 112.2 feet, and the
actual inside diameter of the reactor building. These two assumptions also
appear reasonable because the mean floor elevation is then calculated to be
282.51 feet.
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Normal conventions concerning the use of significant digits are not used
in this discussion. The reader should, however, understand the limitations of
the data used in the analysis. Level measurements are read from a graph and
are accurate to about +0.05 foot, which corresponds to +3,700 gallons. Results
of sample analysis are given to the nearest 1 or 0.1 Ci/mL, but actual pre-
cision is somewhat less among duplicate samples. One uCi/mL (standard devia-
tions are given where applicable) for the largest single batch of water
processed, represents 314 curies.

Twenty-nine batches (pumpouts) were pumped out of the sump, and seven
additional samples were collected between September 1981 and the end of
November 1984. These are described in the following sections. The water
levels are shown in Figure 2.1, and the activity levels (curies of 137Cs) are
illustrated in Figure 2.2.

Additional data was provided by the first three water samples collected
between July 1979 and May 1981 from the lower level of the reactor building.
The results of these and other special samples are presented in Table 2.1. In
chronological order, these three samples showed a concentration of 176-, 162-,
and 143-uCi of 137Cs per mL (X = 159.7, s = 15.6). The decreasing concentra-
tion over time is probably due to dilution by water sources with lower con-
centrations of cesium.

2.1 ANALYSIS OF PUMPOUTS 1 TO 16

Data obtained from transferring basement water from the reactor building
to the initial stages of the water treatment system are shown in Table 2.2.
In all but a few cases, the data, given in the table for batches 1 through 17,
were obtained from a single sample from each batch of pumpout water sent
offsite to Oak Ridge National Laboratory for analysis.

The water elevation when pumping began in September 1981 was about
290.9 feet. Water was removed in batches until May 1982 (between pumpouts 24
and 25) when use of the tank farm was discontinued and water was pumped
directly to the submerged demineralizer system (SDS).

The 137Cs concentration in the initial pumpout was 128 uCi/mL, and the
average concentration during the first 16 pumpouts was 127.8 uCi/mL, (standard
deviation 4.5, the mean for the first 15 pumpouts was 127 and standard devia-
tion 3.75) (see Figure 2.1). These data, except where noted in Table 2.1,
were based on one sample from each batch of pumpout water sent offsite to
Oak Ridge National Laboratory for analysis.

The special samples that were sent to the national laboratories were also
analyzed for cesium in solids. The results are shown in Table 2.3. It
appears that even before the start of decontamination activities, both the
concentration of solids in the basement water and the activity of the solids
varied considerably.
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TABLE 2.1.

Special Water Samples from the Reactor Building

in Water Total Solids 1in Solids
Sample Location Date Sample Type Laboratory uCi/ml mg/ml uCi/g
Penetration 401 8/28/79 MWater ORNL 176 ~0.5 25
Penetration 401 11/15/79 Water ORNL 162 0.3 76
From 305-ft elevation 5/14/81 8 water samples  INEL 143 0.98 808
via covered hatch
From 305-ft elevation 9/24/81 INEL 137 0.21 324
via open stairwell
Bottom of open 6/23/82 Sludge and water ORNL/WHEDL 151/159 21.6/26.1 802/2040
stairwell
Covered hatch 1/11/83 Sludge and water PNL-TMI 12.0 0.04 3600
Floor penetration 1/11/83 Sludge and water PNL-TMI 8.2 0.02 >540
NE quadrant
Floor penetration 1/11/83 Sludge and water PNL-TMI 8.3 9 29.9
SW quadrant
Sump pump discharge 8/22/83 2 water samples  INEL/WHEDL 85.5 0.4 53.7

line

ORNL = Oak Ridge National Laboratory

INEL
WHEDL =
PNL-TMI

a
Idaho National Engineering Laboratory
W

estinghouse Hanford Engineering Development Laboratory
Pacific Northwest Laboratory - Three Mile Island (mobile

laboratory at TMI)
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TABLE 2.2. TMI-2 Basement Water Samp]es(a)

Trans- 137 Cummu- Cummu- Water Calculated
fer Batch Cs Gallons lative Curies/ 1lative Elevation (ft) Calculated Gallons Curies
Number Number Date  (uCi/mL) Removed Gallons Batch Curies Before After Remaining Removed Remaining

1 S005 9/23/81 128 14,004 14,004 6,785 6,785 291.00 290.82 614,940 13,320 297,926
2 S006 9/27/81 128 49,547 63,551 24,005 30,789 290.90 290.10 561,660 59,200 272,113
3 S007 10/10/81 129 50,091 113,642 24,458 55,247 290.20 289.48 515,780 53,280 251,837
4 sS008 10/23/81 128 49,497 163,139 23,980 79,227 289.52 288.75 461,760 56,980 223,713
5 S009 11/02/81 125.5 36,676 199,815 17,422 96,649 289.95 288.44 438,820 111,740 208,447
6 s010 11/12/81 123 49,497 249,312 23,044 119,692 288.43 287.76 388,500 49,580 180,868
7 S011 11/22/81 119 44,099 293,411 19,863 139,555 287.76 287.20 347,060 41,440 156,321
8 so014  12/21/81 132 44,369 337,780 22,168 161,723 287.20 286.60 302,660 44,400 151,215
9 S015 12/29/81 133 42,867 380,647 21,579 183,302 286.63 286.00 258,260 46,620 130,009
10 S016 1/06/82 129 19,232 399,879 9,390 192,693 286.00 285.80 243,460 14,800 118,873
11 s017 1/23/82 124 43,670 443,549 20,496 213,189 285.80 285.25 202,760 40,700 95,163
12 S018 1/31/82 128 43,385 486,934 21,019 234,208 285.24 284.64 157,620 44,400 76,364
13 S019 2/07/82 123 19,216 506,150 8,946 243,154 284.64 284.36 136,900 20,720 63,734
14 5020 2/11/82 126 31,346 537,496 14,949 258,103 284.36 283.95 106,560 30,340 50,820
15 S021 2/17/82 131 31,150 568,646 15,445 273,549 283.96 283.52 74,740 37,560 37,059
16 S022 2/28/82 138 31,948 600,594 16,687 290,236 283.52 283.08 42,180 32,560 22,032
17 - S025 4/30/82 118 36,960 637,554 16,507 306,743 283.25 282.85 25,160 29,600 11,237
18 S029 8/19/82 95.7 4,718 642,272 1,709 308,452 282.82 282.75 17,760 5,180 6,433
19 S036 9/27/82 22.7 30,031 672,303 2,580 311,033 283.24 282.80 21,460 32,560 1,844
20 sS038 11/01/82 16.7 41,681 713,984 2,635 313,667 283.60 282.70 14,060 66,600 889
21 s041  12/31/82 9.9 47,920 761,904 1,796 315,463 283.60 283.00 36,260 44,400 1,359
22 S045 2/16/83 11.1 41,519 803,423 1,744 317,207 283.38 283.24 54,020 10,360 2,270
23 S046 3/04/83 6.5 53,425 856,848 1,314 318,522 283.35 283.00 36,260 25,900 892
24 S047 4/13/83 3.67 30,384 887,232 422 318,944 283.35 283.08 42,180 19,980 586
25 S055 6/03/83 2.7 83,081 970,313 849 319,793 284.00 282.98 34,780 75,480 355
26 S059 7/08/83 2.2 29,093 999,406 242 320,035 283.25 282.90 28,860 25,900 240
27 S096 7/03/84 9.3 7,897 1,007,303 278 320,313 283.20 283.10 43,660 7,400 1,537
28 S098 7/12/84 8.4 27,080 1,034,383 861 321,174 283.18 282.85 25,160 24,420 800
29 S107 11/01/84 4.9 41,275 1,075,658 766 321,940 283.42 282.83 23,680 43,660 439

(a) This data is documented in a letter from Linda Munson, Pacific Northwest Laboratory, to Ronnie Lo, NRC, dated 9 May 1985.



TABLE 2.3. Basement Sludge Samples

137Cg
Dissolved Total Activity Suspended
Sample Sample Analyzed 137Cs Solids in Solids 137Cs (a)
Date Location by _uCi/mL mg,/mL uCi/g uCi/L
8/28/79 Penetration 401 ORNL 176 0.5 25 12.5
11/15/79 Penetration 401 ORNL 162 0.3 76 22.8
5/14/81 Covered hatch INEL(b) 143 0.8 808 78.4
9/24/81 Open stairwell  INEL 137 0.21 324 68
6/23/82 Open stairwell ORNL 151 0.26 803 17,300
6/23/82 Open stairwell  WHEDL 159 26.1 2040 53,000
1/11/83 Covered hatch PNL-TMI 12.0 0.04 3600 144
1/11/83 NE quadrant, PNL-TMI 8.2 0.02 >540 >10.8
Penetration 238
1/11/83 SW quadrant PNL-TMI 8.3 9.0 29.9 269.1
Penetration 225
8/22/83  Sump pump INEL 95.5 0.4 53.7 21.48

(a) CaTculated quantity. Other data from Isaac and Keefer 1984.
(b) Eight samples were taken; four samples from 0.95 cm above the floor were
used here.

The quantity of cesium remaining in the water can be estimated using the
water level and the 137Cs concentration from the last pumpout. This data is
presented in Table 2.2 and shown graphically in Figure 2.4. Any trend such as
dilution or addition of activity would have resulted in a curved line.

After completing pumpout number 16, which began on 28 February 1982, a
total of 600,594 gallons (2.3 x 106 L) containing 290,236 curies had been
removed. The water elevation following pumpout number 16 was 283.08 feet,
which represents 42,180 gallons. Pumpout 16 contained the highest concentra-
tion of 137Cs of any batch removed from the building, 138 uCi/mL. Previous
pumpouts ranged from 119 to 132 ,Ci/mL.

The measured cesium concentration from pumpout 16 is 138 uCi/mL. This is
above the average of the previous 15 samples by approximately 3 standard
deviations, which indicates that there is less than 1 in 100 chance that it is
a random analytical error. The measured concentration from pumpout 16 may
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result because the water associated with sludge has a significantly higher
cesium concentration than the bulk solution above it.

If the average concentration of the water from all pumpouts preceding 16
(128 uCi/mL) is representative of the concentration in the basement solution,
then the remaining water can be calculated to have contained 20,435 curies.
If, instead, the representative concentration is 138 uCi/mL, as determined by
data from only pumpout 16, the remaining basement water can be estimated to
have contained 22,031 curies. If, however, the water associated with the
sludge in the basement contains considerably more activity than the bulk
solution above it, which would account for the observed value, then the actual
cesium burden in the basement water cannot be predicted more accurately than
to say it exceeds 22,000 curies. (The best evidence that water associated
with the sludge contains more activity than the bulk solution above it is
given by January 1983 samples where the activity in the two samples containing
sludge exceeded the cesium concentration in the bulk solution.)

A sample of the basement water and sludge was taken in June 1982, between
pumpouts 17 and 18, by a worker who descended the open stairwell to the base-
ment. The sample, which was split and sent for analysis to two national
laboratories, showed 151 and 159 uCi/mL 137Cs in the associated water. This
is especially significant because the bulk solution remaining in the basement
after sampling contained only 118 uCi/mL, which indicated that the water
associated with the sludge may have contained more concentrated cesium

activity than the remaining water.
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During the First 16 Pumpouts

If, at the completion of pumpout 16, the water associated with the sludge
contained approximately 200 uCi/mL (probably the approximate concentration of
the bulk solution immediately after the accident), then the cesium burden in
the basement water would have been approximately 32,000 curies 137Cs.

2.2 ANALYSIS OF PUMPOUTS 17 and 18

A large quantity of relatively clean water drained to the basement before
pumpout 17. Pumpout 17 removed 16,507 curies of activity. Pumpouts 18 and
beyond continued to remove activity, totalling 15,125 curies. While a portion
of this activity probably entered the basement with the decontamination solu-
tions, it is extremely unlikely that all of this activity came from decontami-
nation efforts. It is, however, possible that much of it came from water
entrained in the basement sludge. Pouring clean water down the elevator
shaft, which already contained accident water, probably also introduced some
activity. (Assuming the elevator shaft contained water at 175 uCi/mL and
estimating.the dimensions as 10 ft x 10 ft x 5 ft, the elevator shaft water
was estimated to contain almost 2,500 curies.)

Between pumpout 16, which began on 28 February 1982, and pumpout 17,
which began on 30 April 1982, the water elevation rose from 283.08 feet to
283.25 feet. This 0.17-foot increase in elevation corresponds to approxi-
mately 12,580 gallons of solution. Sources of this water were decontamination
activities and primary coolant leakage. The cesium concentration in the
decontamination water is, of course, unknown, but the concentration in the
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coolant at that time was approximately 2.7 uCi/mL. Water removed in pumpout
17 consisted of 36,960 gallons (1.4 x 10° L) at a concentration of 118 uCi/mL
(16,507 curies). If the concentration of the previous water was 138 uCi/mL
and the basement water was homogeneous, then the average concentration of
cesium in the water that was added to the basement can be calculated at

51 yCi/mL, for a total of 2,425 curies. This seems highly unlikely. It seems
much more probable that the water associated with the sludge contained more
activity than the bulk solution above it. Some leaching of activity from
sludge and other sources may also have contributed to the total concentration.

Pumpout 17 reduced the water elevation to about 282.85 feet. However,
it appears from the tracing (see Appendix A) that the level recorder may have
been reading abnormally at this time. The 282.85-foot water elevation corres-
ponds to 25,160 gallons. Calculations from the water elevations show that the
pumpout removed only 29,600 gallons, rather than the 36,960 gallons reported.
This may be due to inaccurate gage readings, the addition of water during the
pumpout, or a combination of these two factors. At the completion of pump-
out 17, there were approximately 25,160 gallons (9.5 x 10* L), a concentration
of about 118 uCi/mL, of water remaining--or about 11,237 curies still
remaining in the basement water.

During the approximately 3-1/2-month period between pumpout 17 and the
next significant addition of water, very little change in water elevation was
noted. The split sample, which was discussed previously, from the open stair-
well was taken during this time. Although the two samples showed little dif-
ference in dissolved cesium, they showed a discrepancy in the quantity of
solids present and the specific cesium activity of those solids (see
Table 2.3).

Pumpout 18 consisted of only 4,718 gallons (1.8 x 10" L) of approximately
95.7 uCi/mL water; (1,709 curies). Water-level tracings (Appendix A) in the
basement showed pumpout 18 occurred at a time when little, if any, water was
being added. The 95.7 uCi/mL value for pumpout 18 was derived by averaging
the licensee's measurements and applying a factor of 1.1 to account for the
bias (calibration error) inherent in the counting system at this time. The
22.7 yCi/mL value for pumpout 19 was similarly derived from the licensee's
value of 20.6 uCi/mL.

Before pumpout 19, the elevation of the water rose from 282.75 to
283.24 feet, corresponding to a total of 54,020 gallons in the building. If
the remaining activity (6433 curies) was dispersed uniformly in this volume of
solution with no additional activity added, then the concentration would have
been 31.5 uCi/mL. A slightly higher concentration was expected because of the
activity in the decontamination solution, but the water that was pumped out
reportedly contained only 22.7 wCi/mL. This indicated either incorrect mea-
surements or phenomena such as layering or precipitation that prevented com-
plete dispersion of the activity already present in the basement.

2.9



2.3 ANALYSIS OF PUMPOUTS 19 THROUGH 26

Pumpout 19 and the next several pumpouts removed progressively more
dilute water until, at pumpout 26, the concentration was only 2.2 uCi/mL.
During these pumpouts, 1,352 curies were removed. Assuming pumpout 26 was
representative of the bulk solution, there should have been only about
240 curies in solution in the basement water plus whatever was incorporated in
sludge, concrete, and other matrices.

There were no additional pumpouts for almost a year following pumpout 26.
There was, however, sampling of the basement sludge and associated water at
three different locations. The samples were analyzed at TMI-2 in a mobile
analytical laboratory operated on site by the Pacific Northwest Laboratory.
One sample taken through the covered hatch in the SE quadrant from the
305-foot elevation showed 12.0-uCi/mL dissolved cesium and 0.04-uCi/mL sus-
pended cesium. The total mass of solid was reportedly only about 1 mg,
assuring a non-representative sample. A second sample, taken from the NE
quadrant (the quadrant between the elevator and the sump) showed 8.20-uCi/mL
dissolved 137Cs and less than 10.8-uCi/L suspended 137Cs. The sample from the
SW quadrant, outside the reactor coolant drain tank (RCDT) cubicle, showed
8.3-uCi/mL dissolved 137Cs and 269-uCi/L suspended 137Cs. Because these
samples contained sludge, the suspended cesium concentration indicates
successful sampling.

If our previous assessment was correct, that the water associated with
the sludge had a significantly higher activity than the bulk solution, then
samples indicate: 1) the same phenomenon is still occurring, that is, the
basement water associated with the sludge is not fully mixed with the bulk
solution above it, and 2) the repeated introduction and removal of decontami-
nation solutions has greatly reduced the cesium burden in the water associated
with the sludge. The latter assumption is consistent with the data regarding
the quantity of cesium removed in the interim.

The samples also showed that cesium activity of the solids in the sludge
varied more than two orders of magnitude, with a 137Cs concentration of
29.9-uCi 137 Cs per gram in the SW quadrant and more than one hundred times
that activity in the NE quadrant.

2.4 ANALYSIS OF PUMPOUTS 27 THROUGH 29

Difficulties were experienced with the instruments measuring water eleva-
tions in the reactor basement during most of the 1l-year period between pump-
outs 26 and 27. It is, therefore, difficult to accurately track water addi-
tions during this time; however, it appears that additions were not large or
numerous.

Before pumpout 27, there was not only a year of diffusion, leaching and
other passive processes taking place, but the reactor building sump was
sampled by pumping with the installed sump pump, and the decay heat 1ines from
the auxiliary building to the sump were backflushed. The sump sample showed
95.5 yCi/mL, again indicating that the water in the lowest areas and
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associated with the sludge was not fully mixed with the bulk solution but had
given up a considerable amount of cesium from its original concentration after
the accident. The sump sample also showed relatively little suspended solids,
0.4 mg/mL, and about average activity in these solids, 53.7 uCi/g. The lack
of solids in the sample was not too surprising because of the design of the
two-part sump.

Backflushing the lines both agitated and added activity to the basement
water. The cesium concentration in pumpout 27 was 9.3 uCi/mL. The pumpout
consisted of only 7,897 gallons (3.0 x 10% L), so only 278 curies were
removed. During pumpouts 28 and 29, the cesium concentration in the basement
water continued to decline, probably as a result of dilution, to 8.4 and
4.9 4Ci/mL, respectively. The volumes of pumpouts 28 and 29 were 27,080 and
41,275 gallons, and they contained 861 and 766 curies, respectively. Based on
the results of samples from pumpout 29 and the basement-water inventory, we
expect there are about 440 curies of cesium activity remaining in the basement
solution. Based on the history of pumpouts and water additions, there may be
considerably more.

Overall, the basement pumpouts have removed approximately 321,940 curies
of cesium activity. This is about 17,000 curies more than the initial pump-
outs indicated were available and is within the analytical error of the origi-
nal measurements. However, the apparent increase in basement-water cesium
quantity in the later pumpouts cannot be explained by analytical error. The
additional activity is most likely from a combination of the following sources:
1) higher activity in the water associated with the sludge, 2) activity trapped
in the elevator shaft, 3) cesium leached from the basement solids and sludge,
4) activity from backflushing decay heat lines, 5) activity from decontamina-
tion solutions, 6) material from reactor building drains, 7) activity from the
addition of primary coolant, and 8) activity leached from concrete, paint and
other solid matrices.

Because sludge is nonuniform both in quantity and concentration of activ-
ity, it is difficult to estimate its activity. The sludge samples taken
before water additions began have an average cesium activity in the solids
of 680 uCi/g and a standard deviation of 749 uCi/g. If the additional
17,000 curies mentioned above were all from this sludge, they would represent
the activity in 2.3 x 107 g of solids. Because the area of the basement floor
is 12,868 ft2 (based on the 128-foot effective diameter of the building), this
amount of sludge corresponds to 1,809 g/ft2. Video inspection by the robot
suggests there are areas with this quantity of sludge, but there are also
areas wWith much less. Observations made by the worker who descended the
stairs indicated that the sludge is highly nonuniform and that areas with
1.8 kg (4 pounds) of sludge per square foot are the exception rather than the
rule.

Before the robot made video inspections, Cox, Horan and Worku (1983)
attempted to calculate the quantity of solids using sample data and informa-
tion regarding the depth and method of sampling. Table 2.4 gives their
calculated values based on the individual samples. The values range from
7700 grams (17 pounds) to 1.34 x 105 grams (3000 pounds). The 7700-gram value
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is clearly inconsistent with the video data from the robot. A GPU (1983)
technical plan for sludge removal estimates that between 200 to 850 ft3 of
dewatered sludge will require disposal. Assuming that this material contains
1 gram of solids per cubic centimeter, the GPU estimate would correspond to
between 5.7 x 106 and 24 x 106 grams of sludge.

TABLE 2.4. Volume and Activity of Solids

Assumed 137Cs
Solids Total Solzgi Activity
Sample Depth Estimated in Solids Estimat?g)
Date (cm) (q) (pCi/g) Total Ci
5/14/81 0-13.65 136,696 808 100
9/24/81 0.95 7,730 324 2.5
6/23/82 2.54 1.12 x 106 727 872.4
6/23/82 2.54(c) 1.34 x 106 2,032 2,723
1/11/83 10.16(d) 2.14 x 102 12.3%2; 2.6
9.86 x 106 122‘0(e) 12
1.28 x 10 192 245

(a) From Cox, Horan and Worku 1983.

(b) Based on assumed area sampled.

(c) Manual scoop. Sample split.

(d) Three locations.

(e) These samples were taken after addition of the decontamination water began.
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3.0 RADIOLOGICAL CONDITIONS IN THE TMI-2 BASEMENT AND
DOSE RATES AT UPPER ELEVATIONS

The licensee's program to reduce doses has led to decontamination and
shielding of radiation sources at upper elevations of the TMI-2 reactor build-
ing. It has also led to the placement of shielding at the open stairwell,
around the enclosed stairwell and elevator shaft, over the covered hatch and
at various other penetrations. Figure 3.1 illustrates dose rates and loca-
tions on the 305-foot elevation. ?Because of the large number of illustra-
tions in this chapter, they are grouped together at the end of the chapter.)

The licensee has concluded that the basement is no longer making a
significant contribution to the doses received by workers in other portions of
the facility. This is based on their assessment of the dose at the 305-foot
elevation, the effectiveness of the shielding, and the 305-foot-elevation work
force, which is relatively small now and is expected to remain low throughout
the defueling period.

Presented below is an independent assessment of the licensee's conclu-
sions. In general, we concur that sources below the previous water elevation
are making a minor contribution, if any, to dose rates on the upper elevations
of the reactor building, and that dose reduction efforts have largely amelio-
rated those effects. One exception to the general conclusions about basement
conditions is the enclosed stairwell. There may also be exceptions within and
around the air coolers and at penetrations near the personnel hatch, but these
are relatively unimportant because little work is presently planned in these
areas through the defueling phase of cleanup.

The dose rate in the basement of the reactor building varies from
approximately 4 R/hr to more than 1100 R/hr (in contact with the concrete
block). These data are based on both TLD string data and data taken by the
robot. Figure 3.2 shows the general area dose rates in the basement between
the 286- and 289-foot elevation. Figure 3.3 is a map of the dose rates near
the 300-foot elevation. Figure 3.4 shows the TLD string locations and Fig-
ures 3.5 through 3.46 show the gamma or beta/gamma dose profiles at the vari-
ous locations in the basement. The TLD string data are helpful in assessing
the dose rates near the 300-foot elevation.

As discussed in the preceding chapter, the maximum elevation of water
levels following the September 1981 accident was 291 feet. Any activity
between the high-water mark and the present water level was probably left by
the receding water. Any activity above the high-water mark was deposited from
contaminated atmosphere, from condensation, from flushing upper areas, or, in
the case of the area around the RCDT vent 1line, from high-velocity water and
steam during the accident.

This analysis is based on dose rates and how they change with elevation.
It also relies on levels of beta radiation, where available, to indicate the
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physical proximity of contaminants. Because the range of beta radiation in
air is fairly short, any appreciable beta dose recorded by the TLDs comes from
a source that is within a foot or so from the dosimeter. Beta and gamma activ-
ity are thought to have been deposited at approximately the same locations;
however, decontamination efforts at the upper elevations appeared to reduce
beta activity more readily than they did gamma activity.

There is a great deal of information regarding radiological conditions in
the basement. To facilitate the presentation, we have divided the basement
into four quadrants and have presented the conditions in each quadrant begin-
ning with due east and continuing clockwise. The SE quadrant is discussed
first because it contains the most significant radiation source. The quad-
rants are illustrated in Figures 3.2 and 3.3.

3.1 SE QUADRANT

The SE quadrant contains the concrete block structure that comprises the
elevator shaft and the enclosed stairwell. There are data from three TLD
strings within the stairwell and elevator shaft, from two TLD strings outside
the structure, and from the robot. Figures 3.5, 3.6, and 3.7 illustrate the
doserrate profiles at locations B-3, B-15, and B-23, which are all within the
concrete block structure. The peak dose rate measured in each of these loca-
tions is in the range of 400 to 900 R/hr. Samples collected from the first
two locations, measured at 700 and 400 R/hr, respectively, indicate the most
intense radiation source is at about the 287-foot elevation. The 700 R/hr
reading was probably measured closer to the contaminated surfaces in the stair-
well. Location B-23, immediately in front of the elevator doors, shows the
highest dose rate, 900 R/hr, at the lowest TLD, 283 feet. There is little
evidence of a bathtub ring on the elevator doors. (The term bathtub ring is
used to refer to the collection of radiation Sources that has concentrated at
the previous air-water interface. In most locations, an oil deposit is also
visible in this area.)

The two TLD strings, B-13 (Figure 3.8) and B-12 (Figure 3.9), located
outside of the concrete block structure (stairwell and elevator shaft) also
show very high dose rates. The TLDs at location B-13 show dose rates of
nearly 400 R/hr and a slight bathtub ring at about the 286-foot elevation. TLD
string B-12 is located directly below the covered hatch. This string had TLDs
placed at 5-foot intervals, with none in the vicinity of the 287-foot
elevation. The TLD nearest the 287-foot elevation was on the bottom of the
string, and it exhibited the highest dose rate, about 85 R/hr. The principal
contribution is probably still from the concrete block.

TLD strings (locations B-3, B-23 and B-13) used both shielded and
unshielded TLDs to determine the beta dose rate. The B-3 string was close to
contaminated surfaces only above the 294-foot elevation and, therefore, had no
significant beta contribution at the lower elevation. The TLD string at
location B-23 was close enough to contaminated surfaces to have significant
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beta readings at most locations, both above and below the previous water line.
For location B-13, the beta contribution below the 290-foot elevation is not
available, and there was apparently no significant beta contribution above
that level, except at the penetration where the string was lowered.

Measurements made by the ROVER robot in this quadrant (see Table 3.1 and
Figures 3.10, 3.11, and 3.12) corroborate the TLD string readings with a few
exceptions. Dose rates measured at location AA, corresponding to the hollow
concrete block outside the elevator shaft, exceeded 1100 R/hr. This dose-rate
profile is shown in Figure 3.11. The highest dose rate appeared at the 289-foot
elevation, which contradicted data from the TLD string. Dose rate readings
were also taken at several different elevations at location U (Figure 3.12).
While there are some anomalies between the two detectors in this location,
both seem to show the location between 288.1 and 289 feet as the area of high-
est activity. The local differences in dose rates are much more pronounced in
the TLD readings than they are in the ion chamber readings made by the robot.
In a nonuniform field such as the basement, the much smaller size of the TLDs
allows them to follow local field gradients while ion chambers respond to the
dose rates averaged over the entire chamber. The reason for the different
elevations for maximum readings (287 feet for TLD, 286 feet for the robot) is
not known, but differences in methods for measuring elevation cannot be ruled
out. The robot also measured dose rates on a vertical drain pipe at location
S (Figure 3.13). The maximum measured dose rate was 38 R/hr. The majority of
this dose is probably from the stairwell; however, the variation between the
side-by-side detectors indicates the presence of local sources as well.

Measurements were made in seven locations with a shielded teletector
probe placed on the ROVER robot. The probe was located 5 inches above the
floor and shielded from above. The data is shown in Table 3.1. The dose-rate
readings at points T, U, V, W and X were 2% to 3% of the general area dose
rates. These points are located near the enclosed stairwell/elevator shaft
structure. At points Q and S, the robot was further from the enclosed
stairwell/elevator shaft, and the teletector readings of the floor were 12% to
14% of the general area dose rate. The teletector measurements were used to
calculate the amount of activity in the concrete floor slab. The complete
analysis is described in Appendix B.

In this quadrant, it is possible that basement sources may be impacting
dose rates at higher elevations. Without question, there is a significant
contribution within the stairwell, and there was a significant contribution
over the covered hatch before it was shielded. Some other small contributions
may remain.

The air coolers penetrate through the 3-foot-thick-concrete floor in this
area, and, while their metal components provide some shielding, the coolers
may allow radiation from the basement to contribute to the amount of general
radiation on the 305-foot level. This is very difficult to determine, how-
ever, because the air coolers are themselves contaminated. The current plan
to shield the air coolers should reduce the dose contributed by both the base-
ment and the air coolers.
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TABLE 3.1. ROVER Robot Data from the SE Quadrant

Height
Quadrant Above Dose Rate Measurements
and Floor Elevation Detector P-1 Detector P-2
Locations (inches) (feet) (R/hr) {(R/hr)
SE DD 48 286 6 9
SE EE 48 286 8 9
SE CC 48 286 51 52
SE BB 48 286 264 248
SE Z 48 286 27 31
(a) 48 286 707 717
SE AA 54 287 749 753
60 287.5 830 815
66 288 965 957
72 288.5 1102 1089
77 289 1122 1139
85 289.6 1058 1019
SE Y 48 286 105 97
SE S sfb; 283 4.2(b)
48(°) 286 31 37
59(2) 287.4 37 32
%) 288.4 35 38
85'¢ 289.6 31 36
SET 5(b) 283 3.1(b)
48 286 100 95
SEV 5(b) 283 3.1(b)
48 286 179 172
SE W 5(b) 283 4.9(b)
48 286 214 196
SE X 5(b) 283 6.3(b)
48 286 311 325
85 298.6 290 321
se y(a) 5(b) 283 10.2(b)
48 286 440 433
55 287.1 679 525
61 287.6 685 581
67 288 791 644
73 288.6 685 879
79 289 679 872
85 289.6 754 600
SE Q 5(b) 283 5
48 286 36 37
SE R 48 286 38 37

(a) 2 inches from wall.
(b) Directional probe.
(c) Contact on a drain line.
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3.2 SW_QUADRANT

There have been only five TLD strings lowered into the SW quadrant (loca-
tions B-7, B-11, B-1, B-2 and B-29). The dose rate profiles from these five
strings are shown in Figures 3.14 through 3.18. The TLD string at location
B-7 (Figure 3.14) was within the RCDT cubicle. As in other elevations (285-
and 290-foot) where the TLDs were 5 feet apart, a bathtub ring was not appar-
ent. The maximum dose rate measured within the RCDT cubicle was 17 R/hr. The
tank is currently full of water. If fuel particles are present in the tank,
as the accident sequence indicates they are, the dose rate will increase sub-
stantially if the tank is drained.

The TLD strings at locations B-11, B-1 and B-2 were lowered through the
seismic gap and were therefore close to the outside wall of containment. The
dose rate profiles for these locations are shown in Figures 3.15, 3.16, and
3.17. The gamma dose rates at locations B-11 and B-2 show only minor
indications of the bathtub ring and show a maximum dose rate of about 38 and
50 R/hr, respectively. The beta profile from location B-2, however, shows a
significant localized source that may be the bathtub ring. In the gamma
readings, this source occurs at about the 287-foot elevation, as it does at
other locations, but in the beta readings it appears at the 291-foot
elevation. According to licensee personnel, locations B-1 and B-11 were both
selected to be close to the 3000-psi concrete wall and are slightly mislocated
on the TLD location figure (Figure 3.4). Only location B-1 shows a bathtub
ring, which occurs at 287 feet in the gamma profile and 288 feet in the beta
profile. These data indicate that the major gamma bathtub ring phenomenon is
probably confined to concrete surfaces.

The area around TLD string B-2 initially received the drainage from the
RCDT. Small, highly radioactive particulate sources from the reactor core may
still be on the floor and possibly on the walls and overheads (the ceilings
and piping, equipment, ducts, etc., near the ceilings) in this area. These
particulates may account for the observed dose rates.

The only remaining TLD string in this quadrant is at location B-29,
adjacent to the open stairwell. This string, the data from which is shown in
Figure 3.18, contained four TLDs, all below the elevation of the stair landing
at 290 feet. The maximum measured dose rate (approximately 40 R/hr) was at
about 283 feet, just above the floor. The other TLDs were all in fields of
less than 20 R/hr. The reason for the lower dose rate here is not apparent.

TLD string B-10, Figure 3.19, though slightly outside of the SW quadrant,
should probably be considered as part of it because the open stairwell, in the
SW quadrant, is the major contributor to dose. It shows a maximum dose rate
of about 45 R/hr near the floor, possibly due to the highly radioactive
particulate contamination of the floor area.

The ROVER robot took measurements in a portion of this quadrant near the
hatch, but was not able to pass to the other side of the concrete shielding.
The measurements that were made in this quadrant are shown in Table 3.2 and
in Figures 3.20 through 3.23. These measurements are generally not directly
comparable with the TLD string data because of the locations.
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TABLE 3.2. ROVER Robot Data from the SW Quadrant

Height
Quadrant Above Dose Rate Measurements
and Floor Elevation Detector P-1 Detector P-2
Locations (inches) (feet) (R/hr) (R/hr)
SWP 48 286 31 29
sw a(2) 48 286 40 39
54 287 44 43
60 287.5 55 54
66 288 55 60
72 288.5 55 55
85 289.6 45 46
SWO 48 286 35 35
SW N 48 286 23 25
SW O 48 286 35 35
SWM 48 286 21 21
SWL 48 286 22 22
sw sla) 48 286 68 69
53 286.9 75 75
60 287.5 99 99
66 288 142 143
72 288.5 17 165
78 289 163 164
85 289.6 159 158
SW K 48 286 46 45
SW J 48 286 29 30
85 289.6 29 30
SW | 48 286 45 50
sw H(a) 48 286 45 4
55 287 .1 69 71
60 287.5 109 109
66 288 233 232
72 288.5 298 315
78 289 350 367
85 289.6 344 333
SWD 48 286 62 63
SW C 48 286 S4 60
SW G 48 286 61 61
SW F 48 286 74 74
sw g(3) 48 286 46 47
54 287 63 64
60 287.5 100 100
66 288 240 241
72 288.5 305 303
78 289 262 288
85 289.6 241 278

(a) Z inches from wall.
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These robot measurements seem to confirm the theory that the 3000-ps+
concrete has a far greater affinity for contamination than metal or the
5000-psi concrete although not as great an affinity as the hollow concrete
block. A rougher surface is apparent on this concrete, and, as seen from the
video pictures taken by the robot, it may have been poured in 1lifts with
visible joints approximately 1 foot apart.

With the exception of individual penetrations and the open stairwell
itself, the basement in this quadrant is probably not significantly affecting
the dose rates on the 305-foot elevation, even though there are areas in this
quadrant where the floor (of the 305-foot e]evationg is 6 inches thick rather
than 3 feet thick as found at other locations. The open stairwell is shielded
at the present time.

3.3 NW_QUADRANT

The NW quadrant data is from nine TLD strings. (Robot data was not
obtained.) They are (in clockwise order around the containment building)
B-10, B-5, B-6, B-9, B-16, B-30, B-17, B- 18, and B-19. The TLD data at
location B-10 is shown in Figure 3.19; the data from the other locations are
shown in Figures 3.24 through 3.31. The data at location B-10, adjacent to
the open stairwell, was discussed previously (SW quadrant). A1l but the
strings at locations B-10 and B-30 were inserted through the seismic gap.
With the exception of location B-10, the highest gamma dose rate recorded at
any location was less than or equal to 20 R/hr. The gamma dose rate data from
these strings gives little support to the idea that there is any major con-
tribution from a bathtub ring, but there may be comparable contamination on
equipment in the area that was not detected by the TLDs because they were
close to the outside painted metal wall of containment.

In locations where beta measurements were made, there is evidence of
substantial beta activity close to the strings. There is also substantial
beta contamination well above the high-water mark indicating that this con-
tamination was not deposited in the accident water that covered the floor.
The beta exposure rate at location B-18 exceeds 500 rad/hr and is among the
highest measured in the basement.

Toward location B-19 and into the NE quadrant there appears to be a
slight increase in dose rates, probably from the sump area and trash rack.

This quadrant has some of the lowest dose rates in the basement, and the
dose rate immediately below the 305-foot elevation floor is less than 2 R/hr
in all areas. It is therefore highly unlikely that this portion of the base-
ment is making a significant contribution to dose rates observed at the upper
elevations. It is possible, however, that relatively small sources within the
penetrations and the seismic gap are making a significant contribution.

3.4 NE QUADRANT

In the NE quadrant, 12 TLD strings were hung and the robot took measure-
ments. TLD strings were hung in a clockwise direction around the containment
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building, through the seismic gap at locations B-20, B-21, B-22 and B-4. TLD
strings were also hung from penetrations around the core flood tank on the
305-foot elevation at locations B-27, B-14, B-24, B-8, B-25, B-26 and B-28.

A TLD string was also hung through a penetration at location B-31. The data
from these TLD strings are illustrated in Figures 3.32 through 3.43.

The TLD strings around the outside containment wall resemble those in
similar locations in the NW quadrant because the maximum dose rate at each
location is less than 20 R/hr and highest near the floor. Where beta
contributions were measured, there is evidence of significant contamination.

The robot was able to traverse this quadrant completely. A summary of
the radiation readings taken by the robot in this area is presented in
Table 3.3 and shown graphically in Figures 3.44 to 3.46. These values agree
with the TLD string values.

Most of the TLD strings hung from penetrations near the core flood tank
did not extend past the 294-foot elevation. The two exceptions are at
locations B-14 and B-8. Both strings indicated a maximum dose rate of almost
20 R/hr, which occurred at the 288.5-foot elevation for B-14 and between the
285-foot and the 290-foot elevation for B-8 (the TLDs on string B-8 were
placed every 5 feet). Beta contribution was measured at location B-14.

The TLDs were placed every 5 feet on string B-31. The lowest TLD
(281.5-foot elevation) gave the highest reading, approximately 12.5 R/hr.
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Table 3.3. ROVER Robot Data from the NE Quadrant

Height
Quadrant Above Dose Rate Measurements
and Floor Elevation Detector P-1 Detector P-2
Locations {inches) (feet) (R/br) (R/bhr])
NE FF 48 286 9 10
NE HH(2) 48 286 8 7
55 287 7 8
61 287.6 7 8
67 288.1 7 7
73 288.6 5 6
79 289.1 6 7
85 289.6 7 7
NE GG 48 286 5 7
NE |1 48 286 7 5
Ne 33(3) 48 286 4 5
54 287 4 5
60 287.5 4 5
66 288 S 5
72 288.5 5 7
78 289 7 5
82 289.3 5 8
NE kk(3) St 287 3 2
62 287.7 2 3
66 288. 4 4
73 288.6 4 b
78 289 4 &
85 289.6 4 4
NE LL 48 286 5 6

(a) At wall.
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FIGURE 3.4. Location of TLD Strings Suspended in the Basement
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4.0 LOCATION OF RADIOACTIVITY IN THE BASEMENT

The radioactivity in the basement appears to be in the: 1) reactor cool-
ant drain tank (RCDT) and on the floor and walls surrounding the RCDT vent;
2) water and sludge on the floor and in the sump; 3) loose surface contamina-
tion in the paint on various painted surfaces, including the metal exterior
containment wall, the concrete interior walls, the floor, and the concrete
block walls; 5) concrete floor slab; 6) cast concrete walls; 7) hollow con-
crete block walls of the enclosed stairwell and elevator shaft; and 8) water
and sludge trapped in the elevator shaft. The bathtub ring occurs on all of
the vertical surfaces.

4.1 FUEL PARTICLES IN AND OUTSIDE OF THE REACTOR COOLANT DRAIN TANK

Exposure rates were measured near the RCDT. The average gamma exposure
rate was 7 R/hr at the 18-inch vent line (using a teletector) and 19.0 R/hr
facing the tank (TLD measurement) (GPU 1982). These exposure rates are due
not only to the RCDT source but also to exposures from nearby sources, such as
the reactor building basement floor and walls.

The ana]gsis of a sample taken from the RCDT in December 1983 showed
1.33 gCi of 137Cs and 0.07 uCi of !3%Cs per milliliter of liquid, and 96.7 uCi
of 137Cs and 5.7 uCi of 13*Cs per gram of solid material. The analysis also
showed uranium, both in the liquid phase (0.003 ug/mL) and in the solid phase
(0.09 mg/g) confirming that some fuel had been dispersed from the reactor by
the accident (GPU 1982). From these data, we estimate that the inventory in
the RCDT is at least 36.5 curies in the 1iquid phase. (The amount in the
solid phase is unknown.)

The cesium in liquids and solids from the reactor building basement was
discussed in detail in Section 3.0. Small amounts of uranium and plutonium
were also present in both the water and the sludge. The analyses also indi-
cated the presence of control rod material, cladding and structural material
(Cox, Horan and Worku 1983). The variability of the sludge activity seems to
indicate the presence of fine particulate fuel, control rod, and cladding
material. The particulates are, however, nonuniform; there is no consistent
ratio between uranium, plutonium, cerium-144 and the two cesium isotopes.
However, the two cesium isotopes seem to be in a consistent ratio in all
samples.

4.2 WATER AND SLUDGE ON THE FLOOR AND IN THE SUMP

The water remaining in the reactor building basement contains at least
440 curies of 137Cs. The activity in the sludge is much more difficult to
predict because the sludge is extremely nonuniform. Estimates presented
previously are based on sample results and range from 2.5 to 2700 curies.
Some leaching has no doubt taken place since those samples were taken. The
latest series of samples, taken in November 1983, led us to estimate that
between 2.5 and 250 curies of !37Cs are present in the sludge on the floor.
Most of this activity is probably in a relatively small area between the
RCDT vent and the incore instrument cable chase.
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4.3 LOOSE SURFACE CONTAMINATION

The primary coolant from the drain tank vent and the receding basement
water have left radioactivity on surfaces where it is not chemically or
mechanically attached but is smearable and removable by ordinary flushing and
washing techniques. No smear surveys have been taken in the basement, but
they have been done on upper elevations. A primary consideration on upper
elevations has been the deposition, or fallout, of activity from airborne
contamination. This is expected to be much less of a problem in the basement
where the principal settling surface is covered with water. (Addition to the
basement from fallout of airborne contamination is trivial, on the order of
0.02 Ci/yr 137Cs.)

It was originally thought that some of the easily removed contamination
was associated with oil that floated on the basement water and was left behind
as the water receded. This has not been conclusively confirmed nor disproven.
Efforts to remove this contamination by flushing or high-pressure washing from
above have not yet made major changes in the dose rate.

Quantifying the loose contamination would help optimize basement cleanup
efforts. This could be done by obtaining smears at various elevations above
and below the previous water level and in areas where flushing has been
attempted and where it has not been attempted.

4.4 ACTIVITY IN PAINT

The basement is painted to five feet above the floor surface. Some of
the areas above this elevation and some of the overheads (piping, ducts,
equipment, ceilings, etc., six or more feet above the floor) are also painted.
Many paint and concrete samples from the 305-foot and 347-foot elevations have
been analyzed. Cesium-137 activity on seven samples taken on the 305-foot
elevation ranged from 0.001 to 5.3 uCi/cm2?, with an average of 0.85 uCi/cm2
and a standard deviation of 1.96 uCi/cm2. A similar group of nine samples
from the 347-foot elevation ranged from 0.01 to 2.89 uCi/cm2, with an average
of 0.68 uCi/cm? and a standard deviation of 0.932 uCi/cm2. These surfaces had
all been flushed, and those on the 347-foot elevation had been extensively
decontaminated. Basement paint that was submerged for years is expected to be
higher, probably in the range 1.0 to 10 uCi/cm?. The surface area of the
paint that was submerged is about 22,000 ft2 (20 x 106 cm2). This paint is
expected to contain between 20 and 200 curies of 137Cs.

Paint and concrete surfaces above the high-water level will have absorbed
less cesium than the submerged surfaces. Cesium concentration in the range of
0.1 to 2.0 uCi/cm2? seems reasonable. Assuming 26,000 ft2 (24 x 106 cm2),
these painted surfaces contain between 2.4 and 48 curies of 137Cs,

4.5 CONCRETE FLOOR SLAB

The activity contained in the concrete floor slab is partly dependent on
the integrity of the floor coating and the integrity of the concrete itself.
Concrete samples from upper elevations showed very little penetration of the-
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activity into the concrete. This is consistent with data from an old,
unpainted fuel storage basin at Hanford, where cesium concentration was shown
to have penetrated less than eight millimeters (Bechtold 1981). While
penetration of contamination deep into concrete may have occurred enough to
affect waste disposal, it is doubtful that it will affect worker dose rates
until very late in the cleanup process.

The quantity of radioactivity contained in the conctrete floor slab in the
SE quadrant was estimated using data obtained from the shielded teletector
probe placed on the ROVER robot. Assuming the activity has penetrated to a
maximum depth of 8 mm, an estimated 180 to 195 uCi/cm? of 137Cs is contained
in the concrete floor slab at this location. This estimate corresponds to 500
to 540 curies for the SE quadrant. A range of 60-280 uCi/cm2 (160 to
780 curies for the SE quadrant) was obtained by varying some of the
assumptions used in the initial analysis, such as the amount of water or
sludge present on the floor or the concentration of 137Cs in the liquid phase.
Details of the analysis are presented in Appendix B.

The activity calculated for the SE quadrant of the basement floor slab
should not be extrapolated to other areas of the basement. Variations in
water and sludge levels and in dose rates from other quadrants indicate that
the distribution of activity on the floor was nonuniform and thus the dis-
tribution of activity in the concrete slab is most 1ikely nonuniform.

4.6 CAST CONCRETE WALLS

There are both 3000-psi and 5000-psi concrete walls. The 3000-psi walls
are those of the impingement area, the RCDT, and the leakage coolers. The
5000-psi walls form shields for the reactor pressure vessel, the once-through-
steam generators, the pressurizer, and the reactor coolant system (RCS)
piping, pumps, and associated equipment (Figure 4.1).

Generally, exposure rates are much higher near the 3000-psi concrete
walls than near the 5000-psi concrete walls. The reason for this is not
known. However, some of the robot video inspections show what appear to be
stripes in some of the concrete, as if it had been poured in 1lifts of 1 to
2 feet. The surface of this concrete appears rough with some possible voids.
Rougher concrete has more surface area than smooth concrete and may entrain
some contaminated water.

The licensee's estimate of the amount of activity that has penetrated
into concrete walls is based on an assumed uniform penetration depth of 1 inch
and an assumed complete saturation. These assumptions yield worst case estim-
ates, and, for dose and curie estimates, we find it more reasonable to assume
that significant penetration is about a millimeter below the paint. (For
waste volume estimates though, it is reasonable to assume that all the con-
crete would require disposal as radioactive waste.)

The amount of activity in the loose contamination and in the paint is
expected to overshadow the amount in the subsurface concrete. Thus, the
source term estimate is not substantially affected by the activity that has
penetrated the concrete surfaces.
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4.7 HOLLOW CONCRETE BLOCK STRUCTURE - ENCLOSED STAIRWELL/ELEVATOR SHAFT

The licensee has modeled the enclosed stairwell/elevator shaft concrete
block structure based on two TLD strings hung near the stairwell: B-3 was
hung in the center of the stair portion of the stairwell; B-13 was hung
4.75 feet behind the stairwell.

The walls of the enclosed stairwell are hollow concrete blocks, 20.32-cm
thick, with some reinforcing material. The structure is painted on the out-
side (to five feet above the floor) with a nuclear grade paint. The licensee
modeled the blocks of the structure as a homogeneous substance composed of
concrete and air with a density of 1.07 gm/cm3. The stairwell itself, consist-
ing of stairs, platforms and support steel, was modeled as a homogeneous sub-
stance of steel and air, neglecting attenuation by treads and platforms. The
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source was assumed to be uniform horizontally through the thickness of the
concrete. The variation of activity vertically was based on the exposure rate
variation from the TLD strings. Contributions from other radiation sources
were considered negl1g1b1e. The activity in the elevator pit was neglected.
The calculated activity in the enc]osed sta1rwe11/e1evator shaft was estimated
to be approximately 11,000 curies of 137Cs and 700 curies of 13%Cs. (The
134Cs activity is based on the ratio of 137Cs to 13%Cs in the basement water.)

The authors also modeled the enclosed stairwell/elevator shaft structure
with an inhouse point kernal shielding code. Appendix C contains a descrip-
tion of the model. We estimated approximately 19,000 curies in the concrete
blocks. The assumptions used in both models are reasonable. We believe our
estimate is conservative. Between 11,000 to 19,000 curies is a likely range
for the activity in the enclosed stairwell/elevator shaft.

The volume of the submerged concrete blocks is about 400 ft3. If this
volume were occupied by the most contaminated water (174 uCi/mL) in the
reactor building, it would include 2,000 curies. Some concentration or
absorption would have had to occur for there to be 11,000 to 19,000 curies in
this source, as was estimated for the enclosed stairwell/elevator shaft. This
is possible considering the surface area of the concrete blocks, the time that
the blocks were submerged, the penetration of contamination into paint, as was
observed elsewhere in the reactor building, and the unpainted blocks on the
inside surface of the stairwell/elevator shaft structure.

4.8 WATER AND SLUDGE IN THE ELEVATOR SHAFT

Because the entrance to the elevator shaft is about four feet above the
bottom of the elevator shaft and three feet above the basement floor and there
is no drain, water and contamination from the accident remained trapped in the
shaft following the accident. The shaft was flushed and pumped out but some
contamination probably remains. The elevator equipment in the shaft may be
internally contaminated. At the very least, contamination levels on the shaft
walls will be as high as they are on the other walls and vertical structures
in the basement, and contamination levels on the shaft floor will be as high
as they are on the floors of the other portions of the basement that were
filled with accident water.

4.9 SUMMARY OF THE LOCATION OF THE ACTIVITY IN THE BASEMENT

Based on the preceding analysis, we estimate that the rou?hly quantified
basement sources contains between 12,000 and 21,000 curles of 137Cs. This
information is summarized in Table 4.1.
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TABLE 4.1. Cesium Activity in the Basement

Location

Reactor coolant drain tank

Water on the floor

Sludge on the floor

Loose surface contamination
Paint (below water level)
Paint (above water level)

Concrete floor slab
in SE quadrant

Concrete floor slab in
other quadrants

Cast concrete walls
Hollow concrete block

Water and sludge in the
elevator shaft

4.6

Curies of 137(Cs

36.5 (minimum in
liquid phase)
unknown (solid
material)
440 + 20%
2.5 to 250
unknown
20 to 200
2.4 to 48

160 to 780

unknown

unknown
11,000 to 19,000

unknown



5.0 CLEANUP OF THE TMI-2 BASEMENT

This section discusses the work that must be done to clean the reactor
building basement and the occupational dose consideration that will effect
that cleanup. Possible cleanup approaches are then discussed and evaluated.

5.1 BASEMENT CLEANUP

The basement condition is not particularly important to the activities
that are being conducted in the reactor building at the present time, except
as it may affect the radionuclide concentration in air. However, full cleanup
from the accident will require that the basement be cleaned (most partial
cleanup scenarios being discussed also require some basement cleanup). At the
present time, it is thought that cleanup will be complete when the radiation
levels in the building are no higher than they would be at an operating
reactor. For the basement, this probably means that most areas must be
cleaned to between 10 and 100 mR/hr.

Cleanup will require the removal of basement sludge, the decontamination
or removal of essentially all surfaces that were exposed to accident water,
and the removal of other contaminated structures, such as ventilation ducts
and overhead lighting fixtures that were exposed to accident conditions. Non-
porous, nonabsorbent surfaces, such as polished stainless steel, may be decon-
taminated by scrubbing or high-pressure water blasting, but most basement
surfaces are expected to require much more extensive decontamination methods.
Electric motors, electrical conduits, fire hoses, and other structures with
inaccessible contamination will require aggressive decontamination or, more
likely, removal and disposal as radioactive waste. At least the outside
surface of the concrete will have to be removed, and the hollow concrete block
will have to be removed completely.

As indicated previously, if this work were performed manually, it would
result in several thousand person-rem of radiation dose to the workers, and it
is not certain that without innovative approaches all of the work could be
done without exceeding NRC quarterly occupational dose limits. This fact
accounts for the NRC's interest in the alternatives for dealing with the
basement.

5.1.1 Removal of Sludge and Fuel Particulates

Probably one of the first cleanup tasks is removing sludge and fuel
particulates. The licensee is now planning this work but no firm schedule has
been established. The sludge contains some radioactivity and would be an
industrial safety hazard if it were present when workers enter the basement.

Sludge and fuel particulates may be removed by rinsing them to the sump
and pumping them out or by vacuuming. Moving the sludge to the sump will
require that the water level in the basement be dropped below the present
level. Vacuuming techniques may not require this. Any sludge removal
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technique is likely to miss some of the sludge but should effectively remove
the majority of it. The primary impediment to sludge removal is the need for
a system to filter or settle large quantities of solids out of solution.

Fine fuel material is primarily associated with sludge on the floor.
There may also be fuel particulates on the walls and overheads in the vicinity
of the reactor coolant drain tank (RCDT) vent. Any desludging technique such
as moving the sludge with low pressure to the sump or vacuuming would also
remove the fuel particulates from the floor. Low-velocity flushing may remove
the overhead fuel particulates, or high-velocity flushing may be required.

Sludge and particulate fuel material will be subject to leaching, even
with only a few inches of water in the basement. As these particulates have
been in an aqueous environment for the last several years, the present rate of
leaching is expected to be relatively low, but it may be enhanced by effective
rinsing. Even with several years of leaching, the dose rate from fuel partic-
ulates probably would not decrease significantly, although the particulates
might contribute significantly to the number of curies removed.

Leaching with cesium-free or low-cesium water is expected to be effective
for removing cesium from the sludge that does not contain fuel particulates,
provided there is good contact between the solids and the water.

Routine pumping from the sump might accelerate the transport of sludge to
the sump. Because the sump has two parts, where solids settle on one side and
the normal outlet is on the other side, the installed sump pump is not
expected to efficiently transport sludge and fuel debris out of the building.
The licensee is considering putting a small-diameter well-type pump through a
line into the settling side of the sump to remove solids. There are no plans
to do this until a solid separation and solidification system is ready. This
should be more effective than pumping with the installed system, but it is
expected that there still will be highly contaminated solids in the sump until
late in the basement cleanup process.

5.1.2 Hollow Concrete Block

There is little doubt that the hollow concrete block of the elevator
shaft and enclosed stairwell is highly contaminated throughout (not just on
the surface). It will be the major contributor to basement dose rates until
it is removed, cleaned, or shielded. Flushing, scrubbing, scabbling, or other
surface approaches are not expected to be effective. The quality of the paint
on the outside of the structure and the relatively small interstitial spaces
in the blocks will make leaching very slow. Leaching might be faster if the
concrete were broken to expose a greater surface area and to allow better
water contact.

Concrete block, which is reportedly of the same composition as the con-
crete block in the basement, was removed from the auxiliary building. This
block is being tested for unusual cesium ion exchange properties that might
account for the observed dose rates. If the block is determined to be
relatively leachable, it could be broken up in the basement, covered with
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water, and leached. If, however, it proves to-be a highly selective cesium
ion exchanger, such action might make working conditions in the basement much
worse than they are now, because newly exposed concrete block material would
pick up cesium from the water and from any other sources that were being
leached. The results of the test on the block are pivotal to making any
recommendation regarding the elevator shaft and enclosed stairwell.

The hollow concrete block section of the elevator shaft does not extend
beyond the 302-foot elevation. At the point where the 305-foot-elevation
floor above begins, the structure of the elevator shaft ckanges. (Between the
302-foot elevation and the 305-foot elevation is a solid support structure
that is part of the 305-foot-elevation floor.) Although the elevator shaft
below the 302-foot elevation is constructed of hollow concrete block, it does
have some seismic restraining devices. Methods of remotely dismantling it
have not yet been engineered but are likely to include hydraulic expansion
devices, plasma arc or mechanical cutting devices, and shaped explosives.
Explosives have been used successfully at other nuclear facilities. There are
specially shaped pipe-cutting explosives and other shaped charges that can be
accurately controlled. The biggest problem with using explosives is expected
to be the generation of airborne contamination within the reactor building.
Damage to safety systems or breach of containment is not expected.

Whether demolition of the elevator shaft is done with conventional
devices or with explosives, it must be done entirely remotely. This will
require considerable planning and preparation.

5.1.3 Vertical Surfaces

Once the concrete block has been removed and/or leached, the next largest
dose contributor may be either miscellaneous contamination traps, such as tool
boxes and insulation, or it may be the vertical concrete surfaces, some of
which appear to be extremely porous. Tool boxes and pipe insulation will be
removed remotely or possibily semiremotely and disposed of. Attachment to
tool boxes might be done robotically or with long-handled tools through the
open hatch. Vertical painted and unpainted surfaces have a bathtub ring that
contains both 0il1 (or dirt) and relatively high levels of contamination. The
ring on the painted metal outside wall of containment seems resistant to
low-pressure flushing, and past attempts at high-pressure flushing have not
been very satisfactory. However, if pressures are high enough and distances
optimized, high-pressure water should be able to remove this material; but
then it might also remove the paint and allow rusting of the metal. Removal
of the paint from the concrete D-rings and walls will not have this effect.
Scrubbing would probably help loosen contamination except on very rough
surfaces. However, normal scrubbing methods are labor intensive. The Navy
uses a magnetically attached device to remotely scrub the outside of metal
vessels. Such a device (with minor modifications) might be applicable to the
inside of containment, which is also metal. D-ring walls and other concrete
surfaces would require other methods.

If the contamination is physically or chemically associated with oil,
then detergents, steam, or solvents would probably be beneficial.
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Experiences on the upper levels of the TMI-2 containment structure indi-
cate that the nuclear grade paints used in TMI-2 may pick up cesium when
exposed to aqueous cesium solutions over long periods of time. The cesium is
not readily released by flushing unless the paint is removed. A prolonged
leach in clean water is expected to result in a slow but measurable reduction
in cesium activity. A prolonged leach in highly contaminated water (that
might result from leaching other sources) could incorporate additional cesium
into the paint layer.

The scabblers presently in use on the upper elevations are not adapted
for work on vertical surfaces, and removal of the bathtub ring may require
either extensively modifying the equipment or drilling holes and inserting an
expansion head to spall off the surface. The latter operation is quite slow
and if performed manually might be a significant source of radiation exposure.
However, the process is probably one that could be adapted for robots. This
process might also be an acceptable alternative to core boring for sample
collection.

The 5000-psi concrete is quite smooth and contains much less activity
than the 3000-psi concrete. The activity in the 3000-psi concrete is much
deeper, and more of the concrete will require removal. It is also possible
that contamination has penetrated much deeper into the unpainted concrete and
that surface removal will have to go beyond the 2 inches achievable in a
single pass by most of the available scabbling equipment.

5.1.4 Floors

At some time, probably well into the basement cleanup, the floor will
become an important potential contributor to occupational doses, just as the
floor of the 347- and 305-foot elevations were found to be. The floor of the
basement is coated. The coating will probably be intact in most locations and
is 1likely to be contaminated. Scabbling of the floor should take care of the
majority of the contamination on the floor. At the expansion joint where the
floor meets the wall, there is a caulking or joining compound, which is likely
to be contaminated. If this material is a significant radiation source,
conventional jack hammers could be used to remove it.

5.2 OCCUPATIONAL DOSE CONSIDERATIONS FOR BASEMENT CLEANUP

The NRC 1imits the maximum permissible occupational dose to an individual
to 3 rem/calendar quarter for whole-body radiation dose, provided that certain
conditions regarding lifetime dose limitations are met. To date, the licensee
has established even stricter control 1imits (NRC 1984). The radiation dose
rates in the basement are so high that the quarterly maximum permissible whole-
body dose would be reached in a short period of time (21 seconds at 500 R/hr,
18 minutes at 10 R/hr). The time constraints essentially preclude hands-on
work in areas around the enclosed stairwell and severely limit work in other
areas. Federal limits on the dose to the skin and extremities may be more
restrictive for work in some basement locations, further limiting the time a
worker may spend.
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Three methods can be used to decrease the dose that a worker receives:
decreasing the time of exposure to radiation; increasing the distance between
the worker and the radiation source; and increasing the shielding between the
worker and the radiation source. These basic techniques, including some
highly engineered and sophisticated applications, have permitted much of the
progress to date in the cleanup of TMI, and they will most certainly be
important in cleanup of the basement. Past and possible future applications
are enumerated briefly in the remainder of this section.

Time to do radiation work has been minimized by training, the use of
mockups, and by air conditioning the reactor building. Time spent in the
basement was minimized by careful planning and training to reduce radiation
dose to the worker who entered the basement down the open stairwell. Future
entires can be made quickly by well-practices and well-trained workers.

Distance has been used to reduce radiation dose on the many occasions
when long-handled tools have been used for sample collection in both the
containment and auxiliary buildings. The practice of observing and instruct-
ing workers by video camera and communicating by head sets also employs dis-
tance to reduce doses. Distance is expected to play a useful role in the
placement and removal of equipment in the basement and for waste handling
(probably in conjunction with the other two techniques).

Shielding of floor drains and penetrations has prevented considerable
occupational exposure in the cleanup performed on the upper elevations and the
use of shielded enclosures saved dose during head and plenum 1ift operations.
Shielding (possibly placed by robots) will probably be an important dose
reduction tool in basement cleanup.

Some specific techniques that might prove beneficial for cleanup of
various parts of the basement are discussed in Appendix D.

5.3 POSSIBLE CLEANUP APPROACHES

Any particular approach to cleanup of the basement must be an integrated
approach that takes into account the current basement conditions, the final
cleanup objective and the available dose reduction methods and techniques.
The approach so far, which has centered on using robots and working remotely
from the upper elevations, is expected to continue, at least until the dose
rates have been reduced sufficiently to permit workers to enter the basement.
Other approaches might be used following or in conjunction with the robotic
approach. Several of the approaches discussed below will probably be needed
to clean the basement. We expect that basement cleanup can be completed
within the 4,800 to 17,000 person-rem estimate in NUREG-0683 (NRC 1984).

5.3.1 Robotics_and Work From Above

Basement cleanup may be continued using a combination of robotics and
work through penetrations from the upper elevations. The characterization
program is proceeding this way now, and the robot will probably be able to
handle a hose nozzle to help desludge the basement. Some cleaning of metal
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components with high-pressure water could also be done by the robot or through
penetrations from the 305-foot elevation. With sufficient planning and
programming, the present or some other currently available robot should be
able to detach tool boxes, fire hose racks, wood frame doors and other
basement debris and attach cables to drag them to the hatch for removal. The
occupational dose resulting from raising and lowering robots and from handling
the waste in this way (even if the wastes were rinsed off on the way up) would
still be significant.

Robots could be programmed to do vertical scabbling of walls, although it
would be a slow process that would probably require periodic hoisting of the
robot for replacement of drill bits and other equipment. The removal of
scabbling debris would be time consuming, requiring picking up large chunks
and vacuuming smaller ones. Again, the dose at the 305-foot elevation from
hoisting and handling the waste would be considerable, but could be minimized
by good ALARA practices.

So far, the robot has been able to reach only the NE, SE, and portions of
the SW quadrants. It is extremely unlikely .that the present robot or most
others could pass between the 3000-psi concrete baffle wall surrounding the
leakage coolers in the SW quadrant and the outer wall of the basement. The
passage from the NE quadrant to the NW quadrant is only slightly less diffi-
cult. The robots used to date at TMI cannot negotiate stairs that have
landings, and this is expected to continue to be a problem in reaching the NW
quadrant and portions of the SW quadrant.

Just how far cleanup could progress with robots and remote work is uncér-
tain. Significant reductions in dose rates are expected to be slow and time
consuming.

5.3.2 Shielded Locations Within the Basement

One method for worker access to the basement in the near future is the
beachhead approach of constructing a shielded area within the basement, elimi-
nating sources within the shield and slowly enlarging it. It might, for
instance, be possible to lower 6-foot columns into the area directly below the
covered hatch and then fill them with water to create a low-dose island within
the basement. From this area, workers could be lowered to perform tasks such
as scabbling the floor and adding additional columns to enlarge the area (in a
possible labyrinth design). Workers would also need to eliminate overhead
sources or erect overhead shielding. The area could be gradually expanded to
include a small portion of the D-ring wall, which could then also be scabbled.
Continued progress could be made in this way. The most important operational
consideration in such an approach would be the elimination of waste. Radia-
tion doses for waste handling would also be significant.

This approach would probably be satisfactory for all areas except the

elevator shaft. The dose rates in the shaft vicinity are so high that includ-
ing any part of it in an occupiable area is expected to be unacceptable.
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5.3.3 Reflooding the Basement

Reflooding the basement could achieve a variety of objectives, including
reducing dose rates on the 305-foot elevation, removing cesium, and eliminat-
ing airborne contamination. The flooding approach, that has been considered
from time to time during cleanup, would only slightly lower the dose rates on
the 305-foot elevation. Dose to cleanup the basement would also be reduced
only slightly by a prolonged leach because most of the cesium that would be
removed by the process would probably come from the hollow concrete block of
the stairwell and elevator shaft. The reduction in dose rate around the
structures would not be sufficient to permit hands-on demolition and the
reduction in area dose rate would not permit prolonged occupation of other
parts of the basement without additional shielding.

There is, however, another possible flooding approach to the cleanup.
The basement could be flooded, and divers could work within the shielding pro-
vided by the water. While nuclear divers have been used at other facilities,
generally in fuel storage basins, deliberately flooding a high-dose-rate area
to use divers would be new to the industry. Divers would receive essentially
no radiation dose from any source farther than about 3 feet away, except for
the dose from immersion in contaminated water. However, it should be possible
to keep the dose rate from the water below 1 mR/hr. Airborne contamination
from cleanup activities would not be a problem in the basement, and exposure
to beta radiation would be eliminated by both the water and the design and
construction of the diving suits. However, health physics procedures for such
an operation are not well established; and monitoring extremity dose and
controlling contamination so that it does not get on the skin are extremely
important.

Underwater workers are likely to be less than half as efficient (at most
tasks) as workers in ordinary anticontamination clothing and respirators.
There is no currently available equipment for procedures such as concrete
scabbling underwater, so considerable equipment modification and equipment
development would be required. Recontamination of cleaned surfaces could be a
problem if the radioactive materials taken from surfaces were not promptly
removed. Survey methods to determine if an area has been adequately cleaned
might also pose some difficulty. Lighting and water clarity are important to
diver safety and are expected to be difficult to maintain in these circum-
stances. Training the divers in diving safety, radiation protection and work
performance would be necessary. Water processing costs would be significant.

The elevator shaft would still be a problem in the flooded basement but
relatively simple long-handled tools would suffice to keep exposures to ten-
able levels.

Waste removal would still be a source of radiation dose, but it could be

minimized by carefully packaging the waste in drainable containers underwater
and 1ifting these into shielded transport casks.
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The total radiation exposure from underwater cleanup of the basement to
the levels of an operating reactor would be much less than with any other
identified technique except robotics, and the robots required to do the clean-
up are not currently available. Decontamination equipment and health physics
instruments could be modified to do the basement cleanup underwater.
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6.0 CONCLUSIONS

Tentative conclusions from the available data on the TMI-2 reactor build-

ing basement are discussed below. These are based on limited data, and if
actual basement conditions are found to be different from those described in
the preceding sections, these conclusions would have to be reconsidered.

1.

Radiation sources in the TMI-2 basement are expected to have only a minor
effect on doses to defuel the reactor. Doses for defueling are expected
to be toward the lower end of the 2,600 to 15,000 person-rem predicted in
the first supplement to the PEIS.

Core drilling planned for the basement will require several entries by
the robot, because currently available concrete coring bits are capable
of drilling only one or two holes before replacement. Raising and lower-
ing the robot requires about 10 person-rem, so it would be advantageous
to obtain sample data with as few cores as possible. We believe that
data from smear surveys, as have been taken by robots in some of the
cells of the auxillary building, would be beneficial and should be con-
sidered. We also believe that setting up a robot to do concrete spalling
(by drilling a hole, inserting an expansion head, expanding the head
hydraulically, and collecting the large pieces) might be acceptable and
would have the added advantage of developing a possibly useful cleanup
method.

The greatest reduction of the dose rate on the 305-foot elevation from
basement sources will be from decontaminating the upper portions of the
basement walls, penetrations, and structures, not from removing the
sources on the floor or the bathtub ring. Decontamination efforts should
concentrate on the flow path of the contaminated air during the accident.

There are unknowns and uncertainties in the basement radiation levels but
it is probably not extremely important to characterize them until the
initial work of bulk sludge removal and hollow concrete block removal has
been completed. At that time care should be taken to assure that TLDs
are sufficiently close together that sources can be identified.

The TLD measurement program could be expanded and the data could be used
to mathematically model or mathematically construct isodose curves or,
because there are significant variations in dose rate with elevation,
isodose surfaces. Lines perpendicular to the surfaces will then pass
through and thus identify the significant sources. This modeling would
be premature with the existing data. We strongly recommend such a pro-
gram after the major sources, such as the elevator shaft/enclosed stair-
well and accessible bathtub ring, have been dealt with remotely.

The requirement that only borated water be used in the basement increases

water processing cost (if radionuclides other than cesium are removed)
and leads to the formation of borate crystals on surfaces that have been
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10.

11.

flushed. Borated decontamination solutions are also thought to con-
tribute to airborne contamination in the building. Although there is no
conclusive proof that deborated water would work better for decontamina-
tion and leaching, we believe a program to resolve the remaining uncer-
tainties and use water that does not contain boron should be vigorously
pursued.

Maintaining 10,000 gallons of water in the building may not be the best
course of action. Controlling airborne contamination is, of course,
important, but a complete pumpdown would cause sludge and fuel particu-
lates to be transported to the sump where radioactivity could be removed.
When there are occasions to remove water from the basement over the next
few years, we believe that it should be removed from the reactor building
sump to facilitate the flow of water and maximize the removal of solids
from the sump.

The hollow concrete block of the elevator shaft and enclosed stairwell is
expected to contain between 11,000 and 19,000 curies of 137Cs. Surface
dose rates may exceed 1000 R/hr. Removal of this source is required
before routine entry to the basement. Remote removal is virtually a
necessity.

Other quantified basement sources contain between 570 and 1800 Ci of
137Cs. There are numerous unquantified sources as well.

The concrete block should be tested for the possibility of significant
reductions in the dose rate from breaking up the hollow concrete block
structures and then leaching them on the basement floor.

While the majority of solids in the basement are not contributing sig-
nificantly to the dose rate, there appear to be some highly radioactive
solids deposited through the reactor coolant drain tank vent. Flushing
these from the walls and upper elevations and then from the floor to the
sump (or removing them from the floor by wet vacuuming) would be bene-
ficial. This might also help establish the quantity of fuel to be
expected in the basement and therefore be important in eliminating the
requirement for using only highly borated water for the cleanup.

Any decision about basement cleanup should be based on an evaluation of
the options of constructing shielded work areas and flooding the basement
for divers as well as using robots and other devices that can be manipu-
lated from above.
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APPENDIX B
MODEL OF THE CONCRETE FLOOR SLAB

The amount of activity contained in the concrete floor slab in the SE
quadrant was estimated using data obtained from the shielded teletector probe
placed on the ROVER robot. The shield was positioned above the detector. The
probe was located 5 inches above the floor.

On 15 November 1984, data was obtained at seven locations in the SE
quadrant of the basement. The locations are shown in Figure 3.10 (main text).
The teletector readings at points T, U, V, W and X were 2-3% of the general
area dose rate. At points Q and S, the teletector read 12-14% of the general
area dose rate.

An angular response study indicated that the detector responded to
sources located above the shield by reading 2% of the actual dose. The dose
from the floor at points T through X was considered to be negligible compared
with the high background readings. The proximity of the enclosed stairwell/
elevator shaft structure accounts for the high general area dose rates at
locations T through X. The data from locations Q and S were used for this
analysis. The measurements from these locations were adjusted to account for
the 2% contribution to the dose from the general area dose.

The floor slab was modeled as a solid cylindrical disk with a height of
0.8 cm. The depth of penetration of 137Cs was assumed to be 0.8 cm or less
based on the data from an unpainted fuel storage basin at Hanford (Bechtold
1981). A layer of sludge covers the concrete floor. The sludge was assumed
to have a density of 1.5 g/cm3 and a depth of 2 inches. This assumption was
based on observing the videos of the sludge and water being perturbed by the
cable on the ROVER robot. A layer of water covering the sludge to a depth of
4 inches above the surface of the floor was assumed to contain an average
activity of 4.9 uCi/cm3 of 137Cs based on the concentration of 137Cs in the
water during the previous basement pumpout. The concentration of activity in
the water associated with the sludge was assumed to be 9.8 uCi/cm3, twice that
in the water. The teletector was assumed to measure a circular area on the
floor of about 44 cm in diameter based on the angular response data, which
indicated that the dose measured by the teletector decreased steadily at
angles greater than 60 degrees off-center.

Between 180 and 195 uCi/cm? were estimated using an inhouse point kernal
shielding code that models solid cylinders. This estimate resulted in 500 to
540 curies of activity in the concrete floor slab in the SE quadrant of the
reactor building basement (the area within the D-rings was not included). The
activity calculated for the SE quadrant of the basement floor slab should not
be extrapolated to other areas of the basement. Variations in water and
sludge levels and in dose rates from other quadrants indicate that the
distribution of activity on the floor is nonuniform and thus the distribution
of activity in the concrete slab is probably nonuniform.
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Table B.1 indicates how variations in the assumptions would change the
result of the analysis. Varying the depth that 137Cs penetrates into the
concrete slab, within the range of 0.1 to 0.8 cm, would cause little change in
the amount of activity estimated to be present in the slab. The depth of the
sludge above the floor also does not greatly impact the amount of activity
calculated in the floor slab. Increasing the density of the sludge to that of

TABLE B.1. Effect of Various Assumptions on the Estimate of the Curie
Content in the Concrete Floor Slab

Assumptions uCi/cme

Initial Assumptions 195
- 137Cs depth in concrete slab - 0.8 cm

Depth of sludge - 2 in.

Depth of water (from floor) - 4 in.

Activity in water - 4.9 ,Ci/cm3

Activity in sludge - 9.8 puCi/cm3

Density of sludge - 1.5 g/cm3

Depth of 137Cs in Concrete Slab

- 0.8cm 195

- 0.4 cm 190

- 0.1cm 180
Depth of Sludge

- 1 in. 200

- 2in. 195

- 3 in. 180
Density of Sludge

- 2.3 g/cm3 240

- 1.5 g/cm3 195

- 1.0 g/cm3 170
Depth of Water

- 3in. 210

4 in, 195
- 5in. 150
6 in. 60

Activity in Water/Sludge

- 0.0 uCi/cmd 280

- 4.9 yCi/cm3 195

- 10 uCi/cm3 110
Activity in Sludge

- 4.9 yCi/cm3 230

- 9.8 uCi/cm3 195

- 19.6 uCi/cm3 120
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concrete (2.34 g/cm3) increases by less than 25% the estimated activity in the
floor. Decreasing the density of the sludge to 1.0 g/cm3 decreases the
estimated floor activity only slightly.

The depth of water on the basement floor at the measurement locations may
be critical to the analysis. Water standing to a depth of 5 inches or more
above the floor will cause our estimate of 180 to 195 uCi/cm2 to be conserva-
tively high. If the upper level of the water is 6 inches above the floor (so
that the detector is under 1 inch of water), the activity in the slab is
calculated at 60 uCi/cm2.

If the activity in the water is less than the estimated 4.9 uCi/cm2, the
activity in the concrete slab would be higher than our calculated estimate.
If the ‘concentration of activity in the water is higher than 4.9 uCi/m3, we
would expect less activity in the floor slab. The same relationship holds for
the activity in the interstitial water of the sludge; the greater the con-
centration of activity in the sludge, the smaller the amount of activity in
the concrete slab.

Thus, by varying the assumptions, the amount of activity in the floor
slab may range between 60 and 280 uCi/cm2 (160 to 780 curies) for the SE
quadrant. The range of parameters used in this analysis includes the
realistic extremes for each assumption. Therefore, the activity present in
the floor slab of the SE quadrant will most likely fall within the range of 60
to 280 uCi/cm2.
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APPENDIX C
MODEL OF THE ENCLOSED STAIRWELL/ELEVATOR SHAFT STRUCTURE

Data obtained by TLD strin?s and from detectors placed on the robot were
used to estimate the amount of 137Cs present in the enclosed stairwell/
elevator shaft (ES) structure. An inhouse point kernal shielding code was
used to model the walls as solid slab sources composed of reinforced concrete
block with a density of 1.2 g/cm3.

The concrete block structure was modeled as five walls. Each wall was
divided into three horizontal slabs. The door of the elevator shaft was not
included in the model. The lowest slab ran from the floor to the 288.1-foot
elevation. The top of the second slab was at the 289.4-foot elevation and the
third slab extended to the 290.7-foot elevation. The activity in each slab
was assumed to be uniform throughout the thickness of the concrete and in the
horizontal direction. The source term was determined by fitting the dose
rates measured by the robot at point AA (located outside of the elevator shaft
on the north end of the wall as shown in Figure 3.10, main text) to the dose
rates obtained with the shielding code. The model indicated that the lower
slab contained 1.3 uCi/cm3, the middle slab contained 2.88 uCi/cm3, and the
upper slab 2.1 uCi/cm3. This corresponds to an estimated 19,000 curies in the
entire structure. Point AA was used for the initial fit of the data because
the measurements were made with RO-7 detectors, which have a more defined
angular response than the TLD strings, and because the measurements were taken
near the surface of an outside wall thus reducing the contributions from other
sources, especially those located within the ES structure. Figure C.1
illustrates the closeness of the calculated dose rates and the measured dose
rates.

The dose rates obtained by measurements with three TLD strings, B-15,
B-23, and B-3, were compared with the measurements obtained at these locations
using the model. TLD strings B-15 and B-23 were hung in the elevator shaft
and B-3 was hung in the enclosed stairwell. The location of each of the TLD
strings was estimated from Figure 3.4 (main text).

Figure C.2 compares the dose rates measured with TLD string B-15 and
those calculated at that location with the model. The two sets of calculated
dose rates shown in the figure correspond to two different assumed locations
for the TLD string. The model overestimates the dose rates by a factor of 1.2
to 2.3 (with the exception of the last data point) depending on the location
of the TLD string. The second set of estimated dose rates corresponds to a
location closer to the elevator door and nearer the midpoint between the north
and south walls of the elevator shaft. This location results in a better fit
with the measured dose rates. There are several possible explanations for the
difference between the calculated and the measured doses. First, the exact
location of the TLD string is not known. A second explanation is that the
level of water located in the elevator pit may have been above the elevation
of the floor (282.5-foot elevation) and thus was shielding some of the dose
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contributed from sources in the lTower wall. A third explanation is that
equipment in the elevator shaft was partially shielding the dosimeters from
sources in the walls or the elevator pit.

TLD string B-23 (Figure C.3) showed much higher dose rates at the lower
elevations than were found with string B-15, which was located closer to the
concrete block walls. Above the '288-foot elevation, the dose rates obtained
by the two strings were comparable. This indicates that TLD string B-23 was
influenced by a source of activity at lower elevations that strgyg B-15 was
not exposed to. The TMI Program Office's weekly status report for
22-25 May 1983 stated that the major work activities for the following week
would include, "pumping accident water from the elevator pit, flushing, and
radiation profile of that area." The following week, measurements were made
using TLD string B-23. The B-15 TLD string measurements were made during the
previous month. Thus, it is possible that B-23 was exposed to a major source
of activity in the elevator shaft that string B-15 was shielded from. This
source would have the greatest effect on the lower four or five TLDs, thus
negating the discrepancies between TLD strings B-23 and B-15 and between B-23
and the model.

TLD string B-3 (Figure C.3) was hung in the enclosed stairwell. The dose
readings calculated by the model are generally higher than the measured dose
rates. The model did not include any shielding of the TLDs by the metal
stairs or platforms. A closer match between the TLD string data and the model
results would have been observed if the shielding provided by the stairs and
platforms had been included in the model.

The conclusion of this analysis is that the enclosed stairwell/elevator
shaft structure contains an estimated 19,99? curies (as compared to GPU's
estimate of approximately 11,000 curies). In addition, a sizeable source
is present in the elevator shaft pit. A quantitative estimate of this source
cannot be made with the available information. However, an estimate may not
be required because remote dismantlement of the enclosed stairwell/elevator
shaft will be necessary.

(a) Memo from L. H. Barrett to H. R. Denton and B. J. Snyder, "NRC TMI
Program Office Weekly Status Report for May 22-28, 1983," U.S. Nuclear
Regulatory Commission, dated 27 May 1983. NRC/TMI-83-033.

(b) Memo from S. R. Frey and H. K. Peterson to J. E. Hildebrand, "Updated
TMI-2 Reactor Building Enclosed Stairwell Characterization," dated
26 January 1984. 9240-84-1943.
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APPENDIX D
DECONTAMINATION TECHNIQUES

A variety of decontamination techniques, including flushing, leaching,
scabbling, and chemical cleaning have been used in the TMI cleanup and in
other nuclear facilities. Background information on these and an assessment
of the potential for automating them or performing them underwater is also
included.

D.1 FLUSHING

Flushing with water is one of the oldest and most effective decontamina-
tion methods available. Low-velocity flushing is most useful for loosely
adherent contamination and for removing sludge and other nonadherent bulk
materials, but it may have only a minor impact on tightly adherent contamina-
tion. High-velocity flushing, or hydroblasting, will remove more tightly
adherent contamination. The distance between the nozzle and the surface to be
cleaned is important for all high-pressure water blasting. If pressures are
high enough and if the nozzle distance is carefully chosen, hydroblasting can
remove paint and other tightly adherent substances. For contamination associ-
ated with oil or grease, flushing might be more effective on some surfaces if
the water were heated or if steam were used. The recent development of com-
bining water with compressed air has been effective for spalling concrete sur-
faces. This technique has not been used extensively in the nuclear industry
primarily because of recontamination. Recontamination of the cleaned surface
is expected to have a minor effect on dose rates in the work environment but
may increase the volume of radioactive waste generated. Concrete spalling
with air and water might be reasonable for basement surfaces where the major
radiation sources are in the top layer of concrete, but the subsurface con-
crete will also require disposal as radioactive waste.

High-pressure water-blasting techniques have the potential for generating
airborne contamination; high-pressure blasting with borated water on the upper
elevations of the containment building at TMI is thought to have contributed
to the recontamination of cleaned surfaces.

Flushing and hydroblasting techniques are not expected to work well
underwater; if the basement were reflooded for cleanup, an ultra-high-velocity
concrete-blasting technique could be performed in an underwater air chamber.

Low- and high-velocity flushing were performed by a robot in the auxil-
iary building. The only constraint on a robot performing flushing would be
the accessibility of the various areas of the basement to the robot.

A11 techniques using water are also likely to involve some leaching. The
complex process of leaching is discussed in detail below.
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D.2 LEACHING

Leaching involves both physical and chemical processes. Leaching is dis-
cussed here in detail from both a theoretical and a practical standpoint as it
applies to the decontamination of the TMI-2 basement.

D.2.1 Theoretical Considerations of Leaching

Leaching is the complex chemical process of dissolving a soluble material
from a solid matrix; this process is governed by the physical laws of kinetics
and thermodynamics. Kinetics is important when considering the rate at which
water may diffuse into concrete or other solid matrices and when considering
the rate at which cesium may diffuse out. Diffusion kinetics also influences
the rate of leaching in areas such as the interstitial spaces of the concrete
blocks of the enclosed stairwell, where the concentrations of the leaching
solution may differ from the concentration in the bulk of the basement
solution.

Thermodynamics is important when considering the equilibrium conditions
in the solid/1iquid chemical system. The concrete, paint, fuel matrices,
etc., may behave 1ike weak ion exchangers. The ion exchange reaction is
completely reversible and is described for cesium by the general reaction
formula:

+ + +
CsS + Mr = MS + Csr (D.1)

where: Cs_ is the cesium ion in solution

=

is the exchanging monovalent metal ion on the ion exchanger

=

is the exchanging monovalent metal ion in solution

&
S+ +5 +0 +

is the cesium ion on the ion exchanger.

The concentration of cesium in contact with a typical cesium ion exchanger is
described by the expression:

_IMZT [es]

= (D.2)
+ +
[Cs] M/
where: E is the equilibrium constant

[M:] is the molar concentration of hydrogen or other competing
monovalent ions in the solution

+ . . R . .
[Csr] is the molar concentration of cesium in the ion exchange media
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[Cs+] is the molar concentration of cesium in the solution

[Mr] is the molar concentration of hydrogen and other compet1ng
monovalent ions in the ion exchange media.

The equilibrium constant will vary for different ion exchangers and dif-
ferent competing ions. The competing ions may include various species. For
example, the zeolite resin used in the submerged demineralizer system selec-
tively favors cesium. In that case, the competing ions are most likely to be
sodium and hydrogen. For less selective ion exchanges, such as concrete,
numerous ions may be exchanging. Certain divalent ions such as calcium may
also exchange with cesium, in which case the equilibrium constant expression
will be slightly different. However, when pure water is the leaching solu-
tion, cesium (and other exchanging ions) will move from the ion exchanger
(concrete) into the solution until equilibrium is established. (In the case
of a very selective ion exchanger, such as zeolite, the effect of the reverse
reaction is practically negligible, and it is fully compensated for by the
operation of the ion exchange media in a column where the last exchanger is in
contact with a solution that contains essentially no cesium.)

It also follows that if the concentration of the nonradioactive competing
ions were increased in the solution contacting the ion exchanger, the equi-
1ibrium would be shifted to favor cesium leaching. This may or may not be a
practical consideration in the basement because it is also desirable to reduce
waste volume and minimize the corrosive effects of the leaching solution.

D.2.2 Practical Considerations of Leaching in the TMI-2 Basement

In a complex system where there are multiple ion exchanges with various
equilibrium constants (such as in the TMI-2 basement), cesium will leach into
the solution until equilibrium is established for all of the ion exchange
systems. The rate at which this occurs depends on the kinetics of diffusion
and is very difficult to predict theoretically. If one of the ion exchangers
leaches sufficient cesium into solution such that the equilibrium constant of
another of the ion exchangers is exceeded, then cesium ions from the solution
will be deposited in that matrix to satisfy that equilibrium constant, thus
increasing the dose rate on the media.

In the absence of data on the ion exchange properties of the concrete
block in the basement, it would be inappropriate to suggest that the basement
be filled with water for leaching, as this could further concentrate cesium in
the block. It is doubtful that there are cesium selective materials other
than the concrete block that would become a problem if the basement were
leached.

The licensee is studying the ion exchange properties of the concrete

block. The results will help determine the advisability of reflooding the
basement and the methods that might reduce this source.
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D.3 SCABBLING

Scabbling is a technique for removing the surface of concrete. Usually
the depth removed in a single pass varies from 1/4 inch to 2 inches. On
horizontal surfaces (floors), this is most often done with a device that
resembles a miniature version of the equipment used to cut grooves in pavement
for water drainage. On vertical surfaces, scabbling is usually a much slower
process that requires drilling holes about six inches to one foot apart and
inserting a hydraulically operated expansion head that cracks off some of the
surface ?Manion and LaGuardia 1980). Recontamination can be a minor problem
in scabbling operations, so most scabblers used in nuclear applications are
equipped with a filtered exhaust system.

Current scabbling equipment must be manually operated and cannot be used
underwater.

D.4 CHEMICAL CLEANING

Chemical cleaning is sometimes very effective but is generally used quite
sparingly because of the waste management difficulties. Chemicals are not
expected to increase the solubility of cesium substantially, but they may be
useful in removing oils, greases or paint. Detergents or solvents would be
the most 1ikely candidates for this application. Detergents will foul ion
exchange resins and thus are incompatible with the present liquid waste manage-
ment sysfems. The solvent with the greatest potential for use in the basement
is Freon , since glosed systems exist for the application, removal and puri-
fication of Freon™ in the nuclear industry. Care must be used in selecting
the particular product because some Freon  compounds are quite toxic. Freon
used in other nuclear operations has been manually applied with long-handled
tools. Application of Freon compounds by robats or by long-handled tools
from upper elevations would require a considerable development effort.

Scrubbigg may enhance the effectiveness or rate of reaction of deter-
gents, Freon or other chemicals, but dose rates in the basement are expected
to preclude hand scrubbing for some time.

® Freon is a registered trademark of the E. I. DuPont de Nemours and
Company, Inc.
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