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NUCLEAR REGULATORY COMMISSION

/ WASHINGTON, D.C 205550001

November 4, 1994

Mr. T. Gary Broughton

Vice President

GPU Nuclear Corporation

Post Of fice Box 480

Middletown, Pennsylvania 17057-0191

Dear Mr. Broughton:
SUBJECT: POST-DEFUELING SURVEY REPORT REVIEWS

The Nuclear Requlatory Commission staff has performed a review of your
Defueling Completion Report and Post-Defueling Monitored Storage Safety
Analysis Report. The measurements you made and your subsequent analyses were
generally well done and conservative. In several cases we believe that the
uncertainty of the measurement is greater than what you had estimated.
However, in no case have we found a reason to change the estimate of the fuel
quantity remaining at TMI-2.

The staff in conducting the review used the information contained in 10
Post-Defueling Survey Reports which were developed by our consultant, Battelle
Pacific Northwest Laboratories. The following Post-Defueling Survey Report
reviews are attached for your information.

A & B Steam Generators (0TSGs)

Auxiliary and Fuel Handling Buildings
Letdown Coolers

Plenum Structure

Pressurizer

Reactor Building Basement

Reactor Building Miscellaneous Components
Reactor Coolant System

Reactor Vesse!

Reactor Vessel Head.
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Mr. T. Gary Broughton

e

A copy of these Post-Defueling Survey Report reviews will be placed in the
docket.

Docket No. 50-320

Attachment:
As stated

cc:

See next page

Sincerely,

73 gt
/.
Lee H. Thonus, Project Manager
Non-Power Reactors and Decommissioning
Project Directorate

Division of Qperating Reactor Support
Office of Nuclear Reactor Regulation
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A copy of these Post-Defueling Survey Report reviews will be placed in the
docket. 1

Sincerely,

Original signed by

Lee H. Thonus, Project Manager

Non-Power Reactors and Decommissioning
Project Directorate

Division of Operating Reactor Support

Office of Nuclear Reactor Regulation
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T. G. Broughton
GPU Nuclear Corporation Unit No. 2

cc:

Regional Administrator, Region I
U.S. Nuclear Reqgulatory Commission
475 Allendale Road

King of Prussia, Pennsylvania 19406

Or. Judith H. Johnsrud

Environmental Coalition on Nuclear
Power

433 Orlando Avenue

State College, Pennsylvania 16801

Ernest t. Blake, Jr., Esq.

Shaw, Pittman, Potts, and Trowbridge
2300 N Street, N.W.

Washington, D.C. 20037

Secretary
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

Mr. Russell Schaeffer, Chairperson
Dauphin County Board of Commissioners
Dauphin County Courthouse

Front and Market Streets

Harrisburg, Pennsylvania 17120

William Dornsife, Acting Director
Bureau of Radiation Protection
Department of Environmental Resources
P. 0. Box 2063

Harrisburg, Pennsylvania 17120

Mr. Ad Crable

Lancaster New Era

8 West King Street

Lancaster, Pennsylvania 17601

Ms. Michele G. Evans

Senior Resident Inspector (TMI-1)
U.S. Nuclear Regulatory Commission
P. 0. Box 311

Middletown, Pennsylvania 17057

Mr. Eric Epstein
2308 Brandywine Drive
Harrisburg, Pennsylvania 17110

Three Mile [sland Nuclear Station
Docket No. 50-320

Mr. Robert Rogan

GPU Nuclear Corporation

P. 0. Box 480

Middletown, Pennsylvania 17057

Mr. David J. McGoff

Office of LWR Safety and Technology
NE-23

U.S. Department of Energy
Washington, D.C. 20545

Mr. Wythe Keever

The Patriot

812 Market Street

Harrisburg, Pennsylvania 17105

Mr. Robert B. Borsum

B & W Nuclear Technologies
Suite 525

1700 Rockville Pike
Rockville, Maryland 20852

Mr. Jane Lee
183 Valley Road
Etters, Pennsylvania 17319

Mr. Walter W. Cohen, Consumer
Advocate

Department of Justice

Strawberry Square, l4th Floor

Harrisburg, Pennsylvania 17127

U.S. Environmental Prot. Agency
Region IIl Office

ATTN: EIS Coordinator

841 Chestnut Street

Philadelphia, Pennsylvania 19107

Mr. B. A. Mehler

GPU Nuclear Corporation

P. 0. Box 480

Middletown, Pennsylvania 17057
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June 28, 1994

Mr. Lee Thonus

U.S. Nuclear Regulatory Commission
Three Mile Island

Middietown, PA 17057

Dear Mr. Thonus:

PNL completed reviews of ten Post-Defueling Survey Reports (PDSRs) submitted by the
TMI-2 licensee. We submitted draft ¢opies of these reviews to you and Dr. Masnik
previousty for your review. Since your reviews of these writeups did not result in any
major changes, we are now prepared to submit our reviews in final form. Enclosed ploase
find the following ten POSR reviews:

A & B Steam Generators (OTSGs)

Auxliary and Fuel Handling Buildirgs
Lztdown Coolers

Plenum Structure

Pressurizer

Reactor Building Basement

Reactor Building Miscellaneous Components
Reactor Cootant System

Reacter Vessel

Reacter Vessel Head

Severat ganeral conclusions have become apparent from cur study of the licensee’s
’OSRs. We feel that the measurements and analyses were generally well done. The
wotking environment for these studies was extremely harsh, and in many cases it dictated
a tsmit on the type of measurement that could be performed or the thoroughness of a given
measurement. The licensee was able to work within these limitations to arrive at a
credible estiinate of the fuel remaining in the TMI-2 plant. We found the analyses to be
thorough and well-documented. For most of the efforts we agreed with the methods
chasen by the licensee: in some cases we have had minor disagreements with the
technigue or method of analysis, and in several instances we disagreed with the
uncectainty attached to a fuet estimate. in no case, however, did our reviev: find a reason
to chanqge the estimate of the quantity of fuel remaining in or removed from the TMI-2
plant, We concur with the licensee’s contentian that ALARA considerations make it
unwise to perform any additional study, and we agree that the fuel remaining in the
mndividual locatiens are unlikely to move out of those locations.
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June 28, 1994
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We have enjoyed working on these reviews and we hope that you will feel free to call us
at the above number if you have any gquestions or comments.

Sincercly,

(Wit tdi s

Robert [. Scherpe

Technical Group Leader Senior

Radiation Measurements and Assessments Instrumentation and Dosimetry Development
HEALTH PROTECTION DEPARTMENT HEALTH PROTECTION DEPARTMENT
RIS/bth

Enclosures

cc: Dr. Michae! Masnik



REVIEW OF THE TMI-2 POST-OEFUELING SURVEY REPORT
FOR THE ‘A’ and ‘8’ ONCE-THROUGH STEAM GENERATYORS

INTRODUCT 1%

This review of the licensee’s Post-Defueling Survey Report (PDSR) (GPU
Nuclear, 1989) discusses the process for estimating the amount of UO,
remaining in the two Once-Through Steam Generators (OTSGsj. The guantity of
fuel estimated to be present in these components is 55.5 kg with an
uncertainty of 15%.

for this study, several different measurement techniques were used. Ffor the
01SG lower heads and associated J-legs, small Geiger-Muller (GM) tubes were
enclosed in polyethylene tubing to measure the gamma exposure rates. A
computer code was then used to model the fuel deposition and estimate the
quantity that would cauie the recorded signal. Gross gamma measurements with

small GM tube were also used to quantify fuel remaining in the tube bundles.
Computer modeling was again used to determine the fuel.

for the OTSG upper tube sheets, copper foils were exposed, and neutrons
emitted by the fuel created radioactive copper in the foils. The emitted
radioactivity could then be used to determine the neutron flux at the copper
foil, and the fluxes could be used in conjunction with computer modcling to
determine the fuel mass in the region.

tower OTSG Heads

For quantifying the fuel remaining in the OTSG lower head regions,
detector strings were made by placing small GM detectors inside a
polyethylene tube. The tube was inserted into the lower head and
exposure rates were mcasured at a number of positions in the lower head.
Exposure rates were measured at !0 locations at one-foot intervals over
a 12-foot distance, and the measured rates ranged from a low of 0.8 R/h
to 17.5 R/h in the ‘A’ OTSG. In the ‘B’ OTSG, the exposure rates were
measured at four locations separated by one-foot intervals, and these
measurements ranged from 7.8 to 17.0 R/h. Uuring the measurements,
video cameras were used to verify the positioning of the detectors.

Atter measuring exposure rates in the lower head regions, the mecasure-
ment strings were pushed an additional fifteen feet tu measure exposure
rates in the associated J-legs (the large pipes that carry water from
the bottom of the OTSGs into the Reactor Coolant pumps; two J-legs are
connected to each OTSG's lower head). The measured exposure rates
vanged up to 76 B/h in the ‘A’ legs and up to 700 R/h in the ‘B’ legs.



>

A measurement string containing GM tubes was assembled to measure gammas
emitted by clumps of fuel debris lodged in the tube region. The
measurement string consisted of six smal) GM detectors spaced at one-
foot int2rvals inside a polyethylene tube. The string was deployed in
52 different OTSG tubes, carefully chosen to ensure the detection of any
fuel blockages that may be present in the 9.5-foot-diameter tube bundie.
For each OTSG tube, measurements of gamma exposure rates were taken at
five-foot intervals over the entire 56-foot tube length. The measured
exposure rates could then be translated into fuel quantities using
computer modeling.

Al PN MR LUUE SR L

Copper foils were exposed in the upper tube sheets of the ‘A’ and 'B’
OTSGs to measure the neutron fluxes and thus determine the fuel
remaining in the upper tube sheet regions. Four foils were exposed at
different positions above the ‘B’ upper tube sheet and two were exposed
in ‘A’. An additional foil was exposed elsewhere in the Reactor
Building (RB) to give a background reading. In order to properly
account for the effect of neutron scattering and neutron loss, an AmBe
source was placed in the ‘A’ upper tube sheet region to provide neutrons
for calibration purposes during the exposure of one of the ‘A’ foils.

After the foils were exposed in the OTSGs, they were placed in a low-
level coincidence counting system to measure the B° particles emitted by
the radioactive copper atoms created by neutron activation. The
meas?re? radioactivity was used to determine the neutron fluxes exposing
the foils.

Comparison of the first foil exposed in ‘A’ to the background foil
exposed in the RB showed no net neutron signal, indicating that the
quantity of deposited fuel was too low for this type of measurement.
Gamma exposure rates measured above the ‘A’ and ‘B’ tube sheets were
thus used to arrive at the estimate of fuel remaining in the ‘A’ OISG
upper tube sheet.

fusoy 1o g g invewewa |

tower OTSG Heads and J-legs

The measured exposure rates were used to estimate the quantity of fuel
remaining in these regions by computer modeling with the Microshield
computer code. The computer calculations modeled the fuel debris
deposits based on visual inspections of the debris. The modeling
estimated the exposure rates that would result from a given quantity of
fuel deposited in the regions, and the actual quantities of fue!
calculated by scaling according to the measured dose rates. 1lhe fuel
masses considered to be the estimate of record were:
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‘A’ OTSG Lower Head 0.29 kg UO,;
‘B’ OTSG Lower Head 0.46 kg UO,;
‘A’ J-legs: 0.67 kg UO,; and
‘B’ J-legs: 5.79 kg UO,.

Copper foils had also been used with these GM measurements, and the

quantities estimated by these means were compared to the estimates of

record. The foils in the lower head regions did not measure significant

neutron fluxes, but the foils in the J-legs measured fluxes that

resulted in fuel estimates of 5.36 kg for the ‘A’ J-legs and 5.14 kg for |

the ‘B’ J-legs. The agreement between the gamma measurements and the

copper foil measurements were good for the ‘B’ J-legs, but not for the

‘A’ J-legs. |
|
|

Tu und

The study of fuel in the tube bundles initially assumed that the fuel
deposits consisted of 1-inch long clumps that plugged a tube. The
Microshield code was used to model gamma emissions from these blockages
and use the results of this modeling to plan the piacement of the
detector strings. The modeling concluded that each string could cover
an eight-inch effective horizontal radius, so this effective radius led
to the choice ot 52 tubes for the measurements.

For analysis of the measured exposure rates, Microshield calculations
were performed in which a one-inch long debris plug was placed at a
position displaced 5.5 inches vertically and eight inches horizontally
from the detector. This position resulted in a conservative estimate.
The model assumed that the debris plug was similar in density and fuel
concentration to debris material in the ‘8’ OTSG upper tube sheet. The
measurement data were then entered into a spreadsheet for analysis and
vertical exposure rate profiles were plotted for the tube bundle
reqgions. lhese profiles showed that no significant radiation sources
from fuel blockages were detected.

iext these exposure rates were adjusted for background radiation
signals. lhe primary components of the background signal were:

1) cosmic rays;
2) contamination outside the 0T1SG;
3) contamination on the outside of the polyethylene tube

holding the GM detectors;

g’ts activity on the inside surface of the OTSG tubes; and

9) ’Cs contamination in the water in the lower part of the
tubes.

#hen the background signals were subtracted, the measurement data showed
no significant positive readings for fuel in the tube bundles. lhus a
lower-1imit-of-detection {LLD) analysis was performed on the measurcment
data, and this analysis resulted in estimates of 1.7 kg U0, in the ‘A’
0TSG tube bundle, and 9.1 kg UQ, in the ‘B’ tube bundle. the LLD
analysis qgave a higher fuel mass for ‘B’ because of the higher gamma

3
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background levels in ‘B‘. The uncertainties associated with these
estimates were both *48%.

= R T VL S L L A{—

Before the copper foil measurements were made, twu other methods had
been used for estimating fuel remaining in these regions: video
inspection and gross gamma counting. The video inspection gave an
estimate of 2B.9 kg fuel, and the gross gamma measurements gave an
estimate of 53.9 kg for the sum of both OTSGs. The copper foil was seen
as a means of increasing the accuracy, and its results were meant to be
used for the estimate of record.

The four foils exposed in the ‘B’ OTSGs were counted in the coincidence
system, and since two of the foils exhibited low activation levels, only
two foils were actually used to determine neutron fluxes. The foil
exposed in the RB gave a background rate that was subtracted from the
‘B’ foils’ signals. One foil exposed in ‘A’ was activated by necutrons
emitted from an AmBe source, and this was also the calibration for the
‘B’ foils. The calibration was necessary to know what quantity of fuel
would produce a given flux at the foil. This analysis led to an
estimate of 36 kg $6.5 kg (18%) of fuel in the ‘B OTSG upper tube
sheet.

The foil exposed in the ‘A’ upper tube sheet (with no AmBe source) gave
a zero reading after the background signal was subtracted. Thus the
results of the gross gamma measurements were used to estimate the fuel
in ‘A’. The exposure rate measured at one foot above the ‘B’ upper tube
sheet was 126 R/h, and at two feet above the ‘A’ tube sheet it was 3
R/h. This ‘A’ reading was normalized to a one-foot position, based on
Microshield calculations, to 5 R/h, and the ratio of 5/126 was
multiplied by 36 kg to arrive at a fuel estimate of 1.4 kg UO, for the
‘A’ OISG upper tube sheet. The uncertainty assigned to this measurement
is 18%, which is identical to the uncertainty assigned to the ‘B’
estimate.

REVIEW_OF MEASUREMENTS AND_ANALYSIS METHODOLOGY

Lower OTSG Heads and J-legs

The methods of gross gamma measurements and cumputer modeling used to
estimate the fuel in these regions is similar to methods used in 2
number of other PDSRs, and it appears to be properly applied here. It
is unfortunate that the measurement locations in the ‘B’ regions had
fewer data points measured than in the ‘A’ locations (only four in the
‘B’ lower head versus 10 in the ‘A’ lower head; only five in the ‘1B’ J-
leg versus 11 in the other three J-legs), because ‘B’ contained more
fuel: the best quality data should be taken whera there is the highest
tikelihood of fuel. However, the number of data points were sufticient
to arrive at the estimate of record, and the uncertainty bounds of 47 to
49% are sufficiently large.



Tu und]

It is unfortunate that so many individual measurements were made in the
tubes and that the subsequent data analysis showed that the signals were
no* significantly above background. The measurements showed, however,
that there are no significant fuel debris blockages in the tube region.
The measurements also provided the data used to determine minimum
detectable levels that were used for the estimates of record. These
estimates appear to be properly derived and have sufficiently large
uncertainty bounds.

Upper Tube Shee .

The method of neutron activation for measuring fuel deposits has one
advantage over gamma measurements; since there are very few neutron-
emitting background sources, any detected neutrons have a good
likelihood of coming from the fuel. The disadvantage of neutron
measurement is that the neutron emission rate from a kilogram of fuel is
very low, so the sensitivity of this technique is poor. In this study,
the 1.4 kg of U0, concluded to be in the ‘A’ upper tube sheet region did
not produce enough activation in the copper foil to give a signal above
background, so the foils exposed there gave no estimate of fuel. In the
'8’ region, 36 kg U0, were identified, and two foils gave readings
sufficiently above background to arrive at this estimate.

One problem with the foil activation study is the use of a small number
of measurements. Four foils were exposed in the ‘B’ upper tube sheet
region, but only two gave meaningful data. Since the tube sheet is over
nine feet in diameter, the analysis must rely heavily on an assumption
of the even distribution of fuel in the tube sheet. The 36 kg value is
probably not too far off the mark, and confirming evidence is given by
the visual inspection which gave a value a bit lower. However, the
stated 1B8% uncertainty bound is too small to account for the assumption
made in the fuel distribution.

The study used an AmBe source as a known source of neutrons to account
for the neutron scattering and neutron loss effects of neutrons emitted
by the fuel. However, the grometry of the calibration is a point source
and the geometry of the fuel distribution is an area source, so the
calibration uncertainty must be higher. Also, the distribution of
energies of neutrons emitted by the AmBe source is higher than the
energies of neutrons emitted by the fuel, so activation of the foils
will nut te identical for the calibration case versus the fuel
measurement case. Again, a higher uncertainty band should be stated to
account for this.

The measurement of fuel in the ‘A’ upper tube sheet was done by gross
gamma measurements, using analogy to the ‘B’ measurements. The analogy
relies on the assumption that fuel distribution in the "A’ tube sheet is
identical to the distribution assumed for the ‘B’ tube sheet and that
backqround effects are identical. These assumptions should lead to
larger uncertainties.



SUMMARY AND CONCLUS]ONS

The following table summarizes the estimate of record for UO, remaining in the
two OTSGs. -

‘A’ 0T ‘B’ OTSG
Upper Tube Sheet 1.4 kg #21% 36 kg +18%
Tube Bundle 1.7 kg 248% 9.1 kg :48%
Lower Head 0.29 kg $48% 0.46 kg +487%
RCP-1 J-leg 1.4 kg 248% 1.5 kg #47%
RCP-2 J-leg 1.4 kg *48% 4.3 kg 249%
TOTAL 4.1 kg 222% 51.4 kg :16%

The techniques chosen for fuel estimation were gencrally appropriate, given
the difficolt environment and the necessity for ALARA considerations. The
biggest shortcoming that we see is the small uncertainty assigned to the
neutrun activation foil measurements in the ‘B’ upper tube sheets, and the way
that this small uncertainty (assigned to the largest component of the fuel
estimate) propagated through the entire analysis. The foil measurements
relied on exposure of only two foils, requiring assumptions about fuel
distribution, and used a calibration system with a higher neutron energy
distribution and a point calibration geometry. Thus we feel that the
uncertainty for the upper tube sheet estimates should be on the order of 50%,
and the uncertainties for the entire estimates of record should be about the
same size.

The values chosen for the estimates of record, on the other hand, appear to be
sound. Where available, other measurement methods tended to confirm the
values chosen, lending credibility to the analyses.



REFERENCES

GPU Huclear. March 14, 1990. TMI-2 Post-Defueling Survey Repurt for the ‘A’
and_‘B' vuve-vespugh Steam Generators. GPU Communication #4417-90-L-
0019/0356.




REVIEW OF THE TMI-2 POST-DEFUELING SURVEY REPORT FOR
THE AUXILIARY ARD FUEL HANDLING BUILDINGS

JNTRODUCTTOM

This review of the licensee’s Post-Defueling Survey Report (PDSR) (GPU 1991)
for the Auxiliary and Fuel Handling Buildings (AFHB) discusses the procedures
used to estimate the amount of UO, remaining in the Reactor Vessel Head
Assembiy. The AFHBs are divided into 131 individual areas. The Auxiliary
Building contains the tanks, pumps, piping, and equipment for processing and
storing water for the Reactor and primary cooling system and for the treatment
of radioactive wastes. The Fuel Handling Building contains the fuel handling
and]storage equipment and a limited number of tanks, filters, pumps and
coolers.

To perform the inalysis of the fuel content remaining in the AFHB, the AFHB
was considered by systems rather than by individual areas. There are 26
systems in the AFHB. An engineering analysis was performed to determine the
areas where the flow paths were during the accident and the areas where the
total quantity of UO, in the system was believed to be insignificant.
Decisions to measure the fuel remaining in each specific area was based on the
anilysis of the system. Four different types of measurements were made on 38
of the areas as discussed in the next section.

MEASUREMENT METHODOLOGY

The selection for analysis of those areas of the AFHB that could contain fuel
deposits was based on the Rogovin Report (Rogovin 1980). Measurements were
made on 38 of the areas, using the techniques described above. The remaining
areas were analyzed using an engineering analysis as discussed further in the
next section.

The following four different measurement methods were used:

1) gumma scintillation using a sodium iodide
detector (Mal(ll));

2) gamma scintillation using a high-purity geraanium (HPGe)
spectrometer;

3) gross gamma survey: and

4) individual sample analysis.

Gamma Spectroscopy - Nal(T1)

Twenty-two areas were surveyed using a Nal(71) detector with a thallium
activated scintillation crystal and gamma spectrc‘copy. This device
measured fuel by detecting the 2.19 MeV gamma rav uf *ice, which has
been shown to be an analog for the U0, fuel (Babel 1988). The problems
of a high background gamma dose were resolved by using the smallest
detector that could see the 2.19 MeV gamma (1/2-inch diameter by 3/4-



inch long crystal) and the maximum practicai amount of shielding (35 to
80 pounds of tungsten shielding) asc<embled in various configurations.

High-Purity Germanium Spectrometer

Bec~se of the decay of e (half-l1ife of 284 days), the Mal(T1)
detector was unable to distinguish its small peak from the background,
so it was necessary to use a HPGe detector with much better resolution.
Six areas were measured using the HPGe detector which was housed in a
two inch }Plck cylindrical lead shield. The HPGe detector used both

“iCe and "fu as analogs for the residual fuel, and were calibrated
using standard and 184ce and '**tu sources.

Sample Analysis

The analyses for four areas were based on individual samples of resin
media that were analyzed by a radiochemical laboratory at Oak Ridge
MNational Laboratory or at a IMI laboratory.

Gross Gamma Surveys

Gross gamma directional surveys were used in six areas to determine the
quantity of fuel by using a portable gamma survey instrument with a
directional probe. A correlation between gross gamma-ray output and the
quantity of fuel present was hased on measurements from a sample of
reactor core debris. The field measurements that were made were
compared with a computer model of the expesure rates for a given volume
of fuel under the appropriate geometry. The results were used to
determine the quantity of fuel present in any area or component.

ANALYSES METHODOLOGY

The analysis of each of the systems for fuel content was performed before, or
in conjunction with, measurements of specific individual areas. 1Ihere are 26
systems in the AFHB. An engineering analysis was performed to determine the
areas wh-re the flow paths were during the accident and the areas where the
total quantity of UO, in the system was believed to be insignificant. tight
plant systems (69 |nd|v1dua1 areas) were cvaluated for fuel content:

1) Makeup and Purification System (MU3P):

2) Liquid Radwaste Disposal System (WDL);

3) Solid Radwaste Disposal System (WDS};

4) Waste Disposal Gas System (WDG);

5) Spent Fue) Cooling System (SFC);

6) Huclear Sampling System (SHNS);

1) Suhmerged Demineralizer System (SDS); and
8) Defueling Water Cleanup System (DWCS).

The remaining systems wore judged as either not requiring any special nuclear
materials (SKM) assessment {43 individual arcas) - based on an analysis
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showing that there was no means to transport the fuel into these areas, (i.e.,
no piping connected to any of the processing systems that support operation of
the Reactor Coolant System), or were analyzed as areas that were assessed to
be free of fuel, but could contain quantities of fuel if their normal function
had been misusad (19 areas).

The determination that certain areas did not require an SNM assessment was
hased on the Rogovin report’s analysis of the accident (Rogovin 1980). These
43 arcas contain non-water processing equipment such as electrical switchgear,
unit substations, HVYAC blower and ducting, or they may have no cquipment and
Just serve as an access corridor to scervice other areas. Because there was no
means for transporting fuel into these arcas, (in other words, no piping
connected to any processing systems that supported operation of the Reactor
Coolant System) there was no expectation that fuel would be present.

During the review of twelve of the systems, it was concluded that 19 areas did
not contain fuel. Some of these arcas are part of the SNS, SDS, Standby
Pressure Control System, Miscellancous Decay Heat Removal System, temporary
cleaning facility, or the modified fuel handling bridge - which were
constructed after the accident and installed as part of the TM1-2 Cleanup
Program. Others were part of the six systems, Chemical Addition, OH Closed
Cooling Water, Health Physics, Interim Closed Cooling Water, Nuclear Service
Closed Cooling Water, and the Reactor Building Emergency Cooling Systems -
that were criginally installed when 1MI-2 was constructed. The 19 arcas were
analyzed based on their vulnerability during the TMI-2 accident and their
service history during the TMI-2 Cleanup Program. The determination was made
that i1t is improbable that any remaining fuel not already analyzed and
accounted for elsewhere exists in any of those areas.

The MUSP contains 18 areas - 12 of which were measured using either a Hal(Tl)
or HiPGe detector. The ' Ce isotope was used as a tracer for the fuel. lf

the *“Ce was not found, '“‘tu was used. In four cases neither '''Ce or '**fu
were identified, and a minimum detectable level (MDL) calculation was
performed. In one case, (makeup pump IC), a tungsten-shielded directional
pirobe was used to obtain a gross gamma count. Gamma-ray spectrometry was
inttially used for the two arcas AX114 and AX115 (MU&P demineralizer 1A and 1B
respectively). However, the number of records was based on resin/fuel samples
taken a year earlier. The analysis of the remaining arcas was based on the
service record of those areas and the fuel deposits measured in similar arecas,
The estimate of record for the MUSP is 2.81 kg UO, with an uncertainty of

+ 27%. The MDL values were 0.60 kg. Uncertalntles for specific areas ranged
from +25% to +100%. The largest quantity of fuel (1.06 kg) was in the MU&P
demineralizer 1A,

The WOL contains 29 areas - 20 of which were assayed for fuel. A Nal(T1l)
detector was used for the assays of }7 of the 29 areas, and again the spectra
for **Ce or '**fu were used to identify the presence of fuel. If a peak was
not identifiable (as occurred in seven areas), a MOL calculation was performed
by determining the gross counts in the region of interest for the Ce or tu,
and converting this number to a MDL value which was divided by the measured
detector efticiency, calculated photon fluence per kg of fuet, and the count
time,  Gross gamma exposure rate measurements were performed on the Auxiliasry
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Building sump filters (AX024), and direct samples were obtained for the
deborating demineralizers. Nine areas were not measured, instead an analysis
of the fuel deposits was made based on measured fuel deposits in areas with
similar flow origin and water processing history. The estimate of record for
the WOL was 4.13 kg UOz, with an uncertainty of + 71%. The MDL values were
0.11 kg. Uncertainties for specific areas ranged from +46% to +104%. The
largest quantity of fuel (3.5 kg) was located in the Reactor Coolant bleed
holdup tanks B and C.

The function of the WDS prior to the accident was to store and transfer bead
type resins, concentrated liquid wastes and reclaimed boric acid. This system
is composed of two independent subsystems, the resin waste subsystem and the
concentrated liquid waste subsystem. Two areas of the WDS weire measured
directly for fuel content. The first area - concentrated waste tank (AX218),
was measured using an HPGe detector. The second area - concentrate liquid
waste pump room (AX124), was measured using the tungsten-shielded directional
probe to obtain a gross gamma survey. The remaining five areas were appraised
based on their service history and fuel deposits measured in similar areas
which were exposed to similar service conditions. The ¢stimate of record for
the solid radwaste disposal system was 0.0] kg ~with an uncertainty of +57%
on the measured values. The MDL values were set to 0.0.

The remaining five systems include the DWCS, WOG, SNHS, SFC, and the SOS.
Specific areas of the SDS, and SNS systems were discussed previously. Only
three areas from these five systems were formally assayed for fuel. The three
areas include the model room (FH105), monitor tanks and sample sink (FH106),
and the spent fuel pool A (FH109). AIll three areas were assayed for gross
gamma counts using a tungsten-shielded directional probe. The remaining 14
areas were analyzed based on their service history and their similarity to
other areas that were measured. The estimate of record for these systems was
3.80 kg U0,. 1lhis was based on the fuel located in spent fuel pool A. AIlI
other areas containad fuel quantities less than 0.005 ky. The uncertainty on
the fuel value in spent fuel pool A was +35%, -92%.

Approximately 10% of the process piping was assumed to be embedded in concrete
walls and floors and was not included in the analysis of those areas of the
AtHB where fuel was thought to be. The contribution for each of these systems
was determined as summing up to 0.2]1 kg based on 10% of the fuel in the
process piping that was measured.

covanm e AEASUREMENT AND ANALYSIS METHODOLOGY

The methodology used to determine the quantity of fuel remaining in the AFHB
is conventional and appropriately applied. A number of areas were not
directly measured, but rather the cstimate ¥ fuel was based on their
similarity to other areas or equipment that was measured. Although a thorough
analysis of the fuel would have dictated that cvery area be measured, for
ALARA purposes this would not have been appropriate, and thus the linking of
similar areas was 2 good idea.



The method of calculating the error and adding the errors from separate
measurements appears to be valid.

Appendix £ (which discusses the AFHB areas that were analyzed to not have
fuel) does not explain the absence of fuel in the FHOO7 access-area north,
FHIO7 trash compactor, and the FH108 truck bay. However, the possibility of
fuel appears very unlikely. The explanations for the remaining 16 areas
appear to be appropriate, and the conclusion that none of these 19 areas
contain fuel is not questioned.

SUMMARY AND_CONCLUS [ONS

The analysis methodology was found to be appropriate, in that a systems
approach to the AFHB was developed, where the flow of fuel during the
accident, and the movement of fuel during the cleanup process was used to
determine which areas needed further analysis and measurement and which areas
could be assumed to not contain fuel any longer. The measurement techniques
were also found to be appropriately used. Thus, the fuel estimate of 11.5 kg
U0, with a range from 4.2 to 15.8 kg UQ, was found to be acceptable. A
summary of the distribution of the fuel by area is shown below:

Spent Fuel Pool A (FH109)

RC Bleed Holdup Tanks B&C (AX020)
MU&P Bemineralizer 1A (AX114)
MULP Demincralizer 1B (AX115)
MU Suction Valves {FHOO!)

Seal Return Coolers (AX112)
Makeup Tank (AX116)

RC Bleed Nuldup Tank A (AX02})
MUZP Valves (FH101)

Makeup Pump 1A (AX007;

Other Areas of AFHB (78)
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REVIEW OF THE TMI-2 POST-DEFUELING SURVEY REPORT
FOR
THE LETDOWN COOLERS

INTRODUCT 10N

This review of the licensce’s Post-Defueling Survey Report (POSR) (GPU
Huclear, 1989) discusses the process for estimating the amount of UO, re-
maining in the tetdown coolers and associated piping in the Letdown Loolcr
ftoom. The quantity of fuel estimated to be present at this location is less
than 3.7 kg with an uncertainty of 53%.

In Lh\s study, a collimated Naf detector was used to count 2.19 MeV photons
from '"*'Ce. In conjunction with the measurements, computer calculations were
used to model the piping and ccolers and the detector geometrics. 1lhe

model ing effort was designed to determine the quantity of fuel, distributed in
lnkcly locations in the Letdown Cooler Room, that would produce the measured

e signal. During the actual measurements, no counts from 400 were

recurded, <o the fuel quantity was determined using a minimum detectable teve!l
(MDL) analysis.

MEASURTMENT METHODOLOGY

The room contdining the letdown coolers has a very high background dose rate
(10 /W or greater), preventing personnel entry.  Thus, the fuel weasurcment
had to rely on remote measurements.  the measurements iavolved placing o
shiclded Nal detectur into an access port an the Letdown Cuvler Room wall.
fhe <hielding around the detecCtor had an opening which provided the deteclor
with a well-detined fictd of view of equipment in the roeom,

The collimated detector was placed in two slightly different positions Lo
obtuin two different fictds of view of the coom. AL cach position, g very
tong count was performed (43 hours for the first position, 67 hours lor the
sccond}.  The recorded spectrum from cach count could be anslyzed Lo determine
the ngmboer of events 1n the 2,19-MeV peak.

ANALYSTS METHODOLOGY

The gamma measurements relied on determining the quantity of '**Ce as an
nn;log for the fuel that was rudn Lrtbuled during the accident. The isotope
s progeny radionuclide of e, emits a gamma with ener gy of 2.19 MeV
thus, o count of the 2.19 MeV gammas can be converted to a mass of d e, and
this mass can be converted to 3 mans of U0, using a measured Cc-to fuel ratio.

Analysis of the recorded gamma spectra showed no events attributable to the
2.19 Mev photon emitted by '*‘Ce.  Counts were recorded in the reyion of
interest corresponding to the peak, but they were part ot a backyround




continuum of cvents and did not form a Etalistically identifiable peak. Thus,
no direct evidence of the presence of ““Ce was produced by the yamma
measurements.

Since the radiation background in the Letdown Cooler Room was high, it is
possible that gammas emitted by '**Ce in the room could have been lost in the
background and not detected by the Nal detector. The licensce took the
conservative approach of calculating the maximum quantity of '*'Ce that could
be present in the room but masked by the background signal at the detector.
MOL analysis was used to find the estimate of record.

The MOL analysis started by calculating the highest gamma flux at the detector
that could give a signal that would be lost in the background. The analysis
then applied the computer codes 1SOSHLD-11 and QAD-UL to model the reom wilh
an assumed fuel distribution. The first calculation used an improbable fuel
contiguration chosen to give a low MOL, and determined the quantity of fuel
that would produce the MOL gamma flux at the detector. This guantity was

1.9 kg. A different fuel distribution, chosen to give a high MDL quantity,
wias then modeled, and gave a MDL fuel quantily of 25.6 kg.

The 1.9 kg and 25.6 kg represented boundaries for the MDL fuel quantity, since
1L represented extreme (and improbable) fuel distributions. The fuel guantity
of record was found by modeling the most likely distribution of fuel in the
room, with a uniform distribution of fuel in the cooler inlet distribution
header, and in the bottom quadrant of the Yirst spirals of the tubes in the
cooler. With this distribution, an MDL quaatity of 3.7 kg was determincd.

An error estimate of ¥53% (one o) was chosen for the fuel quantity. Thig
uncertainty value is based on uncertainties associated with the calibration
and measurement counting, physical measurements, calibrations, and the
standard source.

REVIEW _OF _MFASUREMENTS AND_ANALYSIS METHODOLOGY

The methods chosen for analysis of the quantity of fuel in the Letdown Cooler
Room 14 basically appropriate. It would seem beneficial to have duplicated
the messurement with 3 HPGe detector, which would give better resoluton and
probably lower MOL values than the Hia! detector, but as the report stated,
space restrictions in the penetration precluded use of the HPGe. The measure-
ment conditions were very difficult with the high gamnd backgrounds, and the
experimenters did a fine job in dealing with these conditions.  When the gamma
measurements failed to find identifiable peaks for the fuel analog, an MOL
analysis was performed. Using this MOL value for the estimate ef record is a
prudent and conservative approach.

The stated uncertainty of *53% {one o) does not adequately address two
mportant factors in the analysis: the fact that an MUL value is a maximum;
and the fact that assumptions were made abuut the dJdistribution of fuel an the
room.  Since the gammd measuremenls showed no cevidence ot fuel in the room, a
vatur ot 0 kg should be 2 Vikcly possibility, but as stated, the value uf Uy

2
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lies 1.90 away from the most probable value, so there is less than a 3% prob-
ability that there is no fuel in the room. A logical analysis of the trans-
location of fuel would indicate that the presence of fuel n the room would be
possible, but the measurements give no evidence for the presence. lhus, a
value of zero should be included in the error bound.

The assumptions about fuel distribution that arc necessary to arrive at the
quantity of tuel are not reflected 1n the 053% uncertainty. The aaximum MUL
modeled was 25.6 kg, which is almost 6o above the best estimate. lhe report
stated that this was an improbable distribution, but no attempt was made to
find a “probable® maximum configuration.

Rather than stating the errors as a Caussian distribution, it would have been
better to identify a likely range of fuel values, with the best estimate of
3.7 ky and an uncertaiaty ranging from 0 kg up to the value matching Lhe
maximum credible configuration.

SUMMARY_AND_CONCLUSTONS

The licensee’s best estimate of the quantity of fuel remaining in the Letdown
Cooler Room is 3.7 kg UD,, with an uncertainty of £53%, ranging from 1.7 ky to
[

5.7 ki UU‘,.

The use of gamma measurements for determining the fuel quantity is appro-
priate, although the high ganma background was sufficient to mask any peak
H}“l msy have come from the 2.19-MeV gammas that would have been emitted by
Ce. In the absence of recorded data, il is conservative to perform @
minimum detectable Yevel analysis and use this vdalue as the estimate of
record.  The stated crror did not appear to be an appropriate method of pre-
senting the uncertaintices, because it did not adequately reflect the fact that
a MUL s a maximumn value, and a value of zero is a definite possibility. The
error distribution also did not adequately reflect the necessary assumptions
about fuel distributions that occurred in the modeling effort. However, Lhe
cstimate of fuel Joading n the Letdown Cooler Room appears basically <ound.
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SURVTY RFPORT
£OR
THE UPPER ASSEMBL Y

1his review of the licensee’s POSR (GPU Nuclear, 1988) describes the process
for estimating the amount of UO, remaining in the upper plenum structure of
the TMI1-2 reactor. The remaining amount of fuel in this structure was
estimated to be 2.1 kg with an uncertainty of -45% to +140%.

This estimate was based on the analysis of contamination found on two
lceadscrew samples and a sample from a control rod assembly support tube.
Contamination levels found on these samples were applied to surfaces in the
rest of the plenum region to derive an estimate of the total fuel content in
the whole structure. A video examination of approximately 50% of the plenun
internsls gave no evidence of loadged debris.

The estimate of the fuel loading in the plenum is based on an analysis of
contamination on two leadscrews and one contrul rod qguide tube scection. The
lcadscrews were removed from the reactor before head and plenum were removed
from the reactor vessel. Surface deposits and {idns were dissolved frum
vartous locations on the leadscrews and measured using delayed neutron
emission anmalysis to determine the amount of “*“U, ‘fhe amount of Uy, in each
ut these depusits was then determined using the average core enrichment value
ot 2.57% U, [he derived values of U0, contamination, in units of ug per
¢n®, were used as representative contamination values for the entirve surface
area of the upper plenum,  Uifferent values were derived for surface flms
{residing on both horizontal and vertical surfaces), and for sediment deposits
(resading only on horizontal surfaces).

A contro! rod drive mechanism quide tube (3lso known as a leadscrew support
tube) was analyzed to determine contamination values. This analysis was based
on concentrations of **’Cs and 'Cs on the inside and outside of the tube.

lhe results of this analysis were assumed to be representative of the tucl
distribution on the guide tube and were usced to account for the differences in
contamination level between internal and external control rod quide tube
surfaces.  1he analysic found an activity ratio of 2:1 for outside surluces
versus wncide surfaces. This activity ratio was assumed to be due to coolant
flow rate, with the higher flow outside the tube causing higher surface
conlamination. Thus the leadscrew fuel contamination values were doubled for
surrfaces outside the control rod quide tubes where there was a higher flow.

Four types of surfaces were present in the plenum: horizontal surfaces exposed
tu low tlow, horizontal surfaces exposed to high flow; vertical surfaces
cxposed to low flow and vertical surfaces exposed to high flow,



Video inspection of a large fraction of the upper plenum surfaces indicated
that there was no evidence of lodged debris or granular particles on the
surfaces, so the method of depositing contamination on the surfaces was
assumed to be identical to the method of deposition on the leadscrews.  Thus
the fuel loading values based on the leadscrew analyses were then applied to
the total surface arcas in each of the four categories to arrive at a total
U0, inventory for the upper plenum structure.

AN YSIS MFTHODOLOGY

As described in the previous section, the following fuel loadings were
calculated:

1) U0, film on low-flow surfaces : 216 ug/cm’ = 337 ¢
2 :
based on same fuel loading as leadscrews;
2) U0, film on high-flow surfaces 432 pr/em’ < 1166 g
°  based on twice fuel loading on leadscrews;

3} U0, sediment on low-flow surfaces - 2520 plj/cm2 164 ¢
based on average U0, toading on smooth sectiun of lecadscrew,
subtracted from loading on threaded section divided by 0.2 to
adjust for 20% of ! that is horizontal: and

4) U0, <ediment on high-flow surfaces = 5040 ug/Cm? 432 g

based on average U0, loadiny on non-threaded section of leadserew.

These contamination levels were used to find a total q&antity of 1.5 kg U0, in
surface (ilms and 0.6 kg U0Z in sediments, for a total of 2.1 kg UO, in the
upper plenum, ‘

The measurement and analysis methodology appears appropriate. This analytical
method assumes that the four fuel loading values were representative ot all
upper plenum surface contamination, and that these fuur loadings were
unilormly distributed over the four type:. of surtaces. However, the fuel
Toadings would have varied:

1) if the axial profiles of UO, concentrations on the leadscrew surfaces
varied;
?) if the two leadscrews studied were nrot representative of the upper

plenum concentrations;

3) if the difference in measured UO, concentrations on the leadscrews was
due to womething other than the VLhreaded versus non-threaded regions

r




4) if the surface concentrations were not uniform if (i.e., "blotches* of
higher concentrations or lower concentrations were present);

5) if the flow patterns did not justify deposition based only on a
simplistic model of high-versus-low flow; and

6) if the deposition of Cesium on the contyol rod drive mechanism qguide
tube did not reflect the deposition of “*'U.

These six items may represent additional factors that could have increased the
stated uncertainty for the UD, estimate. lhe stated uncertainty associaled
with the 2.} kg fuel inventory (-45%, +140%) is based on the uncertainty in
the delayed-neutron analysis of ‘**U on the leadscrew samples and on

postulated distribution extremes for the plenum contamination.

The accepted value changed from 3.2 kg (Revision 1 of SNM-87-07, 3/8/88) to
2.1 kg 1n the final version (Revision 2) of the PUSKR. In the original
analysis, the licensee had used a modgl with a surface loading of 400 ug/cm{
and a high flow region with 800 ug/cm’, but they did not consider
sedimentation. for Revision 2, they fine-tuned the surface loading values to
216 and 432 pg/cm’. but added sedimentation. The effect of these changes was
to lower the best estimate of fuel from 3.2 kg to 2.1 kg UD,. As they wmade
this change, however, they re-cvalusted the error bounds, cﬂanq:nq them feom
1.1 kg to 4.7 kg (Revision 1) to 1.2 kg to 5.0 kg (Revision 2). lhus, even
though the best estimate decrcased, the lower and upper bounds were ncreased
only slightly,

SUMMARY_AND_CONCLUSTONS

The licensee’s best estimate of the quantity of fuel remaining in the Upper
Plenum s 2.1 kg UU,, with an uncertainty ronging from 1.2 kg to 5.0 kg Uo,.

The use of measured uranium concentrations on lquscrews should be a good
indication of contamination on other surfaces; *°U is tiie best isotope Lo
study. Additiona] measurements of other leadscrews or of other parts of the
plenum are unwarranted due to the difficulty and personnel cexposure tnvolved
in the additional work and the small amount of fue! present in these arcas,
despite the concern regarding the representativeness of the leadscrows
studred. 1t may be appropriadte to increase the error bounds, and perhaps to
choose a higher value within the bounds, to account for the possibility that
tne two leadscrews studied had lower-than-representative concentrations on
them.  However, the estiymate of fuel loading in the upper plenum appears
basically sound.
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REVIEW OF THE TMI-2 POST-ODEFUELING SURVEY REPORT
FOR
THE PRESSURIZER

IHTRODUCTION
This review of the licensee’s Pest-Defueling Survey Report (PDSR) (GPU
Nuclear, 1989) discusses the process for estimating the amount of U0, re-
maining in the pressurizer. The quantity of fuel estimated to be present at
this lucation is 0.3 kg with an uncertainty of 52%.

In this study, the volume of debris remaining in the bottom of the pressurizer
was determined by examining videotapes. lhe densaty of the debris, determined
from previous studies, was applied to the volume tu determine the mass of
debris. The concentration of U0, in debris was determined by counting &
debris sample that had been retrieved from the pressurizer. This sample was
ceunted using passive gamma measurements of the '*‘Ce and "“'fu contained in
the sample and active neutron measurement of the 2%y. A concentration based
un these measurcements was applied to the debris mass to arrive at an estimate
of the remaining U0,. Since fuel is likely to exist in films coating the
interior surfaces of the pressurizer, an estimate of this fuel quantity was
ats0 made, but it was insignificant compdred to the mass of fuel in the
debras.

MEASURFMENT MFTHODOLCEY

Ther amourst of residual U0, in the pressurizer was estimated by determining the
mss of fuel debris an the bottom of the pressurizer and applying a4 tuul
concentration factor determined by messurements performed on o sample of
debris retrieved from the pressurizer. The volume of residual ol ids was
determined by visual inspection using a remole video camera.  The mass of
dubris was tound by applying a density value Lo the estimated volume.

A 100-gram sample of fuel debris had been retrieved from the pressurizer, and
thas sumple was analysed using both gamma spectroscopy and active neubtren
rnturluqntlon In the gamma spectroscopy medsurements, gammas cmitted by
‘e and '**Cu were detected and used to determine the quantity of these two.
rzulopcn present in the sample.  Since these two isotopes had both been
vified 3s analogues o!f ruul. the (wantnty ot fuel could be determined from
the medasured quantities of ***Ce and !

In the active neutron interrogation, a thermal ncutron source was used lo
\r:adnatc the fuel sample. lhe neutrons would causce fission to ovccur in the

“U cuntained in the fuel <amp¥c and fast neulrons emitted by the fission
reaction were counted by a ‘He detector. The neutron detection system wat run
in 3 configurations: with no urantum present, to obtain a background count
rate {primartly from the source ncutrons)j with a . , standard an place to
give u count rate from a known source of “°U; and * the debris sample in
nlace for mcasurement of the U contained in the sample.



ANALYSIS mernu_ ——

The volume of debris remaining in the bottom of the pressurizer was determined
by havyng five engineers independently examine the videotapes »f the pressur.
1zer's interior. Each one arrived at a volume. TYhe value of record (908 cm')
was lho mean of these five estimates, and a standard deviation of 235% wuas
derived from the range of the five estimates. A bulk densily of 4.4 q/;mﬂ
previously determined for TMI-2 core debris, was applied to the volume.

Garna speclroscopy was performed on the 100-gram sample of debris that had
been retrieved Lrom the pressurizer. This measurement found 420 uCi of ''Ce
and 284 uCi of "‘Cu in the sample. Previous studies had determined that
these 1sotopes stayed with the fuel as 1t was transported during the accident
and recovery, and concentration ratios ror these nuclides in fuel had been
determined. These concentration ratios were applied to the recults of the
gamma measurements to give values of .0051 kg UQ, (1n the debris sample) based
on the '“*Ce measurement, and .0070 kg UO, based on the '**Eu measurement.

In the active neutron interrogation measurement, the fuel sample was exposed
to thermal neutrons emitted by a moderated Sb-Be source. The thermal neutrons
induced tission in the fissile i1sotopes of the fuel, which caused the emicsion
of 1'ast neutrons. After determining the emission rate from a standard source
of “'U (in a Us, sample), the quantity of UO, in the debris sample was
estimated to be 0 0097 k4.

The three different values for UQ, in the debris sample were “averaged® (using
a weighting scheme) to arrive at a value of 0.0067 kg UO, in the sample. the
quantily in the sample was then scaled up, using the ratio of the pressurizer
debras mass te the sample mass, to obtain a value of 0.267 kg UO, 1n Lhe
pressurizer. ;

The presence of fuel in thin films on the interior surface of the pressurizer
and internal components was taken into account. Measurements had been done to
estimate the quantity of fuel 1o failms adhering to the interior of the pres-
Surizert’s manwdy cover. This concentration per unit drea was then apphied to
the total surface arca of the interior of the pressurizer and 1ts components.
the resulting mass of fuel in surface films was estimated to be in th range
of 1 gram. lhis quantity was insignificant compared to the quantity of fucl
in the debris, so it was essentially ignered.

The estimate of record was reported to one significant digit as 0.3 kg UO,.

An overall uncertainty of *52% was assigned to this quantity. The uncertusnty
was based on the counting uncertarmnties and the volume-determination uncer-
taintices.



The analysis technique was appropriate for this situation. Determining the
volume of debris by inspecting videotapes, and using the estimates of five
independent observers is a good approach. 1t appears that the uncertainty
analysis did rot include any uncertainty assuciated with the debris density -
1t seems likely that there would be some varyability wn densities that would
influence the overal) uncertainty.

Using gamma spectroscopy to count the gamra-emitting fuel analogues, then
comparing these values to active neutron counting, i1$ a quod approach to
deternining the quantity of fuel in the retrieved samples. The fact that the
three error bars overlap, lends credence tu the analysis. The neutron
measureaients would seem to be more reliable than the gamna measurements, since
these are direclly measuring uranium as opposed to analogues to the fuel. lHhae

neutron measurcments, howcvy(. used for 1ts standord source. The y has
only one fissile isotope - U, while ' debris sample would contain :
fissile isotopes such as ““Pu. [his would Cause sume uncertainly in com-

paring the standard to the unknown, but this uncertainty is probubly small
compdred to the other uncertadinties in the measurciments.

SUMMARY_AND_CONCLUSIONS

The licensce’s best estimate of the quantity of fuel remaining is the
pressurizer is 0.3 kg UO,, with an uncertainty of 252%. The pressurizer was
chusen for special nuclear material (SHM) study secause of the Vikelihvod of
the deposition of fuel in the system. lhe ana  °  proved that the quantily
of fuel was very small compared tu the rest ot the TMI-2 inventory. lhe
method for determining the gquantity of remaining fuel is basically sound.
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REVIEW OF THE TMI-2 POST-OEFUELING SURVEY REPORT
for
THE REACTOR BUILDING BASEMENT

INTRODUCTION

This document reviews the TMI-2 licensee’s Post-Defueling Survey Report (POSR)
(GPY Nuclear, 1989) describing the measurements and analytical methods used to
determine the gquantity of fuel remaining in the Reactor Building (RB)
basement.  The estimated quantity of UD, is 1.3 kg + 54%, almost all of which
was located on the basement floor, The measurement mLthodoIogles inciude
gamma spectroscopy, and analyses of sediments, water and concrete samples.

Ihe major portion of the measured fuel is in the reactor coolant drain tank
(RCOF) discharge area. The amount of UD, in this qrea was determined by
applying a known '*‘Ce/fuel ratio to the amount of '‘“Ce determined from the
ijamma spectroscopy measurement.

MEASUREMENT METHODOLOGY

Three gumna spectroscopy scans were performed in different parts of the RB
basement. Two of these measurements were not used in the evaluation, however,
due to the Yack of a '**Ce peak and a high minimum detectable level (MOL)

value causced by high water levels. The third gamma spectroscopy measurcment
wat perfarmed using a Nal detector in the RCOT discharge arca, and this
measurement was used for the estimate of record.

The UD, contained in the sediment was measured by analyzing samples of the
sediment.  Radiochemical andlysis was used to estimate the UO, contents.
Although many samples of sedurent were obtained, only three uf the wamples
contained envugh mass to be used. One of these three samples, taken an the
RCOT, was not included since it was not representative of the reactor basement
f toor,

To quantify the U0, content of the water on the floor of the reactor basement,
17 water samples were taken in 1988, The amount of UO? in the water samples
was delermined by boiling of ¢ the liquid, and subjecting the remaining solids
to alpha counting using a mtillation probe.

Gamma speclroscopy measurcements of concrete cores rcmovcd from the basement
walls were performed but did not show the presence of Wi, The Uo, content
in the walls was therefore assumed based on estimated parameters for the
diftfusion of water into the concrete.



ANALYSTS METHODOLOGY

The analysis of the gamma spectrometry measurement resulted in an estimate of
1.2 kg of UO, for the RCOT discharge area, with an unccrlalnly of 258%. This
amount was dclcrmtncd by quantifylnq the amount of '*‘Ce based on the 2.2 Mev
photopeak and applying a known ' ‘Ce/fucl ratio.

The quantity of UO, in the remainder of the RB Basement sediments {in arcas
outside the RCUT discharge area) was esllmaled by determining the uranium
concentrations in the sediments (3. 7x10° g U0, per gram of scdiment sample)
and multiplying by the sediment mass. This analysls gave an estimate of 0.0%
kg :080%. The total) quantity of fuel in the sediment was therefore estimated
to be 193 kg +54%.

The aipha counting of the basement water samples showed very low
concentrations of fuel in the water, and the analysis gave un estimate of less
then 0.3 ¢ of fuel dissolved in the total volume of water. This small
quantity did not affect the estimate of 1.3 kg for the RB Basement fuel
inventory.

Gamma spectrometry of concrete cores taken from the basement walls did not
show the presence of '**Ce, the gamma-emitting analog for fuel. fhus the
quantity of tuel contained 1n the walls was estimated from the concentration
of fuel in the water (which was very small) and assumptions about the
absorption of water into the concrete. Yhis analysis rvesulted in an estimate
of 0.003 g of UO, 1n the walls. This figure did not affect the value ot 1.3
kij.

Corrections to these measurements were necessary because some of the sediment
was removed after the measurements were made. Une correction was based on a
measured amount of U0, (0.2 kg) removed during the desludging operation. lhe
removed quantity of fuel was based on video inspections {which were the basis
for an estimate of the mass of sludge removed), and measured concentrations of
the fuel tn sediment.  This correction lowered the mass of UO, by 0.2 k9.

The Yicensee also accounted for the reactor fuel that may have been deposited
in the drain system as a result of the decontamnation of reictor delueling
taols at the 347 foot elevation in the post decontamination facility. 1lhe
amount of fucel deposited in the drain was estimated from the number of tuvols
decontaminated, an apparently measured surface sctivity, and an assumed
average surface area. The resulting fuel was assumed Lo have been washed into
the sump.  This value, 0.2 kg, was added to bring the final estimate of record
up to 1.3 kg U0,




REVICW_OF MEASURFMENT AND ANALYSIS METHODOLOGY

The measurement methods used in this study should have provided a reasonable

estimate of the amount of UG, remaining in the RB basement. !f the study had
any insdequacies, they resulied from the difficulty of working in a very high
radiation area.

One cause for concern arises from the estimate of fuel in the sediment. The
gencral sediment concentration was found to be 3.7 ug of UV, per gram of
sediment. This value is very close to the average conccntratxon of uranium in
5011, and indeed, much of the sediment is assumed to come from river water

Thus the measured uranium could be natural (environmental) uranium rather Lhan
fuel. A brigger concern, however, is whether this concentration is
representative of the entire basement. The estimate is based on two samples,
both taken from the *Impingement Area®. These measured concentrations for
these two samples had a hiyh standard deviation, B81%, Thus it is hard to
Justify the assumption that 3.7 nug/g is representative of the entire bauement.
It would be preferable to select samples from areas all over the basement to
yet a better estimate of the fuel in the sludge. Of course, the radiation
environment in the basement is so severe that a limited sampling scheme was
necessary, and the mass of fuel was so small that it did not merit a mure
detailed study.

Another concern arises concerning the gamna spectrum measurement of the RCDT
discharge arca. The mass of fuel determined by this measurement constituted
the bulk of the fuel in the basement, yel the determination was based on vnly
one measurement.  The concentration of fuel in this sediment was much greater
than in sediments 1n other areas. The analysis assumes that all the hiyh-
concentration sediments were enclosed in the Nal detector’s viewing area;
howeverr, 11 any high-concentration sediments were missed by the spectral
measureément, fuel would have been missed.

The gamma spectroscopy measurements of the RCOT discharge area resulted in 2
guantity of 1.2 kg £58% of UOz estimated to be present i1n the RB basement.
Although the reported amount included an associated standard deviation of 58%,
thic standard dLVIJtlUﬂ was based only on counting errors and the error
associated with the '*‘Ce/fuel ratio (neither of these errors were stated
separately).  Possible errors associated with geometry or calibration were not
mentioned.  Because details regarding the counting gcometry were not provided,
the magnitude of the potential error associated with the uncertain measurement
yeometry can only be conjectured. However, considering the layout of the ares
that was scanned and the high local dose rates, this error could have been
significant.

Omitting an uncertainty estimate for the quantity of fuel attributed to tool
decontamination is siynificant, since this contributor accounts for 159% ot the
tuel estimate and the amalysis included large assumptions. Some tool
decuntamination activity occurred after this estimate was made, and this
activity should have been included 1n the estamste.



The methods of measurement and analysis for determining the amount of fuel in
the KB basement water and the RB basement walls secms reasonable. In both
cases, the amount of UO, determined to be present was negligible.

SUMMARY A..)_CONCLUSIONS

A1l measurement methods used to determine the amount of UD, remaining 1n the
8 basement appeared to be reasonable. However, the analysis methods failed
to account for several potentially important sources of error. The most
prominent of these was the apparent failure to assess the geometric
uncertainty associated with Lhe gammi speclroscopy measurement of the RCOT
gischarge arca. This measurement accounled for over 00% of the final cstimate
of 1.3 kg LD, 454% in the KB basement. As a result, it is possible that the
uncertainty associated with the measurement should be greater than that

indicated by the stated crror.
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REVIEW OF THE TMI-2 POST-OEFUELING SURVEY REPORT
FOR REACTOR BUILDING MISCELLANEQOUS COMPONENTS

INTRODUCT [ OH

This review ¢ the licensee’s Post-Defueling Survey Report (PDSR) (GPU
Nuclear, 1991) discusses the process for estimating the amount of UO

remaining in miscellaneous components of the Reactor Building. The quantity of
fuel estimated to be present in these components totals 64.0 kg. Adding the
uncertainty estimate, which is asymmetrical for the evaluation, gives a range
of 31.6 kg to 85.4 kg.

The components included in this study were evaluated using several different
techniques, including:

measuring gross gamma exposure rates;
. gamma spectroscopy;
; neutron interrogation; and

direct sampling and analysis.

The choice of analytical method used for each sample depended on the nature of
the component, the accessibility and the background radiation field.

The components addressed in this survey include:

1) Reactor Coolant drain tank;
2) fucl transfer canal (FTC)/transfer tubes
- fuel that dropped from canisters transferred through
the canal g
- fuel remaining in the fuel transfer tubes
- loose fuel on the Upper Plenum assembly
- rubber hose stored in the FIC
- fuel washed into the FTC during reactor vessel
draindowns;
3} core flood system;
4)  upper endfiltings;
5) Tool Decontamination Faciltity (TDF);
6) diain line from TDF;
7) defueling water cleanup system;
B) temporary RV filter system;
9) incore guide tubes; and
10}  defueling tools.

MEASUREMENT METHODOLOGY

Reactor Coolant NDrain Tank

The mass of U0, remaining in the Reactor Coolant drain tank was
estimated based on video inspections of the interior. A small camera
was lowered into the tank and operated at one end. The images were



evaluated to determine the depth of the deposits on the bottom, and this
value was used to calculate a volume of deposited debris. Samples of
the debris were also collzctied, and the samples were analyzed to
determine the density <7 the debris and the uranium composition. These
values were then used with the volume to calculate the mass of UO,.

fuel Transfer Can.l/Transfer Tubes

This survey estimated the fuel remaining in the FTC resulting from five
different sources:

fuel that dropped from canisters transferred through the canal;
fuel remaining in the fuel transfer tubes;

loose fuel on the Upper Plenum assembly;

rubber hose stored in the FTC; and

fuel washed into the FIC during Reactor Vessel (RV) draindowns.

1) Measurements of fuel debris in the transfer canal were made after
30! canisters had been transferred. Gamma spectroscopy was used
to estimate the quantity of '*Cs in the FIC, and this value was
then translated into a fuel quantity using a *Ycs-to-fuel ratio
that had been determined previously. An additional 4! canisters
were transferred through the canal after these measurements had
been made, <o the fuel debris i by these transfers ' 1s
found by ratioing from the measured quantity.

2) The quantity of fuel in the fuel transfer tubes was determined
using gross gamma measurements. A Geiger-Muller (GM) tube was
used to measure the gamna exposure rate, and these measurements
were used to determine the fuel in the tubes using the assumption
that the fuel was deposited only in the lower 60° of arc.

3) The upper plenum assembly is stored in the FTC. Video images were
used to estimate the small quantity of loose fuel that resides on
the assembly.

4) Avproximately 700 feet of rubber hose is stored in the FIC. The
inner surface of these hoses have been exposed to fuel. The fuel
contained inside the hoses was estimated by cutting short lecngths
of the hoses and determining the fuel concentration per unit area.
This concentration was then applied to the entire inner area to
get a deposited fuel mass.

S) At the time that the POSR was written, additional draindown of the
RV was scheduled to occur in the future. [t was certain that
additional fuel would be washed into the FIC durirg these
operations, but of course it was not possible to make any
measurements. The quantity of fuel that would be deposited in the
F1C was therefore estimated using engineering judgement




Core Flood System

This PDSR addresses fuel deposited in the A side flood tank, B side
tank, fn the associated piping, and in pieces of the lower core support
assembly (LCSA) stored in the A core flood tank. Video inspections were
perfcrmed on the.LCSA pleces to ensure that no fuel was adhering to the
surtaces. Gamma measurements were made on the LCSA pieces, tanks and
pipes to estimate fuel quantities. The gamma measurements were all
gross exposure rate measurements rather than gamma spectral
measurements. Measurements on the piping were made with HP-220A probes
inside a hemispherical tungsten collimator to minimize background.

Upper Fndfittings

Six storage containers holdirg a total of 17 upper endfittings were
analyzed for fuel content using a neutron interrogation system. The
detection system ysed a SbBe photoneutron source to irradiate a storage
container with neutrons. The neutrons would cause fission in the “*°y
~alops contained in the fuel, and the emitted neutrons were then counted
by "He detectors as an indicator of the quantity of fuel present.

for each storage container measured, the detectors were first operated
with no SbBe source in place to get a background reading. A second
measurement was then made with neutron irradiation. A third count was
then made with a known quantity of natural uranium in the container to
produce an increase in the count rate. The increase would be due to the
known quantity of the spike, and this rate would then be used to find
the calibration factor.

Neutron interrogation measurements were performed on five of the six
storage containers,

Tool Decontamination Facility

The quantity of fuel remaining in the three rooms of the TDf was
estimated using ¢amma exposure rate measurements in each of the rooms.
IThe contamination was assumed to be spread on the floor of each room,
with no contamination on the walls or ceilings. Gamma exposure rates
were measured at a number of points in the room to determing the
uniformity of the gamma field and to provide the data for modeling the
fuel contamination.

Drain Line from the Tool Decontamination Facility

fuel that had been deposited in the drain line that extended from the
IDF down to the basement was quantified using a miniature ("peanut®) GM
tube. 1lhe GM tube, shielded with a cadmium cover to improve its energy
response, was scaled inside a long polyethylene tube and passed through
the pipes, measuring the gamma exposure rate at intervals through the
pipe. the exposure rates were very high: the general background dose
rate was S R/h, and the GM tube had readings in the pipe ranging up to
44 R/h. 1he detector was used in a 33-foot stretch of the horizontal
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drain linc that runs beneath the floor of the 282-foot level, but not
through the horizontal pipe that runs under the 347-foot level.

Defyeling Water Cleanup System

Video in-pections were used to estimite the quantity of fuel remaining
in two circulating water pumps that had been used to remove fuel fines
from the reactor coolant system water. The inspections identified fuel
in several areas of the pumps, including the horizontal surfaces of the
pump transition areas, and two other areas. The video images were
inspected to estimate the fuel quantities there.

The defueling water cleanup system (OWCS) manifold, consisting of
piping, valves and other components, were assessed using gross gamma
measurements. A detector with a hemispherical tungsten collimator was
positioned on- top of the A D-Ring, pointed at the manifold. This
detector read 5.48 mR/h, including a background of 5.05 mR/h. The
detector was then moved to the top of the B D-Ring, and pointed at the
manifold to give a reading of 6.59 mR/h, with a background of 2.37 mR/h.
These detector locations were approximately 24 feet from the manifold.

The third component of the DWCS analysis cor<isted of 6550 feet of
hoses. One-foot segments of these hoses wese counted using gamma
spectrometry. A second method used gross Gamma measurements to arrive
ot 4n independent fuel mass estimate.

Temporary Reactor Vessel Filter System

The estimate of fuel remaining in the two filters was estimated by
taking a sample of diatomacecous carth from one of the filters, and
performing an isotopic analysis in the laboratory. The fuel content of
the sample was then applied to the entire contents of both filters.

Incore Guide Tubes

Gamma spectrometry using a lead-shielded high-purity germanium {HPGe)
detector was used to measure the gammas emitted by **Ce contained in
incore instrumecat gquide tubes (IIGTs) that were contained in 13
q&fferent plates that were cut from the flow distributor assembly. The
‘"'Ce was used as an analog for the fuel contained in the IIGTs.

Defueling Tools

A total of 117 defueling tools were evaluated for their fuel content.
The study first used gamma quctrometry with a shielded HPGe detector to
count the gammas emitted by '**Ce on five tools. Data from this
measurement was used to estimate the fuel quantity on these five tools.
A gross gamma cxposure rate measurement was also performed on these five
tools to arrive at a calibration factor. (Gross gamma mcasurements were
then performed on 69 additional tools to arrive at their fuel quantity
using the calibration factor derived previousty.



ANALYS]S METHODOLOGY

Reactor Coolant Drain Tank

The video inspection of the interior of the tank gave an estimate of
0.16 cm for the thickness of the debris deposited on the bottom of the
tank. This estirate was based on inspections performed at only the west
end of the tank. The debris was assumed to cover one-eighth of the
interior surface of the tank, which would have a surface area of 52,000
cm. This depth, assumed to be uniform over thg deposition area,
multlp!ied by the area gave a volume of 8320 cm fhe mass of the
debris was then calculated using the density of 6 2 g/cm’. deterinined
from analysis of the debris sample, and an assumed water content of 50%
in the debris volume. The debris mass was thus estimated to be 26 kqg.

The total quantity of U0, in the debris was found by applying a factor
of 3.7 mgu/g. This factor was derived from the results of neutron
activation analysis studies performed on the debris sample that was
retrieved from the tank. Applying this factor to the 26 kg of debris
mass gave a total mass of 0.1 kg UO, in the tank.

The uncertainty in the fuel mass was assumed to come from two
components: the uncertainty in the laboratory analyses of the debris
sample (assumed to be 20%), and an uncertainty in the debris volume,
which was much greater. The overall uncertainty in the fuel mass is
54%.

fuel Transfer Canal/Transfer Tuhes

1) A measurement of the FTC was performed in 1990, after 201

canisters had beea transferred through the canal. The actnvnty of
Cs was estimated, based on gamna measurcments, and a Hlce-to-

fuel activity ratio of 1800 ﬁﬁi/g was applied to get a fuel
quantity of 12.2 kg. The Cs-to-fuel activity ratio has since
been revised to 1355 uCi/g, which caused a revision in the
uncertainty value to +24%, -100%. After the measurements, 41
additional canisters were moved through the canal, presumably
depositing additional fuel during the transfer. Since the first
301 canister movements deposited a presumed 12.2 kg, the average
deposition per canister would be .041 kg. The 4] additional
canister movements would deposit 41 x .04]1 kg = 1.7 kg UO The
total fuel deposited in the fTC by movement of canisters 1s
therefore estimated as 13.9 kg, with an uncertainty of +24%,
-100%.

2) It was assumed that the fuel is deposited in the fuel transfer
tubes was located in the lower 60° cf arc. This produces a fuel
estimate of 0.5 kg with an uncertainty of +34%, -92%.



3)

4)

3)

The Upper Reactor Plenum assembly is currently stored in the fuel
transfer canal. This PDSR addresses only loose debris that may
reside on the assembly and may fall into the FTC, which was
estimated by video inspection at less than 0.1 kg. Additional
fuel is fixed to the surfaces of the plenum, but these deposits
were addressed in a separate POSR.

The laboratory analyses of the rubber hose sections currently
stored in the FTC, determined_a fuel mass of .015 grams deposited
on an inner surface ?f A8€ cm?. Applying this concentration to
the entire 37,700 cm® of inner hose surface gives a total fuel
estimate of 0.01 kg, with an uncertainty of 100%.

The additional fuel that wouly be added to the FTC during
draindown was estimated based on estimates of the quantities of
fuel in other areas and estimates of the fuel quantities that
would wash into the FTC. These estimates were made for each part
of the draining and refilling cycles as stated below.

. During the first draindown cycle, done to accommodate the RV
neutron measurements, it was estimated that most of the fue!l
would wash in from the lower head region. There was an
estimated 8.1 kg UO, in the lower head region, and the jet
pump would be put |n a position to collect about 13% of
t:\s.réo the study attributed a 1.1-kg transfer of fuel to
the £TC.

The study assumed that the Reactor would be refilled during
the neutron measurement program, and then drained again.

The RV woul! be refilled with water from the “B" makeup
line, and this procedure would wash loose fuel out of the
“18" cold leg and nozzle. As the water fills the RV, there
will be additional sloshing, and more fuel could be
relocated to the lower head. The second draining would then
relocate 1.9 kg U0, to the FIC.

« The water in the steam generators (0TSGs) would also be
drained to the RV, and the study estimated that this would
contribute another 1 kg fuel to the RV. As the DTSCs are
being drained, water from the RV will be periodically
drained to the FTC, and this process could contribute 0.1 kg
U0, to the FTC.

+ The final draindown of the RV will transfer about 1.4 kg
fuel to the FTC, so the total quantity of fuel transferred
from the RV to the fiC would be (1.1 + 1.9 + 0.1 + 1.4) =
4.5 kg UD,, with an uncertainty of $78%.

The final estimate of record of fuel in the FTC is a sum of the
five components listed above, totaling 18.9 kg UO,, with an
asymmetrical uncertainty of +37%, -95%. Thus a :ange from 2.4 kg
to 26.2 kg bounds the estimate of record.
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R X e el X TS

The results of the gamma measurements were used to estimate fuel
quantities by computer modeling, using a source geometry for fuel
depcsits inside a pipe. Most of the piping on the A side was
inaccessible, so'measurements were made on the B side, and the resulting
lind ur fuel estimate was applied to the length of piping on the A side
to arrive at a total fuel estimate. The estimate of fuel deposits
inside the piping were 0.89 kg for the A side and 1.67 kg for the B
side.

Besides deposits, the insides of the pipes and tanks were also assumed
to be coated with a film similar to the fuel film inside the Reactor
Coolant System (RCS). The average mass of fuel per unit area inside the
RCS was multiplied by the inside surface area of the core flood system
to give a total fuel mass due to films. The mass of fuel in films on
the A side was estimated at 0.008 kg, and the mass of films in the B
side is 0.010 kg.

the mass of fuel fixed to the LCSA pieces in the A side core flood tank
was determined by the analysis of gamma and alpha measurements performed
on the pieces. The estimate of fuel on the LCSA pieces is 2.3 kq.

The estimate of record for the UO, in the core flood system is the sum
of the components mentioned in the preceding paragraphs, 4.9 kg. The
uncertainty estimate is *77%.

five endfitting storage containers, all of which are stored on the 347-
foot level, were measured using the neutron interrogation technique.

The measurement showed that these containers, holding 14 endfittings,
contained 4.85 kg of fuel. The sixth container 1s stored in the deep
end of the FIC, where it was inaccessible for neutron interrogation.

The average fuel mass per endfitting, 0.346 kg, that was determined in
the five other measurements, was applied to the three endfittings in the
sixth storage container. The estimite of record for all six containers
was 5.89 kg UO,. The uncertainty was estimated at +85%, with the major
components being system efficiency and measurement error.

Some of the measurements experienced count rates that were low compared
to the background signal, and Chavenet's criterion had to be applied to
determine which counts above background were significant. 1lhis
technique is a useful statistical technique that is sometimes applied in
low count rate applications.

It should be noted that one storage container resides in the FTC, but
the contained UO2 is included in the endfitting total, not in the FIC
estimate.




Tool Decontamination Facility

Measured dose rates in.the first room of the TOF were fairly uniform
throughout the room, so the room was modeled as a uniform area source
with dimensions matching the floor dimensions. The computer code
Microshield was then used to estimate the quantity of fucl spread over
the area source that would give the measured dose rate, »>nd the
resulting calculation gave less than 0.1 g of UO, in the room (the
measured dose rate was essentially equal to the Eackground dose rate).
Tke second room was also modeled as a uniform area source, and its
higher measured dose rate gave a fuel estimate of 5 g UO,.

The third room had variable exposure rates, so Microshield calculations
were performed separately for six different dose points throughout the
room. The results of the six values were combined to give a room
estimate of 0.11 kg UO,.

The sum of the estimated masses in the three rooms, rounded off, gave an
estimate of record of 0.11 kg U0,  The uncertainty assigned to this
estimate was *100%. ;

Drain Line from Tool Decontamination Facility

The measured exposure-rate data from the piping under the 282-foot level
were smoothed using a spline fit, and corrected for background (5.2 R/h)
to obtain a net exposure rate for each one-foot segment of the pipe.

The Microshield code was run to model a sludge deposit on the inside
bottom of the pipe contaigung ’Cs, producing a dose rate at the
detector position. The '¥Cs-to-fuel fraction was then used with the
Microshield results to give an exposure-rate-to-fuel mass factor of 0.21
R/h per g UO,, and this factor was then used to convert the fitted next
exposure rate value for each pipe segment to a mass of fuel for the
segment.  The masses were then summed to give a value of 2475 g UG,

the measured seyment of the drain line.

Measurements were not taken in the 16-foot stretch of pipe running under
the 347-foot level, but engineering analysis of the flow and
sedimentation characteristics in the drain piping conciuded that the
results of the measurements of the first 16-foot stretch in the 282-foot
pipe could be applied to the 347-foot piping. Since 1944 g fuel were
measured in the first 16 feet of the 282-foot pipe, 1944 g could be used
as an upper estimate of the fuel ‘in the 347-foot run.



The sum of the two values gave an estimate of record of 4.4 kg U0,, with
an uncertainty of 87%.

Defueling Water Cleanup System

The mass of fuel deposited inside the pumps was estimated by viewing
video images to get an estimate of the fuel debris volume. The volume
could th?n be multiplied by the debris density (4.7 g/cm3, a value found
in other samples collected outside the RV) and the ratio of UO, in the

~debris (0.72). Video inspections were made in only one pump, with the
assumption that fuel deposition was identical in both pumps. 0.86 kg
fuel was estimated to reside on the horizontal surfaces of both pump
transition areas. 0.78 kg per pump was estimated in the two other areas
containing fuel. Thus the total quantity of fuel estimated in the pumps
was 2.4 kg, and the corresponding uncertainty was 100%.

for measuring the manifold using gross gamma measurements, Microshield
calculations were performed that allowed the conversion of exposure rate
to mass of fuel. lhe modeling used simple geometric approximations of
lines and points for the radioactive sources and simple slabs for the
shields. The most probable shielding and geometry model gave an
estimated fuel quantity of 1.1 kg UO,, with a 50% uncertainty.

for estimating the fuel on the DWCS hoses, gamma spectral measurements
were made on one-foot segments. Using 2-inch diameter hoses, a one foot
seqment gave an estimated mass of 0.015 g. This hose segment
corresponded to 486 cm’ of inside surface area. The total collection of
hoses, with diameters ranging from .5 to 4 inches, had a calculated
total inner surface area of 614,986 in‘ (about 3,968,000 cm*). lhus,
assuming that the fuel concentration measured lnSldQ the measured Loses
was representative of all hoses, a mass of 0.122 kg was estimated inside
the hoses.

A second estimate was made of the fuel in the hoses by performing a
qross gamma exposure rate measurement and using a gamma shielding code
to convert the reading into mass of fuel. This estimate was 0.295 kg.
For the estimate of record, the PDSR averaged these two values, to
arrive at 0.21 kg. After this estimate was made, sections of hose were
moved to the FTC for storage, and the quantity of fuel contained in the
moved hoses were included in the total with the FTC, as discussed above.
This guantity, 0.012 kg, was subtracted from the 0.21 kg, to give a
final estimate of 0.20 kg UO2 +100%.

The final estimate of record for the DWCS is the sum of the three
components (2.4 + 1.1 + 0.2), or 3.7 kg. The uncertainty was derived
from a combination of the three other uncertainties, +67%.

Temporary Reactor Vessel Filter System

The analysis assumed that the fuel loading measured on the analyzed
samples of diatomaceous earth were applicable to both filters. it
applied these values to the entire filter contents and estimated 3.80 kg
of UO in one filter and 0.59 kg in the other, for a total of 4.4 kg
uo,. ‘The uncertainty assigned to this estimate of record is :90%.
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Incore Guide Tubes

A *‘Ce-to-fue) ration of 152.5 uCi/g on 8/1/87 was decayed to each
measurement date to use as the basis for the estimation of fuel in the
IIGTs. The gamma shielding codes Microshield and QAD were used to model
the measurement setups, assuming that the source region (the inside of
each [IGT) was uniformly filled with fuel. The combination of
measurement data and modeling gave a total fuel mass of 23.B kg in the
[1GTs that were assessed, with 1.42 kg fuel found as the highest
quantity in any one gquide tube. After the measurements, two of the
[IGTs were cut ost of the surrounding plates and shipped offsite, so
fuel had to be deducted from the total estimate to account for these
two. The maximum vajue of 1.42 kg was assigned to each of these tubes,
so 2.8 kg was subtracted from the 23.8 kg fiqure to give a final
estimate of 21 kg UD,, with an uncertaint: vl £54%.

Defueling Tools

The gamma spectrometry performed on the first five tools determlned

e concentratlons on the tools with the help of Microshield modeling.
The *'Ce-to-fuel ratio was then used to arrive at an estimate of &l
grams U0, 160% for the five measured tools.

After the fuel concentration was determined for the first five tools, a
gross gamma exposure rate measurement was performed on these five, and
the measured exposure rate was combined by the fuel gquantity to get a
factor of 0.094 R/h per g UO,. Gross gamma exposure rate measurements
were then performed on 69 additional tools 5, and the factor of .094 was
applied to the measured exposure rite to get a total fuel mass of 318 g
U0, +70% for these 69 measured toois.

Due to radiological restrictions, 43 additional tools could not be
measured, so the average fuel mass per tool, 5.1 g, derived from the 74
measured tools, was applied to the unmeasured tools. This gave a fuel
estimate of 220 g #85% for the final group of 43.

The estimate of record for the 117 defueling tools is the sum of the
three groups above, or 0.6 kg UO,. The associated uncertainty is £75%.

REVIEW OF MEASUREMENTS AND ANALYSIS METHODOLOGY

Reactor Coolant Drain Tank

The estimate of fuel remaining in the tank relied on some gross
assumptions. The debris thickness was estimated based on video
inspections taken on a small part of the tank, and the cenditions were
assumed to be identical over the entire tank interior. lhe mass of
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debris and the fuel content both relied on factors derived from the
laboratory analysis of debris samples, and it requires an assumption
that the samples were collected from a sufficiently large number of
locations to ensure that the samples represented debris in the entire
tan¥. The derived mass was small, however (0.1 kg fuel) and the
assicned uncertainties were large enough to ensure that any resulting
inaccuracies would be insignificant.

Fuel Transfer Canal/Transfer Tubes

The estimate of fuel mass in the FTC was based on several things,
including gamma measureaents, video inspection, and engineering
Jjudgement. The ﬂeasuremcnt of fuel mass dropped from transferred
canisters used *'Cs as a tracer for fuel, and it used a Minimum
Detectable Level arqument. Since the measurements were made before all
the canisters were transferred through the FTC, they had to assume that
similar quantities would be dropped by the additional canisters and
ratio their estimate upward accordingly. A major part of the estimate
for this fuel quantity was based on informed judgement, making estimates
of how much fuel would relocate from one reactor component to another as
water is drained in and out of the RV. One is tempted to use the term
"quessing® to describe the method of estimation, but in fact the
quessing was quided by knowledge of how much fuel currently resided in
each component, of what the water velocities would be, and what routes
relocated fuel might follow. While the methods of estimation were
definitely inferior to actual measurement, the estimates had to be made
before measurements were possible, and the study used the best methods
available. Appropriately large uncertainty bounds were assigned.

One matter for concern is that the study estimated relocation of fuel
out of components such as the cold leg and the OTSGs. The estimate of
fuel relocating out of one component could lead to double counting. The
quantities affected are small.

Core Flood System

The techniques used in measuring these components are similar to those
used in other fuel assessment efforts. Some assumptions had to be made
about the uniformity of fuel distribution inside the pipes, and the POSR
report states that the fuel film concentration in the core flood system
is probably lower than the value used, which was determined inside the
RCS. The uncertainty bound of 77% is a reasonable means of covering the
estimates.

Upper Endfittings

The neutron interrogation technique is a useful technique for measuring
uranium, particularly because of the usual absence of interfering
sources of background neutrons. In this case the signal neutrons gave
very Jow count rates, which produced a large error bound around the
measurcd values.
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The application of the average mass per fitting for the five measured
containers to the sixth, unmeasured container should have resulted in a
large uncertainty. The mass per fitting varied from 0.06 kg to 0.78 kg
in the first five casks, giving a standard deviation of 98% in the five
values of fuel mass per fitting. Thus there should be a larger error
bound on the mass of fuel in the sixth cask.

Tool Decontamipation Facili'

The general method of measuring a dose rate, then modeling the deposited
quantity of fuel that produced the dose rate, is a standard technique
that has been successfully applied in a number of PDSRs. The
application to this analysis appears to be correctly done.

Drain Line from the Tool De e

This estimate was also based on gamma measurements and Microshield
modeling. The measurements were difficult because of the very high
background dose rates and the variability of the d:tector readings as
the detector progressed down the pipe. There was some speculation about
the possibility that the detector position was not accurately known for
cach measurement position (the polyethylene tube may have been "snaking®
rather than laying flat), but this uncertainty should have averaged out,
especially with the spline fitting.

The analysis had to assume that there was no additional fuel in the
unmeasured segments of piping under the 282-foot level. This assumption
was based on assumptions about the movement of the fuel in the pipe, and
it was confirmed by the fact that measured exposure rates were high at
the beginning of the pipe but dropped off to background rates as the GM
tube moved down the pipe. The analysis also had to assume that the
depusition of fuel in the piping under the 347-foot level matched the
deposition in the 282-foot pipe. There is no evidence to the contrary,
but of course there is no confirming measurement. The low quantities of
fuel involved do not justify a confirmatory measurement, however.

Defueling Water Cleanup System

The estimates of fuel inside the pumps, found using video inspection,
used a technique that is used in other parts of the plant. The estimate
of debris volume is probably good. The application of a fuel debris
density value and fuel concentration fraction, however, are based on
samples that did not come from inside the pump. The licensce had to
assume that these values were indeed applicable to the debris that was
seen inside the pump. This analysis also assumed that the two pumps
were identical in terms of UO, contamination, since inspections were
only performed inside one pump.
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The gross gamma measurements of the manifold were performed with the
detector at a distance of about 24 feet from the manifold. Thus the
collimator, with a 90° field of view, accepted radiation from a much
larger area than just that of the manifold. The analysis assumed that
the radiation, above background, that was detected by the probe was
emitted only by the manifolo and not by other radiation sources seen by
the detector. Another weakness of the study is the simple gecmetry used
in the modeling of detected radiation. The large error bounds in the
estimate should acccunt for these assumptions.

The measurement of fuel in the hoses used two different approaches. The
first approach, using gamma spectrometry on short hose samples, relied
on the assumption that the measured segments were representative of all
the hoses. The second approach relied on a somewhat cruder measurement
system. The two estimated values were 0.122 kg and 0.295 kg, which
Justified the 100% uncertainty.

teegene . Reactor Vessel Filter .. ....:

The major assumption in this analysis was the applicability of the
measured sample of diatomaceous earth to the entire contents of the
f1lter. This was not in unreasonable assumption, so the analysis should
be valid.

Incore Guide [ubes

The use of gamma spectrometry to measure the contained 'ice, and the
subsequent modeling with Microshield and QAD, is a technique that has
been used in other studies and seems to have been properly applied here.
The error bound of 54% is sufficiently large to cover the measurement
and analysis uncertainty.

St (7)1

The scheme developed for these measurements was a good one. The use of
gamma spectrometry should give a better estimate of the fuel
concentration on the contaminated tools than gross gamma measurements,
so they wisely evaluated the first five tools using this technique.
lThese evaluated tools could then be used as a calibration for the gross
gamma measurements, which could then be applied to the other tools. The
application of the results of these measurements to the unmeasured tools
required an assumption that there was no unusually high contamination on
the unmeasured ones, but such an assumption is not unreasonable.

13
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The listing of components and associated masses of UD, is given below:

Incore Guide Tubes (in "A" D-Ring) 21.0 kg
Fuel Transfer Canal/Transfer Tubes 18.9 kg
Upper Endfittings 5.9 kg
Core Flood System 4.9 kg
Orain Line from Tool Decon Facility 4.4 kg
Temporary RY Filter System 4.4 kg
Defueling Water Cleanup System 3.7 kg
Other Components 0.8 kg

TOTAL 64.0 kg UO,

Several different techniques were used in these analyses, including gamma
spectrometry, gross gamma measurements, neutron interrogation, video
inspection, and laboratory analyses. The techniques were appropriately
appliced - good judgement was shown in selecting the analysis technique that
was appropriate for each situation.

In some cases, measurements could not be taken because of physical constraints
such as inaccessibility or severe radiological conditions. In these cases,
the results of similar measurements were applied to give fuel estimates. In
the evaluation of fuel in the Fuel Transfer Canal, the estimate had to be made
before all the fuel was transferred into the canal, and this is probably the
most speculative estimation in this POSR. An appropriately large uncertainty
was assigned to the estimate to reflect the speculation, however.

The estimate of 64.0 kg U0, is assigned an uncertainty of 326.9 kg. Tlhe fuel
estimates determined in this study account for 37% of the fuel that was found

eutside the RV.
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REVIEW OF THE TMI-2 POST-DEFUELING SURVEY REPORT
FOR THE REACTOR COOLANT SYSTEM

INTRODUCTION

This review of the licensee’s Post-Defueling Survey Report (PODSR) (GPU
Huclear, 1991) discusses the process for estimating the amount of UO,
remaining in the Reactor Coolant System (RCS). The quantity of fue! estimated
to be present in the RCS is 25.8 kg, with an uncertainty of $43%.

The major components of the RCS were analyzed using the following techniques:

video inspection;

gamma spectrometry;

gross gamma exposure mcasurements.
laboratory analyses; and
engineering analyses.

e ‘s s o w®

The compenents of the RCS that are addressed in this PDSR include the
tallowing:

1) Reactor Coolant pumps;
2) core flood lines;

3) 4 cold legs;

4) 2 hot legs:

9) decay heat drop line;
6) pressurizer lines; and
1) surface films.

A number of major components of the RCS were addressed in other PDSRs, so they
are not included in this report. These include the core flood tanks, cold legy
and hot leg noz2les, steam generators, pressurizer, RC drain tank, letdown
coolers and the Reactor Vessel.

MEASUREMENT METHODOLOGY

Reactor Coolant Pumps

The quantity of fuel remaining in the Reactor Coolant pumps was
estimated by the inspection of video recordings taken inside the pump
casings. The video inspections usced were made in only one pump, RC-P-
2A, to determine the volume of sediment in the pump. The quantity of
fuel 1n this pump was then estimated by correlating the debris volume
with the mass and volume of a fuel sample from in the associated cold
leg Lo obtain the fuel mass in the pump. Fuel masses in the other pumps
were then found by ratioing the fue) estimales in their asscciated cold
legs to the fuel found in pump RC-P-2A.



Core Flood Lines

The fuel remaining in the core flood lines was cstimated using a GM tube
to measure gross gamma exposure rates inside the lines. The GM detec-
tors were positioned inside the pipe, about two c¢m above the bottom of
the pipe. It was used to make dose rate measurements in one-foot incre-
ments over an etght-foot length of the pipe on the A side, and was then
placed inside the B pipe to again make measurements over an cight-foot
length at one-foot intervals. These measured dose rates could then be
used in conjunction with Microshield modeling to estimate the fuel
masses.

4 Cold __ __

The estimate of fuel in the cold legs was performed by making gross
gairma measurements inside the cold leg piping with a GM tube. The GM
tube was inserted inside the pipe and used to measure dose rates at one-
foot intervals over the 25-foot length of each cold leg. Video inspec-
tions were also made inside the pipes to assess the sediment layer on
the bottom of the pipes. These images were used to develop the modeling
of the source region in the Microshield code.

2 Hot 1. .

The estimation of fuel remaining in the hot legs used techniques that
were very similar to the study of fuel in the cold legs. A GM tube was
inserted into the hot leg piping and used to make dose rate measurements
at a number of intervals inside the pipe. These readings were used with
computer modeling to estimate the fuel quantity in the pipes.

= Heat Line

fuel remaining in the decay heat drop line was measured using a GM tube
inside the pipe, as in other studies in this PDSR. Gross gamma exposure
rates were measured over a three-foot section of piping, and used with
computer modeling to determine the quantity of fuel in the pipe. This
modeling effort used samples of debris that were extracted from the pipe
being measured to ensure a more accurate modeling of the fuel deposits.

Pressurizer Lines

A portable directional gamma survey meter (}iP-220A) was used on the
outside of the surge line piping to detect the presence of fuel in the
piping. Fe¢r the north-south surge line section, the measured dose rates
were not elevated above background, so it was assumed that no residual
fuel was present in this line. The eastward section of the surge line
gave positive readings, so it was studied for fuel content. The HP-220A
detector was exposed to the pipe at a number of discrete locations and
the dose rates were recorded. Two-inch thick lead bricks were used to
provide additional shielding for the meter to lower the background from
qgammas emitted from the pressurizer.



Surface Films

Three independent measurement methods were used ‘o analyze the surface
films that adhere to the internal surfaces of the RCS. Radiochemistry
was performed on scrape samples to determine the uranium content, direct
alpha counting was performed to measure alppﬂs emitt?a by the fuel, and
gamma spectrometry was used to measure the " Ce and “'Eu amalogs for
fuel. Of these methods, the radiochemistry was considered the most
reliable. The analysis of the scrape samples led to an average film
thickness and fuel concentration that could be applied to the entire
inner surface of the RCS to give a fuel estimate.

ANALYSIS METHODOLOGY

Reactor lan -

The video inspection of pump RC-P-2A gave an estimate for the debris
depth of 0.25-inch, Applying this depth to the area of the sediments
found on the pump's internal surfaces yave a debris volume ot 1!.7
liters. The analysis assumed that the debris inside this pump would
have the same density and uranium concentration as the debris found in
the associated cold leg piping. The volume of debris found in Cold Leg
2A was 21.6 liters, and the associated fuel mass was 3.9 kg UO,.
Multiplying the ratio of 11.7/21.6 by 3.9 kg gave an estimate of 2.] kg
U0, for the inside of pump RC-P-2A.

The fuel contents of the other three pumps were found by assuming that
the fuel content of the corresponding cold leg was also directly
proportional to the mass of fuel in the pump. lbus fuel masses for the
remaining pumps were found by multiplying the associated cold leg‘s fuel
mass by (2.1/3.9), which is the ratio of the fuel in pump RC-P-2A to the
mass of fuel in cold leg 2A. The fuel masses assigned to the four pumps
are listed below.

RC-P-1A 1.8 kg U0,
RC-P-1B 1.0 ky U0,
RC-P-2A 2.1 xg U0,
RC-P-28 1.3 kg U0,

TOTAL FUEL 6.2 kg UO,

The uncertainty associated with this mass estimate is +55%.

Core Flood Lines

A one-foot segment of fuel debris on the inside of a pipe was modeled in
Microshield to arrive at the exposure rate that would result from the
Y¢s in a standard amount of fuel in the debris. The density and
composition of the debris were chosen to match samples retrieved from
the RV lower head. 1lhese calculated values were then used i1n conjunc-
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tion with the dose rates measured by the GM tubes to estimate the fuel
remaining in the pipes. The fuel quantities estimated in the core flood
lines were 0.6 kg for the A side (CF-A), and 0.4 kg for the CF-B line.
The total fuel was 1.0 kg Uo,, with an associated uncertainty of 155%.

4Cld .

The ‘easured dose rates inside the cold legs were used in conjunction
with Microshield calculations to arrive at the fuel estimate. In the
computer model the source region was assumed to cover the bottom 120° of
the inside of the piping. Calculated dose rates resulting from standard
amounts of fuel were then compared to measured dosc rates to arrive at
fuel quantity estimates. The study concluded that the fuel contents
were as listed below.

Cold Leg 1A 3.3 kg
Cold Leg 1B 1.8 kg
Cold Leg 2A 3.9 kg
Cold Leg 28 2.4 kg

TOTAL FUEL 11.4 kg

Note that these estimates were also used to estimate the quantity of
fuel 1n the associated reactor pumps, as described above.

following the measurements, water was moved through the 1B cold leg in
order to drain the RV, perform neutron measurements in the RV, and drain
the once-through steam generators (0TSGs). It was assumed that this
water flow would drain all the fuel-bearing sediment out of the 1B cold
leq. Thus the fuel estimate for the 1B cold leg was reduced to 0, so
the estimate of record for the cold legs is thus 1.8 kg less than shown
above. The estimate of record for the cold legs is 9.6 kg UD,, with an
uncertainty of 55%.

2_Hot Legs

Microshield modeling was used along with the readings inside the hot ley
piping to estimate the fuel! remaining i1n these pipes. The technigues
wcre very similar to the methods used for estimating the fuel in the
cold leg. The study determined that 0.9 kg fuel remained in the A hot
leg, while 1.8 kg remains in the B hot leg. 1lhus the estimate of record
s 2.7 kg UO,, with an uncertainty of #55%.

Decay Heat Drop Line

the gamma dose rate measurements were taken in a three-foot-long section
¢f the 12-i1nch-diameter pipe. Microshield was then used to model the
fuel depoesits that would cause these dose rates. For this study,




samples of debris taken from the decay heat drop line were analyzed and
found to contain 8% UO, by weight. This fraction was used in the
modeling to properly handle the gamma emission and attenuation charac-
teristics of the fuel debris. Although measurements were taken over
only three feet of the piping, the results were applied to an additional
15-foot length of piping that had not been measured but contained fuel
debris. Thus the estimate of record for this 18-foot length of piping
is 1.5 kg UOZ. with an uncertainty of *55%.

Pressurizer Lines

Engineering analysis, including a review of the water flows through
piping sections during the accident and during subsequent cleanup
efforts, determined that no fuel should remain in the pressurizer spray
line, or the safety and relief lines connected to the top of the

. pressurizer. Similarly, inspections of the drain lines to the Reactor
Coolant drain tank showed no significant fuel deposits. Thus the only
lines connected to the pressurizer that were surveyed for fuel deposits
were the surge lines. Th2 north-south lines show:d no gamma readings
above background, so it was assumed that no fuel deposits were there.

The eastward segment of the pressurizer surge lires were checked with a
HP-220A directional survey meter at a number of discrete locations on
the outside of the pipe. Using an assumed uniform deposition pattern
inside the pipe, the total fuel content was estimated to be 0.2 ky UO,.
1he study did not explicitly assess the uncertainty of this measurement,
so the PDSR assigned an uncertainty value of +60%.

e ewaw FIMS
Surface films were collected from a number of locations inside the RCS,
including the inspection port cover plates in the pressurizer and in the
01SG manway. The nature of the film samples varied, both in color and
thickness, throughout the RCS. Based on these samples, an average film
thickness of 0.0019-inch was assigned to the RCS inner surfaces. The
radiochemical analyses of the films led the study to assign an average
fuel <ontent of 18 pg/cm of UO,. This concentration was then applied
to the entire area of the lnner surfaces of the RCS to give a total fuel
estimate of 4.6 kg UO,. The uncertainty for this estimate was £60%.

REVIEW OF MEASURFMENTS AND ANALYSIS METHODOLOGY

Reactor Coolant Pumps

The estimates of fuel in these units were based on minimal measurements
and 3 large amount of ratioing. Video inspections were evaluated to
find the volume of the debris for only one pump - fuel contents of the
other pumps were found strictly by analogy.



The estimate assumes that the nature of the debris inside the pump
(density and uranium content) is identical to the debris in the cold
legs. It also assumes that the quantity of debris inside each pump can
be found by measuring the debris in the associated cold leg. The
engineering estimate for this analysis thus depended on some major
assumptions.

Core Flood Lines

This analysis relied on gross gamma measurements coupled with computer
modeling. The critical parts of the modeling were the choice of source
geometry and the assumed cesium-to-fuel ratio. These methods have becn
used successfully however, and appeared to be properly applied here.

4 Cold . .-

The assessment of fuel in these areas were again performed using gamma
exposure rate measurements and Microshield modeling. This assessment
+«3s enhanced by the use of video inspection to make sure that the
modeling of the fuel deposits were accurate. This estimate relied on a
major assumption when it subtracted the fuel from the 1B cold leg due to
anticipated flushing during the draining procedures. Ko measurements
were made to check up on this assumption. However, mass subtracted from
this region was assigned to other regions, such as the fuel transfer
canal, so the entire plant’s special nuclear material accountability
should be unaffected by this assumption.

Z__liot - =

The assessment of fuel in this piping was performed using the gross
garma measurements and Microshield modeling, as in other studies. The
techniques appeared to be properly applied and the uncertainty bound of
55% seems appropriate.

Heat - Line

Rgain, gross gamma exposure rate measurements were made inside the
piping and used with Microshield calculations to arrive at an estimate.
Since mecasurements were made in only a three-foot section of pipe but
applied to an 18-foot length, the analysis relied on the assumption that
the deposition was uniform in the entire 18 feet. This study had the
advantage of using a debris sample from the measured pipe itself for the
computer model. lhe fuel estimate and the associated uncertainty appear
to be appropriately chosen.

The dose rate measurements performed on these lines were done with a
survey instrument held on the outside of the pipe. This technique would
he less accurate than measurements performed inside the pipe, since
gamma attenuation by the pipe wall is important, and background
radiation from other parts of tie plant are more significant. Since the
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estimated quantity of the fuel is small, however, the additionul
uncertatnty should not be wmportant.

Surface Films

The radiochemica) analysis of scrape samples is an appronriate method of
determining the 1sotopic content of the films. 1The films showed a great
deal of variability in thickness and color from place to place in the
RCS, so it would scem to be a significant assumplion to assign an
average fuel concentration per unit area to the entire inner surface of
the RCS.  The number of samples taken also seems small compared to the
targe surface arca that the concentration is assumed to cover. U is
conceivable that some surfaces have no surface film, and others perhaps
have a higher concentration than assumed. The uncertainty interval of
60% should be large enouyh to cover these uncertainties, however.

The components analyzed in this PDSR and the associated fuel masses and
uncérlainties are given below.

Reactor Coolant Pumps 6.2 kg U0, 155%
Core flood Lines 1.0 ky UO, <59
4 Cold Legs Y.t kg UO, +55%
2 Mot Legs 2.7 ky VO, 255%
Uecay Heat Drop Line 1.5 kg U0, 255%
Pressurizer Lines 0.2 kg UO, 260%
Surface Films 4.6 hy UO, 2607

Based on these estimates, the estimate of record for these RCS components is
25.8 kg U0,. The uncertainty that they assign to this estimate 1s 133%, which
was derived from the individua! uncertainty estimates.

Several different technigues were used to arrive at these estimates, including
4gross gammg measurcements, radiochemical analysis, video inspection and engi-
neoraing analysis. The technique most commonly used wa$ a gross yamna exposure
rate measurement pertormed inside a pipe, used with computer mude!ling of the
fuel deposits. The methods were appropriately applied and the estimate of
record, 25.8 kg U0, +43%, appears to be reliable.
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REVIEW OF THE TMI-2 POST-DEFUELING SURVEY REPORT
FOR THE RECACTUR VESSEL

[MTRODUCTION

This review of the licensee’s Post-Defueling Survey Report (PDSIY) (GPU
Huciear, 1993) discusses the process for estimating the amount ~1 U0,
remaining in the TMI-2 Heactor Vessel (RV). lhe guantity of fuel exbimated to
bee greeent in the RV 1s 925 kg, with a one-sigma uncertainty of 407%.

This study nitially used a video inspection and analysis study to arrive at a
tuel estimate of 630 kg, When 1t became apparent that this video estimaie was
not sufficiently accurate, a method of pawusive ncutron measurements wae
adapted.  These measurements were performed wnile the Reactor was betng
drained of water, und the wster drainire was used to isolate the RV wnto nine
individual zones that could be analyzed separately.  The analysis uf thise
measurements od to an estimate of 1322 kg. A review comamittece was asked to
review the data from the neutron measurement study, and this committec
recomnended several corrections to the measurcments. The application of these
corrections resulted in the final estimate of record of 924 by,

MPASUREMINT_METHODOLOGY

The measurement of residual fuel remaining in the RV was originally performed
ucaing vides interpretation.  The anterasl regions of the RV were thoroughly
surveyed uning video cameras while the KV was 1ol of water, and the video
phages were analyzed by engineers to deternnne the volume of fucl depotte.
Although the video estimates did not result in the tinal estimste of vecord,
the recarded images and analyses wore amportant in gquiding the acutron
measurements thatl were pertormed later.

Piassive neutron measurements during RV drainduwn were used to arrive at the
estimate of record.  The measurements used three ‘He neutron detectors to
measure neutrons emitted by residual fuel. Since the gamna radiation 1seld
way very high in the RV, 1t was necessary o provide gamma shiclding arcund
the detectors.  Thus o shield employing 1%-cm of lesd and steel was fabricated
to surround the detectors. The resulting detector assembly, consistiarg of
shields, detectors, and electronics, weighed approximately twu tons  and had
te be handled by crane.

The passive neutron measurements were performed while the BV was being drained
of water. The water would be drained down to 3 previously defined tevel, and
held at this level while the detectors counted neutrons.  This techuigut
1so0tated the detectors. to o large degree, trom neutrons emitted by tuel below
the water level.  The method of incrementall; lowering the water tevel thus
allowed the neutron measurements to be made in 2 number of individual zones.
Mine cunes were chosen to conveniently handle the measurements.  Since 1t was
tmpourtant to know exactly where the water fevel was 1w order to properly
wentity the zones, @ staged precision bubbler was enployed that could read
out the water leve) accurate to within 0.23 anches




At cach of the nine measurement locations, the detector was first operated
with the water level at the bottom of the measurement zone. Count Limes were
long, typically more than a day, to colicect a significant number of counts.
The neutron source was then lowered into position and the detectors operated
agdin to ensure correct neutron detection.  The neutron source was then raised
out of the RV, and the RV water level was lowered to the bottom of the next
zonc, and the detector-again operated. Finally, the neutron source was
returned to position near the detector and the detector again operated for a
source check. This procedure provided two sets of counts in each sone:  the
first with the water level at the bottom of the zone, and the second with the
water level at the bottom of the next Yower zone. 'his counting scheine
provide:d a means for subtracting out the effects of fuel in other zones.
After these four measurements, the detector was lowered to the counting
position in the next zone and the cycle of four measurements were repeated.
Ihis precedure was repeated for all nine zones, and the count data were used
to determine the fuel quantities.

ANALYSIS MFTHODOLOGY

Ihe video images were analyzed by engincers who estimated the volume of fuel
deposits that were identified in the vidco. The inspections gencrally arrived
at gouod estimates for two of the dimensional sizes of 2ach deposit, but the
depth was usually difficult to determine from the inspections. Consuervative
estnsates of depth were used.  lThe appearance of the depositls were then
compared to samples that had been analyzed, and similar samples were used to
convert the observed deposits to a mass of U0,. The sample’s dencity and
uranium content were used to make this determination.  The final result of the
video inspections wis an estimate of 609 kg of LU, remaining 1o the reactor
vessel.  An additionsl 21 kg were estimated to reside in the hot and cold leg
nozzies, <0 this guanlily was added in tu give an estimate of 630 kg of tucl
in the RV,

The video assays had several limitations, including difficulty of access into
somt aress of the RV that could contiain tuel, resolution of the video cameras
onerating underwater, and the difficulty of using two-dimensional wnages Lo
derive three-dimensional volumes.  Thus no estimate of the uncertaintly was
made for this estimate, and a neutron measurement technique was subsequently
used to arrive a4t the estimate of record.

Extensive analysis was required to convert the recorded detector count data to
the fuel mass tor each region. Ihe analysis had to account fur the fact that
the ceunts recorded at any detector location weve due to neutrons emitied {rom
fuel 1n the measurement zone and neutruns emitted (rom (uel in the zones a:hove
the detector.  In order to correct for this effect, two counts were taken with
the detector at each location: one with the water level at the bottom of the
weasurced sont, and one with the water leve) at the buttom of the next lower
sone. - A1) of these counts gave a sct of coupled equations that could then be
sulved o find the nine count rates, each resulling (rum the neutrons wnitted
by fucl in the apprepriate measurement zone.
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After corrected zone count rates were determined, the computer codes
Microshield and QADGP were used to model a zone’s fuel deposits and
intervening shielding, then estimate the number of neutrons that would reach
the detector. At first glance it would scem to be a poor application of
software, using a ganma shielding code to model the transport of ncutrons.
These touls were chosen as an easy means of calculating exponential
dttenuation. A neutron attenuation study had been performcd by plucing
varying thicknesses of steel and lead detween the Amle neutron source and the
detectors.  lhe study found that the change in neutron count rate caused by
both the tead and the steel followed an exponential relationship, identical to
the exponential attenuation of gamma radiation. 1lhus, by carefully choosing
the attenuation factor in the computer codes, the codes could bé used to
predict the neutron count rates caused by modeled amounts of fuel and
stielding. the advantage of this technique over traditional ncutron transport
codes s the simplicity of code input and speed of execution.  the
disadvantage of this technique is the omission of neutron scatturimg cffects.

The computer modeling for each zone started with modeling the fuel dcposits
that were identified during the video inspection and using this model to
¢alculate the count rate. !n all nine cases this modeling predicted a tower
count rate than actually measurcd. [n order to increase the modeled count
rate for a given zone, fuel was added to the model unti) the predicted count
rate reached the measured value. 1wo different schomes were used for adding
the additional fuel: placing the additional fuel in a credibie location close
to the ditector, and placing it in a credible location far from the detector.
Placing ftucl near the detector would require a small amount of additional lucl
to meet the measured count rate, whereas placing the fuel far from the
detector would require a larger additional quantity. Thus a low estimate for
fuel tn a given zone was determined by summing the video estimate plus the
fue) added close to the detectors, and & high estimate was found as the sum of
the video estimate plus the fuel added tar from the detectors. The initial
estimate of record was taken as the average of the low and high estimates.

the results of this initial analysis are given in Table 1.

lable 1. Fuel Mass per RV Zone, Initially fstimated by Passive
Hett ron_ Moasurement 5
lone Number Fstimated fuel Mass (kaq)
1 10
2 225
3 150
4 99
5 154
b 387
7 113
8 U4
9 G5
RV TOTAL L 1322



The modeling study’s conversion of fuel quantities to ncutron count rates
depended on an assumed value for the ncutron emission rate from fuel deposits.
The licenasee determined this value experuacntally, by counting the neutrons
emitted by fuel debris samples extracted from Lhe core. the value of 0.66 n/s
per y UD, was derived from these ‘measurements and usced to find the estmate of
record. An uncertainty of :6% was assigned to this value.

The passive ncutron measurements were revivwed by a distinguished committec,
and this review 1dentified five biases that affected the initial analysas.
These biases include:

Roron Variations
The committee felt that the residual fuel in the RV contained more boron
than the fuel in the samples analyzed for the nceutron emission rate
wludy. This means that the residual fuel emits more nculrons than
assumed by the licensve’s study, so the i1nitial measurement <tudy over-
estimated the fuel in the RV by 15% n zones 1-5.  (The committee
report ‘s convention was to label a bras as positive af it resulted inoa
high estimste, $o this was 4 bias of +15%.)

ug, Particle Size

The particle size of fuel dehris in the RV was probably finer than the
sampies used in the neutron emission study, also affecting neutrun
yield. The review estimated that this biased the nitial study by +45%
i zones 1-5.

Calibration frror

The committee felt that using the AmBe calibration source caused a 5%
under-estimate in all nine 2ones. Ihis bras was due to the wmperlect
match of energics Lictween the AmBe source neulrons and ncutrons emitted
by the fuel.

Data_Analysis

when the neutron emission rate study was performed, the licensee omitted
the data from onc of the fuel samples because the urantum fuel content
ol the sample looked unreliable. The review comnittee felt that thas
sample’s result should not have been rejected, and that the rejection
caused @ +5% bias in all nine 2ones.

tioutron In-<cattering

The model ing performed for estimating the fuel distribution did not
account for neutrons emitted by the fuel that reached the detectors by
scattering.  This effect caused a 20% Lias in all nine zones.

The numerical biases identificd by the review committee were assigned to the
fuel masses shown in Table 1 on a zone-by-zone basis Lo arrive at the estimate
of record. lhe correction factor derived from these brases was 80% for Jones
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1-5 and 20% for zones 6-9. Table 2 shows the fue) masses in the estimate of

record,

Tahle 2. [stimate of Record for the Rcactor Vessel

Jone Number Fstimated fucl Mass_(kqg)
1 6
2 125
3 83
4 55
5 86
6 323
7 94
8 14
9 79
RV TOTAL 925 -

for the initial measurement estimate, the licensee had assigned an uncertainty
of +15%. Upon the review commiltee’s reconmendation, the ting) uncertainty
wis 240%. lhis uncertainty was based on the difficulty of accounting for
neutruns scattered in the RV, the variety of forms for the debris, the
difficulty in modeling the neutrun scatter and absorption in the complex steel
structures, and the uncertainty in the quantity of boron during the
measurcments.

RFVITW_OF_MTASUREMENTS AND ANALYSIS MFTHODOLOGY

The use of the video inspection and the careful analysis of the videotapes
were nnportant contributors to understanding the distribution of fuel in the
RV and for guiding the neutron measurcment study. The visual estimate was
als0 valuable as a “tallpark” figure for gyuiding the study: when the passive
neutron measurement study gave a result more than double the visual estimate,
this was a signal to search for biases in the measurements.

The passive ncutron measurement scheme was 3 good one for developing a more
accurate estimate.  The hardware and counting scheme were well designed, and
the use of the RV draindown to divide the RV into measurement 2o0nes was an
excellent strateyy. Performing two counts at each location with the water
level at two difterent positions, then solving the system of coupled equations
for each zone’s effective count rate was also good procedure. The detectors
were allowed to count at each location for lung time periods to ensure
statistically significant data collection.




The use of gamma shitlding codes for modeling fuel distribution was one
weakness of this analysis, It is true that neutron attenuation by shielding
fol lows an exponential relationship, which can be calculated in a gamma
shiclding code, but neutron scatter does not behave in this manner and could
not be modeled by the codes used in this study. Using a neutron transport
code such as MCNP would have been a more difficult mode!ing task, but it would
have avoided many of the problems caused by the resulting rough treatment of
scattering effects.

The determination of neutrdn emission rates was another weak point in Lhe
analysis, but it was probably a weakness that could not be casily resolved.
Ine method of measuring the neutron emission rates from tne fucl samples was
the best possible solution, but it was essentially wmpossible to find samples
that would be representative of the residual RV fuel in terms uf particle size
and boron content. On the other hand, the biases that were identified and
quantificd by the review committee to account for these effects are
appropriate. Onc shortcoming of the licensee’s neutron emission study was the
assignment of a very small uncertainty, 6% to the mecasured cmission 1rate: one
of the critical components of this figure was the uranium mass in the samples,
and these values were no more accurate than 19%. An uncertainty in the
nculvon emission rate of 25% would have been nmore appropriate.

Host of the biases identified by the review committee were pertinent and
reasonably quantificed, but we disagree with the *Data Analysis® bias. lhe
data point that was rejected by the licensee did look suspicious, bolh in
terms of the consistency of its mass with respect to the ovther eight samples,
and in terms of the measured count rate. The rejection of this sample was
Justaifiable.  The bias, of course, was only %%, w0 1l wis 2 negligible elfect.

SUMMARY_AND_CONCLUSTONS

The estimate of record of fuel remaining in the TMI-2 RV is 925 kg UO,, with 2
onc-sigma errar bar of £40%. This estimate was determined using videu
inipection and passive neutron measurements that were performed while the RV
wias in 4 gradual, incremental, water draindown. lhe count dats were used wilh
conputer modeling to determine the quantity of fuel in the reactor vessel. A
subsequent review by Lhe review committee helped identify biases in Lhe
ertginal study and correct for the brases to arrive at a more realistic
figure.

The measurement scheme was appropriate for the problem being solved and the
conduct of the measurements displayed a qgood degree of enyinecring skl and
ingenuity. Some parts of the analysis were wead, particularly the use of
gamma chiclding codes to model the neutron transport. The submistion of the
study results to a review committee showed good Judgement and incorporating
the commitice’s correction factors was apprupriate.

The 925 kg of fuel estimated to reside in the RV represents szbout 84% of the
1097 kg estimated to remain in the TMI-2 facility., Ihe RV is the only [HL-2
location that has enouyh fuel to warrant i criticality safely study.
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Consequently the analysis that is documented in this POSR is an important one
On the other hand, approximately 94.000 kg UD, remained in the RV ot the end
of the accident, so the estimated residual qu4ntlly demonstrates the enormous
task that was performed in defueling the RV. [t is rcasonable to assume that
the estimated quantity of residual fuel! will not move trom the RV tor the
duration of the Post-Uefueling Monitored Storage period.
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REVIEW OF THE TMI-2 POST-DEFUELING SURVEY REPORT
FOR THE REACTOR VESSEL HEAD ASSEMBLY

INTRODUCTION
This review of the licensee’s Post-Defueling Survey Report on the React
Veusel (RV) head (CPU, 1990) discusses the procedures used Lo estimate wine
amount of U0, remaining in the RV nead assembly. The RV head assembly
originally covered the RV and served as a containment barrier for the Reactor
Coutant. It was remaved from the RV in July 1984 and is <urrently stored on
the 347°6" clevation of the Reactor Building, on a head storage stand.

The quantity of fuel estimated to be prosent in the RV head assembly is 1.3 kg
with an uncertainty of +80% and -65%. This estimate was obtained by perform-
NG gamma scanning meagsurements on three leadscrews, combining the data to
creale 3 composite figure of a leadscrew and extrapolating the data to the
entire head.

MFASURFMENT MFTHODOLOGY

The BV head assembly consists of:

1) 69 leadscrew motor housings that extend from the thermal
Larrier into the underhead ares;

) 09 leadscrew tubes (LSPs):

) 69 leadscrews (61 are connected to control rods and cight
dre cunnected to axial power shaping rods) that estend from
the thermal barrier to the tip of their bayonets;

) a dome; and
) a {lange

[SNIRgt )

The RV head assembly <its on a head storage stand located on the 347°-6°
vlevation of the Resctor Containment Building., Because of the hiuh dose rates
underneath the KV head assembly, direct messurements of the fuel werd not
made.  Instead, the total gquantity of fue! was estimated bascd on radfo-
chiemical assays of three of the 69 leadscrews (E9. B8 and HB) that were
romoved from the RV head assembly and a small section (approximately nine
inches) of leadscrew suppourt tube (M8). The Yeadscrews and the LSTs were
radiochemically analyzed by Battelle Columbus taburatories, Scientaitic
Applications, Inc. (SAL) and Babcox and Wilcox (#AW). A simplificd model was
uscd to determine the guantity of fuel remainaing, where the RV head assendly
surtaces were divided into three cateqgories:

1) leadscrew;

2) inside surfaces (those areas encompassing the leadscrews,
the inside of the leadscrew support tubey and the nside of
the leadscrew motor housings); and

3} vutside surtaces (vncompassing the flanges, the dome, the
outside of the leadscrew motor housings and the outside of
the Jeadscrew support tubes).



The measurements of -the leadscrews were used to estimate the fuel content on
the remaining leadscrews.  lhe measurements of the leadscrew support tube were
used as the weans to relate measured and inferred surface fuel values for the
lecadscrews to the other surfaces: the expused underhead surfaces and the
hidden or inside underhead surfaces.

Leadscre':s

The fuel coritent of the leadscrews was taken directly from the composite
leadscrew.  The 61 leadscrews connected to the control rods were fully
extended through the plenum during the accident. The eight leadscrews
connected to the axfal power shaping rods were only extended 75%.
Because the £9, B8 and HB8 leadscrews that were used for the measurcments
arc control rod leadscrews, using the average fuel amounts for these
Teadicrews was deemed conservative, thus overestimating the fuel
qQuantity on the axial power shaping rod lcadscrews.

The estimate of the quantlty of fuel on the leadscrews was determined by
calculating the average '*'Ce (a kaown fuel analeg) activity on the
threaded suctions of the leadscrews and dividing by the average cerium-
to-fuel (Babel 1988) ratto for the threaded part of the leadscrews. lhe
06 lead-screws currently in the RV head assembly were estimated to
contain 0.39 kq of fuel.

Inside and Cutside Surfaces

Because the radiochemical analysis that was Performed on the leadscrew
support tube did not always resort '*'Ce or *'fu (the known fuel
analogs), the use of a d|ffgrcnl isotope was chosen. TYhe assumptlon was
made by the licensce that ''Cs activity follows the same trend as '“Ce.
the radiochemical analysis of the s cctloq of the leadscrew support tube
1ng.cated that the outside activity of ~'Cs was approximately twice

that on the inside. Thus, this ratio was used to determine the quantity
of fucl remaining on_these surfaces. The effective average fuel area
density of 628 uq/cm’ was calculated for inside surfaces of the RV head
assembly areas.  The effective average fuel area density for outside
surfaces was calculated to be 1256 py WO /cm?, since the outside surface
activity was conservatively estimated Lo be twice that of the inside
activity.

ANALYSTS_ME THODOLOGY

The arcas of the RV head assembly were calculated to result in a total surface
arca of 1.44E6 cm’. The area was determined by approximating the RV head
asscembly cumponents by geometrical shapes. The arcas were than categorized as
inside or outside surfaces. Those components that were considered Lo be
inside surfaces included the area encompassing the leadscrews, the inside of
the Jcadscrew support tubes and the inside of the leadscrew motor housings.
fne outstde surface areas tnclude the flanges, the dume, the outside of the
leadscrew motor housings and the outside of the LSTs. The estimate of record

?




of the amount of U0, remaining in each of the components was determined by
multiplying the total surface area of the component by the correspunding fucl
value per square centimeter. The effective average fue) area density of (28
Ty} was calculated for inside surfaces of the RV head assembly areas
and the effective average fuel area density of 1256 wg UO. /cm was uued for
the outside surface activity,

The licensee determined that the possibility of gravel-like deposits being
trapped in the RV head assembly components was highly unlikely due to gravity
and RV head assembly orientation. Therefore the contribution from this type
of deposit was deemed to be insignificant, however, a valve of 0.01 kg was
ass igned.

The cstimate of record was determined to be 1.3 kg, based on the following
disteibution:

Leadscrew Motor Housings 0.12 kg
Leadscrew Support Tubes 0.40 ki
Vome and Flange 0.28 hy
Leadscrews 0.39 ky
Gravel-like Material 0.0f hy
TOTAL 1.3 Wy

This ectimate was given with an uncertainty of +80% and -65%.

EVIFW_OF MEASUREMINTS AND ANALYSIS METHODOLOGY

The measurement methods used to determine the amount of UC, remaining on the
1eadfc:cws in the RV head assembly were reasonable. The inability to use
“Ce or "fu as an analog for fue! on the remaining surfaces of the RV head
assumbly was however unfourtunate, since cesium has never been shown to be a

youd snaloyg for fuel. It has been shown that cesium tended to dissolve in the
Reactor Coolant water and thus to become distributed to a large extent
throughout the Reactor Building and parts of the asuxiliary and fuel-nhandling
buildings (those areas where the water traveled). Because of the refati-e
solubilily of the cesium as opposed to the cerium, it is more likely to
overestimate the quantity of fuel in the RV head assembly when used as an
analoyg for the tuel. This is based on the assumption that the cesium in the
water would hee plated out on the components of the RV head assembly, whercas
the fuel not bevag so readily dissolved, would not have plated out to as great
an extent. Another way to validate the use of the cesium as a fuel analoy
would be to assume that the quantity of fuel 1s the same as that on the non-
thecaded section of the composite lcadscrew. lhis value, 215 ug UO /cm , 1S
substantialtly smaller than the effective average fucl arca density of 628 Hg
UO‘/cm( for the inside surfaces, or 1256 py ug,/cm” for the outer surtaces.



The analysis methods of determining the surface area of the component and then
multiplying by a fuel density number based on measurements of a leadscrew
support tube were reasonable. There is no reason to believe that the 1cad-
screw support tube was not typical of the suriaces in the RV head assembly, or
that removal of the LsT altered the amount of surface contamination on the

tube.

The method used to obtain an estimate of the error did not appecar to appro-
r-~iately reflect the uncertainties, A more conservative approach would be to
add 6x and 8y as the upper bound. However, for these values, the exact

hancling of errors is not crucial.

CONCLUSIONS

The measurement and analysis methods used to determine the amount of UO,
remaining in the RV head assembly were reasonable, although it would have been
preferai:le to have based the estimate of fuel on the inside and outer surfaces
of the RV hu%d assembly on an isotope that showed a link with the fuel, rather
than using '¥'Cs. However, as discussed above, the use of ’Cs in determining
fuel quantities appears to be conservative. 1lhe method used to obtain an
estimate of the error did not appear to appropriately reflect the uncertain-
tics; however, the exact handling of errors s not crucial.
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