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ABSTRACT

This report presents the results of analyses performed through
mid-FY-87 to estimate the tnventory and distribution of selected
radioisotopes within the TMI-2 reactor system. The intent of the report 1is
to document the method used in estimating the fission product inventory and
associated uncertainties. Since examination of the degraded core materials
s not complete, the values presented should be viewed as preliminary.
Selected radioisotopes for which best-estimate inventories and
uncertainties are presented include: Krypton (Kr-85), Cesium (Cs-137),
Iodine (1-129), Antimony (Sb-125), Ruthenium (Ru-106), Strontium (Sr-90),
Cerium (Ce-144), and Europium (Eu-154).

The TMI-2 inventory data will provide a basis for relating the fission
product behavior during a large-scale severe accident to smaller-scale
experimental data and fission product behavior modeling work. This is an
important 1ink in addressing the many technical questions that relate to
core damage progression and fission product behavior during severe

accidents.




SUMNARY

TM1-2 post-accident fission product nventories and uncertainties have
been estimated for selected radlolsotopes using:

(] the known end-state configurations of the degraded core matertals
and the estimated masses for each degraded core i0ne.

o recent laboratory examination data characterVzing the fission
product concentration of previously molten core matertal samples

taken from the lower plenum region.

The Information presented Vs an extenston of previous work and
Includes a discussion of the methods for quantifying uncertainties n the
\nventory values.

Inventory values for selected radiolsotopes are summarized below.

Fisslon Product Estimated Inventory

High Volatility

Kr-85 86% (24%)
Cs- 1N 104% (£3%)
1-129 68% (24%)

Nedium Volatility

Sb-125 4% (£3%)
Sr-90 N2X  ($10%)

Low VYolatility

Ru-106 48% (£3%)
Ce-144 100% (£8%)
Eu-154 5% (£7%)

The estimated noble gas inventory agrees to within about 15% of the
best-estimate calculated total core 'nventory. However, there appears to
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be a wide range in accountability for all other fission product groups
(Y.e., high-, medium-, and low-volatility groups).

In the high-volatility fission product group, cesium appears to be
accounted for to within 10%; however, up to 30% of the iodine has yet to be

accounted for.

In the medium-volatility fission product group, the fraction of the
core inventory of antimony accounted for 1s less than 50%, while the
strontium inventory agrees with the best-estimate calculated total core
value.

In the lTow-volatility fission product group, the ruthenium inventory
appears to be low (less than 50%), while the inventory for cerium and
europium appear to be within approximately 10% of the calculated values.

Data from the following fission product repositories were considered
in estimating the post-accident inventories:

. In-RCS Repositories Ex-RCS Repositories
Degraded Core Regions Reactor Cooling System
Upper core debris Hot leqg piping surfaces Reactor building water
Previously molten core Upper plenum surfaces Reactor building
material sediment
Steam generator surfaces
Partially intact fuel Reactor bullding lower
rods Pressurizer surfaces walls
Previously molten core Steam generator sediment Reactor building upper
material in the core surfaces
former zoned Pressurizer sediment
Reactor building air
Previously molten core Makeup/purification space
material in the core demineralizer sediment
support assembly (CSA) Auxiliary building
region Reactor coolant drain tank 11quid
Lower plenum debris RCS coolant Auxiliary building gas
release

a. Core former zone includes that region containing the core former plates
and baffle plates.

v



Several major assumptions were used in estimating the above
\nventories. These include:

1. 1he specific activity (uCi/g) of those regions containing
previously molten core materlals for which sample examination
data are not yet avatllable (e.g., molten core zone, the core
former regions at the core periphery, the core support assembly
reglons below the core) s assumed to be the same as the measured
data from the previously molten lower plenum debris.

2. The pre-accident total core inventory for the \sotopes considered
's not measurable and Vs assumed to be given by the ORIGEN?
calculated values. No error has yet been asosociated with these
calculated values.

3. No uncertainty has been assoclated with the "typicality® of the
1imited samples for each unique degraded core zone in
representing the estimated total mass of degraded core material
from that zone. Add\tional analyses will be required to estimate
the variab\1ity in the measured degraded core actiities as the
data become avallable.

4. Fission product retention \n the intact rod regions was estimated
based on the end-state core configuration as inferred from core
drilling and visual inspection data, and from the following
assumptions:

° the retention of the higher volatility fission products
within the fuel 1s 95 ¢ SX

° the retention of the medium and lower volatility fission
products within the fuel Vs 99 ¢ 1%.

Because limited activity data are currently avallable from most
degraded core material zones (necessitating the assumptions summarized



above), the above inventory values must be viewed as preliminary and are
expected to change as more core material examination data become
available. The uncertainties associated with the inventory values are
recognized to be relatiavely small, because data do not presently exist to
resolve the above assumptions in data variability. As additional data
allows resoltulon of these assumptions, the uncertainties in the inventory
values are expected to increase significantly.
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TMI-2 FISSION PRODUCT INVENTORY ESTIMATES

1. INTROODUCTION

The THI-2 accident severely damaged the reactor core causing
significant release of fisston products from the fuel. Recent defueling
data have confirmed that as much as 35-45% of the core matertal -elted‘
and an estimated 15-20%X of the original core mater1al relocated to the
Tower plenum region of the reactor vessel in a molten state.2 Because of
this extensive core damage, the THl-2 accident offers a unique opportunity
to extend our knowledge of: 1‘mportant physical mechanisms affecting the
init1al core relocation of core matertal leading to a non-coolable core
configuration; migration and interaction of molten fuel with core support
structures, reactor vessel coolant, and the vessel lower head; and the
assoclated fission product behavior resulting from these processes.

The TMI-2 Accident Evaluation Prograa3 1s being conducted for the
00t as a severe accident research effort and has the primary goal of
establishing a consistent understanding of the mechanisms controlling the
core damage progression and the resulting fisston product behavior. This
\mproved understanding s being developed through:

° examination of the end-state degraded core materlals and damage
to the core support structures,

° interpretation of the TM]1-2 data recorded during the accident
relative to the reactor system thermal hydraulic response
('ncluding core damage progression), and

° analysis work to iIntegrate these data ato a consistent scenarto
of core damage progression and fisston product behavior.



A key part of the TMI-2 research yet to be completed is related to
fisslon product behavior. Three major efforts are currently underway to
understand the important aspects of fission product behavior resulting from
the accident. These are:

(] evaluate the total quantity of the measurable fission products
and their distribution in the reactor systems,

(] estimate the fission product behavior (release and transport)
during the high-temperature portion of the accident, and

(] analysis work to relate these results to core damage progression
and source term technical issues.

This report addresses the first of these tasks, 1.e. completing a
best-estimate inventory of the measurable TMI-2 fission products.

Measurement of the fission product release from the core has been a
major focus since the accident and was essential to the early estimates of
core damage. It was recognized from the early radiation measurements that
the release of radioactive Yodine was orders of magnitude lower than
expected. Extensive radionuclide measurements have been made since the
accident in support of plant recovery work. The radiological inventory
estimates based on these data have been pubHshed.4

The results documented in this report are an extension of the work
presented In Ref. 4 and include an estimate of uncertainty in the
calculated inventory for the measurable (longer-1ived) isotopes. In
addition, more recent data derived from core defueling and laboratory

examinations of core material samples are i1ncluded.

The report 1s organized as follows. Section 2 briefly summarizes the
best-estimate core damage progression scenario and identifies those
mechanisms affecting the fission product release and transport during the
period of majJor core damage progression. Also included s a summary of the

relative activity versus time from accident initiation for those



radioisotopes considered 'mportant for severe accident source term
analysis. Section 3 describes the methodology for calculating fractional
core activity inventories and assoclated uncertainties and presents the
results of such calculations using the avallable TM]-2 data. Section 4
presents \mportant conclusions and recommendations for completing the
fission product inventory work.



2. OVERVIEW OF TMI-2 FISSION PRODUCT RELEASE AND TRANSPORT
DURING THE ACCIDENT AND SUMMARY OF MEASURABLE ISOTOPES

This section provides a synopsis of the important mechanisms affecting
fission product behavior during the TMI-2 accident and a brief review of
the radiolsotopes considered important during severe accidents and their
decay characteristics.

The best-estimate core damage progression scenario (accident scenario)
provides the basis for evaluating the fission product release during the
accident. The estimated fission product releases based on the
best-estimate bounding core temperatures can then be compared to the
end-state fission product retention measured from the various forms of
degraded core material to evaluate consistency between the TMI-2 data and
other severe fuel damage experiments and modeling work.

The best-estimate accident scenar1oS suggests that the major core
damage progression can be divided into the following time periods after

accident initiation:

1. 100-174 minutes--initial core heatup and degradation forming a
non-coolable configuration

2. 174-176 minutes--B-loop pump transient
3.  176-224 minutes--degraded core heatup
4. 224-230 minutes--core fallure and molten core material migration

5. 230 minutes-15.5 hours--core cooldown and reactor system cooling

recovery.

Each of these perlods will be briefly discussed to provide the
necessary background for interpreting the inventory estimates presented in

Section 3.



Init1a) core dymage (100-174 minutes). Prior to 100 minutes, the
two-phase forced convection through the reactor vessel provided the

necessary cooling to prevent core heatup. At about 100 minutes, the last
primary coolant pump was shut off. The 1iquid Yn the reactor vessel and
upper elevations of the hot legs rapidly settled nto the vessel, resulting
in a vessel 11quid level estimated to be near the top of the active fuel.
The 11quid 'n the reactor vessel continued to decrease as a result of
primary coolant letdown and loss out the pressurizer rellef valve. The top
of the core started to uncover shortly after 100 minutes, resulting in
heating of the upper reglions of the fuel rods. By approximately

140 minutes, the core 11quid level had dropped to below the mid-core level
and the upper regions of the fuel had heated sufficiently to result in
cladding burst (~1100 K). About this time, the operators discovered the
faulty pressurizer rellef valve and manually closed the pressurizer block
valve, thus limiting further loss of coolant (and fisston products) from
the reactor coolant system.

By 150 minutes, 1t Vs estimated that peak core temperatures exceeded
1800 K and a significant amount of molten 2ircaloy (fuel rod cladding) and
some dissolved Uo2 fuel relocated to the lower regions of the core. This
relocated material solidifled around the intact fuel rods, forming a
consolidated region of core materials near the liquid level Interface at
about the 0.6-0.9 m (2-3 feet) axial elevation.?

From 150-174 minutes, the core heatup continued, resulting In
Increased core damage both radlally and axVally. By 174 minutes (Just
before the B-pump transient), the damage state of the core was extensive as
shown in F1g. 1. It s estimated that peak core temperatures above 2200 K
were achieved for times ranging from 20-25 minutes during this pertod of
the accident. Fission product release under these conditions, based on the
NUREG-0772 release correlations (susmmarized in F1g. 2), would be extensive
as shown in Table 1.

a. A)) references to core axial elevation \n this report will be relative
to the bottom of the active fuel.
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TABLE 1. ESTIMATED FISSION PRODUCT RELEASE FOR TMI-2 CORE MATERIAL DURING
THE DEGRADED CORE HEATUP PERIOD (100-174 minutes)

Approximate Estimated

Relative Release Ratea TMI-2 Release

Fission Product Volatility {fraction/min) (%)

I, Cs, Xe, Kr High 0.1 100

Te, Ag High 0.015 30-40

Sb Medium 0.007 15-18

Ba Medium 0.0012 2-3

Sr Low 0.0008 1.5-2

Ru Low 0.00002 <1

a. Release rates from Ref. 6 (Fig. 2); estimated time at temperature
(2200 K) s assumed to be 20-25 minutes.




Based on these core temperatures and fission product release
correlations, most of the highly volatile fission products should have been
released from the consolidated regions. However, the lower and peripheral
regions of core remained coolable and intact. Calculated total core
release of the volatile fission products during this perlod of the
accident, using fuel damage models in which the core temperature gradient
ws sodeled, range from 30 to 40X of the core \nventory (Ref. 7).

The release and transport of fission products during this period are
complicated by many factors. The more important of these include:

° Uncertainty 'n coolant flow due to the changing core
configuration, particularly the blockage of coolant flow through
the center (consolidated) region,

() Uncertainty of when core slumping occurred and the behavior of
fission products in the large reglon of consolidated core
mater1al during and after the slumping process,

° Interaction of the relocating solten core matertals with the
coolant, thus affecting the cooldown of the molten core materlal,
core steam flow, core cooling, and core oxidation rates,

° The effect of control rod material behavior on the fission
product transport, chemistry, and core damage progression.

Transport of fission products from the RCS during the nitial core
heatup and relocation period was 1imited to the gaseous fisslion products
inttt1ally released at the time of cladding rupture and most likely was
1imited to a relatively small number of rods. Cqolant loss from the RCS
was limited to the makeup/letdown pathways during the period of
significantly increasing fisslon product release from the fuel between
150-174 minutes.

8-Loop Pump Transient (174-180 minutes). At approximately
174 minutes, the operators turned on the 28-loop pump. Although the pump




continued running for approximately 19 minutes, significant coolant
injection into the vessel lasted only momentarily (<1 minute as measured

by the steam flow rate in the hot legs). During this brief time, there was
sufficient water injected into the vessel to have covered the core. The
cooling trend of the incore thermocouples indicate cooling of the core was
1imited to the peripheral regions.

The impact of the pump transient was significant for two reasons.
First, the upper regions of the core were severely fragmented from the
thermal/mechanical shock, thus creating the upper core debris as shown in
Fig. 3. Second, the 1iquid carry-over from the lower vessel to the upper
vessel reglons due to the reflood steam generation would have had a
"washing" effect on the upper plenum structures, releasing fission products

which were not chemically bound to the upper plenum surfaces.

It has been hypothesized that enhanced fission product release may
have occurred during the fuel shattering and debris formation as a result
of U02 fracturing along the grain boundaries. However, it 1s not clear
from present evaluation of the upper core debris examination data that
significant grain boundary fracturing occurred. Additional evaluation of
the upper core debris particle examination data is presently underway to
address the enhanced release hypothesis.

Degraded Core Heatup {(176-224 minutes). During this pertod, the
interior of the consolidated core material continued to heat up because
internal heat generation was larger than the surface heat loss.
Consequently, a region of molten core material formed in the intertor and
continued to grow with time. The best-estimate scenario suggests that by
224 minutes, nearly all of the material in the consolidated core region
(approximately 30-40 percent of the original core material), with the
exception of a surrounding crust which served to keep the molten material
in place, had reached melting temperatures (2800-3100 K) as shown in
Fig. 4.

The fission product behavior within the molten pool is thought to have
been primarily dependent on the natural circulation (convection flows) and

10
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bubble dynamics within the pool and the chemical interactions between the
various molten core constituents. Slow diffusion from the molten matertal
through the surrounding crust would have limited fisston product release
from the consolidated core reglon during this perlod.

Major Core Relocation (224-226 minutes). By 224 minutes, the molten

pool had grown sufficiently to have caused thermal/mechanical fallure of
the surrounding crusts, thus allowing the molten material to drain from the
core region Into the lower plenum. Interpretation of the measured 1MI-2
data ndicate that the flow time of the molten core materlal to reach the
lower plenum region was less than one minute. The major crust fadlure and
break-out of the msolten matertal occurred In the east quadrant of the
vessel, just above the core mid plane. Figure 5 shows the hypothesized
core configuration during the 224-226 minute pertod.

The core relocation resulted 'n breakup of the molten matertal into a
more coolable “debris® configuration and subsequent cooling of the debris.
Inspection data have confirmed a wide range of lower plenum debris
material, ranging from relatively fine, uniform debris (particle sizes less
than 0.5 nch) to stzable flows of consolidated lava-like material.
Sufficient lower plenum debris has not yet been examined to determine \f
significant release of fission products occurred during the migration
period. Additional lower plenum debris exan\naflons wil) be required to
answer this question.

A comparison of fission product release from the THI-2 lower plenum
debris to that expected from core material experiencing a similar
temperature transient s summarized in Table 2.

RCS Recovery Period (226 minutes-15.5 hours}. This period was
characterized by continued attempts to establish forced coolant flow
through the vessel. Cooling of the degraded core continued throughout this
period. It is estimated the lower plenum dedris was cooled within
0.5-1.0 h after the i1nitial relocation at 224 minutes. However, the
matertal \n the degraded core region required days to reach equ)librium

with the surrounding coolant.

Lk
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TABLE 2. COMPARISON OF (a) FISSION PROOUCT RELEASE ESTIMATES FROM THE TM]-2
LOWER PLENUM DEBRIS, AND (b) RELEASE FROM UOp FUEL ASSUMED TO BE
AT TEMPERATURES RANGING FROM 2800-3100 K FOR 10-30 MINUTES USING
THE NUREG-0772 RELEASE CORRELATIONS

TN]-2 Rslease NUREG-0772 Release
fission Product {%) (%)
Cs 65-100 100
Sb 85-100 100
Sr 32-100 10-60
Ru 84-100 1-3

d. The release estimates are based on measured retention values from
Ref. 8.
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In attempting to establish RCS flows during this period, the
pressurizer block valve was cycled many times, resulting in significant
coolant transfer to the containment building. Since the majority of
fission products were resident in the RCS coolant shortly after the
relocation event (226 minutes), the ma)or fission product transport from
the RCS to the containment occurred during this time period. The coolant
flow through the PORV 1s shown in Fig. 6; notice that very 1ittle transport
of RCS water to the containment occurred between the time of pressurizer
block value closure (~140 minutes) and the major core relocation at
225 minutes. Thus most of the water transferred from the RCS to the
containment (and hence the fission product transport from the RCS) occurred
after the major core relocation at 224 minutes.

Measurable Fission Product Isotopes. Table 3 1ists the important

fission product (and actinide) isotopes commonly considered for evaluating
severe accidents. Using the ORIGEN2-calculated total core activity levels
(Ref. 10) at the time of shutdown for those isotopes 1isted in Table 3 and
the 1isted decay constants for each isotopes, those radioisotopes
contributing 95% of the total core activity were estimated for times of

1 day, 1 month, 1 year, and approximately 8 years (to present). The
results (Table 4) show that the total activity has decayed several orders
of magnitude since the accident and those isotopes contributing 95% of the
total activity have decreased from 17 at one day to only five at the
present time. Thus, only a 1imited number of radioisotopes can presently
be readily measured from the core material samples.

In the next Section we discuss the methodology used to estimate the

activity inventory and the resulting inventory estimates for the
longer-1ived (measurable) isotopes.

16
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TABLE 3. RADIOISOTOPES CONSIDERED IMPORTANT FOR LIGHT WATER REACTOR SEVERE
ACCIDENT SOURCE TERMS

Half Life
Element Isotope (days)
Cobalt Co-60 1.92 x 103
Cobalt Co-58 7.10 x 10}
Krypton Kr -85 3.95 x 103
Krypton Kr-85M 1.83 x 10-]
Krypton Kr-81 5.28 x 10'%
Krypton Kr-86 1.17 x 10°
Rubidium Rb-86 1.87 x 10}

Strontium Sr-89 5.21 x 10
Strontium Sr-90 1.10 x 10%
Strontium Sr-91 4.03 x 10-)
Yttrium Yt-90 2.67 x 100
Ytrium Yt-91 5.90 x 10!
ZArconium Zr-95 6.52 x 10!
Zirconium r-917 7.10 x 10!
Niobium Nb-95 3.50 x 10}
Molybdenum Mo-99 2.80 x 100
Technet ium Tc-99M 2.50 x 10-}
Ruthenium Ru-103 3.95 x 10!
Ruthenium Ru-105 1.85 x 10!
Ruthenium Ru-106 3.66 x 102
Rhodium Rh-105 1.50 x 100
Tellurum Te-121 3.91 x 10-!
Tellurium Te-1217 1.09 x 102
Tellurtum Te-129 4.80 x 10-2
Tellurium Te-129M 3.40 x 10-!
Tellurium Te-131M 1.25 x 100
Tellurium Te-132 3.25 x 100
Antimony Sb-126 1.24 x 10}
Antimony Sb-125 9.96 x 102
Iodine I-13 8.05 x 100
TIodine 1-132 9.58 x 10-2
Iodine 1-133 8.75 x 10-)
Iodine 1-134 3.66 x 10-2
Iodine 1-129 5.80 x 109
Xenon Xe-133 5.28 x 100
Xenon Xe-135 3.84 x 10-]
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TABLE 3. (coatinued)

Half Life
Element Isotope _{days)

Cesium Cs-134 7.50 x 102
Cestum Cs-135 8.40 x 108
Cesium Cs-137 1.10 x 104
Bar Yum Ba-140 1.28 x 10!
Lanthanum La-140 1.67 x 100
Certum Ce-10) 3.23 x 10!
Cer Yum Ce-143 1.38 x 100
Cerium Ce-144 2.84 x 102
Europium Eu-154 2.99 x 103
Euripium Eu-155 1.74 x 103
Neptunium Np-239 2.35 x 100
Plutonium Pu-238 3.25 x 104
Plutonium Pu-239 8.90 x 106
Plutonium Pu-240 2.40 x 105
Plutonium Pu-24) 5.35 x 103
Amer \cium An-20) 1.50 x 105
Curium Cm-242 1.63 x 102
Cur tum Cm-244 6.63 x 103
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TABLE 4. TOTAL TMI-2 CORE ACTIVITY LEVEL AND RADIOISOTOPES CONTRIBUTING 95%
OF THE TMI-2 TOTAL ACTIVITY VS. TIME AFTER THE ACCIDENT

Total Core Isotopes and Their
Time After Activity Fractional Contribution
Accident (curies) to the Total Core Activity
1 day 3.1 x 109 Np-239 (0.392)

Ba-140 (0.049)
Xe-133 (0.048)

Ir-95 (0.048)
Nb-95 (0.047)
Ce-181 (0.047)
Mo-99 (0.040)
Yt-91 (0.038)

Ru-103 (0.035)
La-140 (0.034)
Te-132 (0.031)
Sr-89 (0.030)

Ce-144 (0.027)
Ce-143 (0.025)

I-131 (0.025)

1-133 (0.025)

Ir-97 (0.018)

1 month 6.4 x 108 Zr-95 (0.168)
Yt-91 (0.130)

Nb-95 (0.128)

Ce-144 (0.122)

Ce-141 (0.121)

Ru-103 (0.100)

Sr-89 (0.097)

Ba-140 (0.047)
Ru-106 (0.036)

1 year 7.1 x 10! Ce-144 (0.490)
Ru-106 (0.176)
Cs-134 (0.075)
Cs-137 (0.064)

Sr-90 (0.051)
Pu-241 (0.046)
Zr-95 (0.044)
Yt-91 (0.023)
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TABLE 4. (continued)

Total Core Isotopes and Their
Time After Activity fractional Contribution
Accident {curles) to the Total Core Activity
100 months 9.6 x 106 Cs-137 (0.389)
(Yo 8/87) Sr-90 (0.306)
Pu-28) (0.222)
Kr -85 (0.0N)

Cs-14 (0.028)
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3. FISSION PRODUCT INVENTORY

Three steps are necessary to estimate the post-accident TMI-2 fission
product inventory for any given radioisotope. The first step 1s to
identify the majJor TMI-2 fission product repositories. These repositories
can be grouped into two general categories, internal to the reactor coolant
system (RCS) and external to the RCS. Recovery work over the past several
years has identified the ma)Jor ex-vessel repositories. Recent work has
provided the data necessary to define the end-state condition of the core
and locations of the degraded core material. These unique regions of
degraded core material complete our knowledge of the major fisslon product
repositories. Table 5 1ists the major TMI-2 fission product repositories.

Of special interest are the degraded core regions, since they have
only recently been characterized and contain the majority of fission
products (except for the highly volatile species). The degraded core
material is distributed within the reactor vessel in six major regions as
noted in the Table 6 and shown in Fig. 7.

The second step in estimating a specific 1sotopic inventory is to
characterize the material in each repository. This characterization
Includes (a) estimating the mass of radioactive material contained within
each repository, (b) acquisition of representative samples from each major
repository, and (c) examination of the material to quantify specific
Ysotopic activity levels (uCi/g). With the exception of the degraded
core regions, this characterization work has nearly been completed.
Samples have been, or will be, acquired from each unique degraded core
region as the core 1s defueled and examination data are expected within the
next 18 months. For the degraded core zones containing previously molten
core material (molten core, core former zone, and CSA reglons), the
specific activities (uCi/g) as measured from the previously molten lower
plenum debris particles are assumed to be applicable for the inventory
estimates.

Measurements of the radioactivity from the partially intact fuel rods
are not yet available. However, estimates of the core fission products
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TABLE §.

MAJOR TMI-2 FISSION PRODUCT REPOSITORIES

In-RCS Repositories

Ex-RCS Repositories

_Degraded Core Reglons

Reactor Cooling System

Upper core debris

Previousl¥ molten core
materta

Partially Intact fuel
rods

Previously molten core
aaterVal \n the core
former zoned

Previously molten core
material n the core

support asseambly (CSA)

region

Lower plenum debris

Hot leg piping surfaces
Upper plenum surfaces
Steam generator surfaces
Pressurizer surfaces
Steam generator sediment
Pressurizer sediment

Makeup/purification
demineralizer sediment

Reactor coolant dra'n tank

RCS coolant

Reactor bullding water

Reactor bullding
sediment

Reactor building lower
walls

Reactor bullding upper
surfaces

Reactor bullding a'r
space

AuxVllary bullding
11qud

AuxVllary bullding gas
release

a. Core former zone includes that reglon containing the core former plates

and baffle plates.
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TABLE 6. END-STATE CORE REGION MASSES?

Region

Estimated Mass
kg {uncertainty)

Upper core debris
Previously molten material in the core region
Intact rod stubs

Previously molten core material in the core
former regton

Previously molten core material in the core
support assembly

Lower plenum debris

a. The mass of the original core material (including structural

components) 1s approximately 125,000 kg (Ref. 1).

23,700
25,600
47,000

5,000

5,000

15,000

(£1,200)
(+6,600)
(+3,800)

(+2,000)

(+2,000)

(+5,000)
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Upper core

Previously molten
core material
in .

Previously molten
core matenal
in core former

Partially intact

Previously molten
core malterial in
core suppon
assembly

Lower plenum
debris

iA

>

.

Vessel upper
plenum
assembly

Core region

Core support
assembly
region

Vessel
lower
plenum
73230

Figure 7. End-state degraded core regions (core cross-section through
row K of fuel assemblies).
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retained in the partially intact rods can be made using (a) the known
post-accident distribution of partially intact rods, (b) the core power
distribution (measured prior to the accident), and (c) the following

assumptions on the fission product release from the fuel contained in the
partially intact rods:

] 99% (+1%) retention for the medium and low volatility fission
products

° 95% (+5%) retention for the higher volatility fission products.

Detailed descriptions of each of the above repositories and associated
fission product data utilized for the inventory calculations are included
in Appendix A. Appendix B presents calculations to estimate the fraction
of the total core fission products retained in the partially intact rods.
The core inspection data summarized in Ref. 1 provide the basis for
estimating the volumes and associated masses in each of the six unique
degraded core regions shown in Fig. 7. These estimated masses and
uncertainties are summarized in Table 6.

The third step in estimating the fission product inventory is to
combine the data from each ma)Jor repository to determine an integral
activity for each isotope. The following section summarizes the equations
used to combine the measurements from all repositories. Section 3.2
summarizes the results of the inventory calculations for selected {sotopes.

3.1 Method of Estimating the Fission Product Inventory

The activity for any radioisotope, xx, in repository, 1, 1s denoted by
17" and 1s calculated by,

IS B (1)
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\ . The average 1sotopic activity from the materia) within
the repository (uCi/sample unit), and
l‘ = the total sample units of radloactive material from the

repository. Sample units Include: mass (g); volume
(ml); and surface area (cn?).

The fraction of the total core inventory accounted for \n each
repository, fﬂACt’. can be defined as

X
xx i
FRAC‘ - ll' (2)
Total Core
where
l;:tal Core = 's the total core Inventory as estimated from
the ORIGEN2 calculations (Ref. 9).
Using 1inear error propagation techniques (Refs. 10 and 11), the
uncerta\nty‘ n the total 1sotopic activity, for any given repository,
c:'. 's given by,
2 172
xx xx 1/2
A () 2 ()2 N P ’(Axx)z o2 (3)
1 PN R M, H‘ ! AMX { H‘
] 1 !
wvhere
x ° the estimated uncertainty 'n the Vsotopic activity
Al measurement from the \th repository, and

a. A1) uncertainty values are expressed as 95% confidence estimates.
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Oy = the estimated uncertainty in the ith repository mass
L (sample unit).

Estimating the total TMI-2 isotopic activity, I;x. requires
summing individual repository contributions, 1.e.,

n
3 _:E : XX (4
IT = 11 . )
1=1

In addition, the uncertainty in the total activity estimate, “Ixx, is

-
given by,
n 172
2
o - E(«“) . (5)
Ixx ]
T 1=1

Error propagation theory also allows estimation of the fractional
contribution to the total uncertainty from each repository, F:x. This
parameter 1s useful for identifying the major contributors to the total
uncertainty, thus indicating where additional data would reduce the
inventory uncertainty. The fractional uncertainty contribution from each
repository 1s calculated using the following expression,

2 - (6)

Finally, the fraction of the total inventory accounted for from all
repositories, FRAC;:tal' Is estimated by taking the ratio of the
total activity from all repositories compared to the original core
inventory as calculated by ORIGEN2 (Ref. 9), 1.e.,

IXX
XX T
FRACT 1y = o (7)
Total Core
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and the assoclated uncertainty n the fraction of the total inventory

accounted for, o xx R
F'm:lotal

I (8)

g e
b ¢ 4 xR
FRACTota1  Itotad core

3.2 Summary of Inventory Calculations

The above equations were used to determine best-estimate fractional
core ‘nventories and assoclated uncertainties for the following
radlolsotopes:

Low Volatility: Krypton (Kr-85)
Cestum (Cs-137)
lodine (1-129)

Medium Volatiitty: Antimony (Sb-125)
Strontium (Sr-90)

Low Volatility: Ruthentum (Ru-106)
Certum (Ce-144)

turopium (Eu-144)

For each Vsotope, a calculational data sheet 1s included that
summar1zes the following:

1. In1t1al total core Anventory, I3 . (uCY).
2. Decay half-1ife.?

3. Total decay factor since the accident.

a. AV calculated nventory values are decay corrected to July 1, 1987.
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4. Measured sampie specific activity (A:x in Eq. 1).
Uncertainty In the measured values are shown in parenthesis

adjacent to the nominal va]ues.a

5. Mass (volume/area) of material associated with each repository
sample data (H1 in Eq. 1).

6. Repository inventory, 13X, (uC1) and calculated
uncertainty, a:x, (Eqs. 1 and 3).

1. Fractional core inventory accounted for from each repository,
FRACY, (from Eq. 2).

8. Repository fractional contribution to the uncertainty in total
core inventory, F:x. (from Eq. 6).

9. Reference Table number in Appendix A summarizing the data.

IXX

10. Total core inventory from all repositories, I

, and
assoclated uncertainty (from Eqs. 4 and 5)

11. Total fractional core inventory accounted for and assoclated
uncertainty (from Eqs. 7 and 8).

3.2.1 Estimated Noble Gas Inventory (Kr-85)

Table 7 summarizes the Kr-85 inventory estimates. As seen from the
table, the activity in the containment air space accounts for approximately
54% of the original core inventory. Another 31% is estimated to be in the
intact fuel rods.

a. In some cases, uncertainty values for the activity measurements or
estimated masses of degraded core material are not documented. For these
cases, the uncertainty 1s assumed to be zero. Realistic estimates for
these uncertainties will be evaluated during the fission product data
qualification process and used in the final inventory calculations.
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Measurements have not been made to determine the retained Kr-85
activity levels in the degraded core materials. Examinations are presently
underway to determine these values for the upper debris bed (2 samples),
previously molten core matertal (2 core bore samples), the lower plenum
debris (2 samples), and the intact fuel rods (2 samples from upper level
rods, 6 samples from lower rod stubs).

3.2.2 Estimated Inventory of High Volatility Fission Products (Cesium and
Iodine)

Table 8 summarizes the calculated inventory estimates for Cs-137. As
seen from the table, the Cs-137 can be accounted for in the degraded core
materlals and the reactor basement (concrete walls and liquid). Minor
amounts (<2%) were measured in the RCS water and the makeup and letdown
demineralizer sediment.

Table 9 summarizes the calculated inventory estimates for 1-129. The
total 1odine inventory estimate is approximately 68%. Several sources of
uncertainty exist and will require additional evaluation. These include
reactor bullding basement sediment, reactor building basement 1i1quid, and
RCS coolant. Data from these repositories will be evaluated further during
the fission product data qualification process.

3.2.3 Estimated Inventory of the Medium Volatiiity Fission Products
{Antimony and Strontium)

Table 10 summarizes the inventory estimates for Sb-125. An estimated
43% of the antimony has been accounted for and most of this 1s predicted to
be in the intact rods. Thus, additional core material examinations
(Yncluding intact rod segments) will be important in improving the
estimated antimony inventory.

Table 11 summarizes the estimated inventory for Sr-90. The estimated

strontium inventory appears to account for the ORIGEN2 calculated total
core activity.
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TABLE 9. FISSION PRODUCT DISTRIBUTION AND INVENTORY OF 1-129a

Activity b
{tuncertainty)
Degraded Core
Upper Core Debris 4.4 x 104
( ) uCV/g
Molten Core Zone 5.6 x 10-5
(3.2 x 10-6) yci/g
Intact Rods 2.1 x 105
(1.1 x 104) uCy
Core former Reglon 5.6 x 105
(3.2 x 10-6) 4Ci/g
Core Support Assembly 5.6 x 10°5
(3.2 x 10-6) yci/g
Lower Plenum Debris 5.6 x 10-3
(3.2 x 10-6) ycivg

Reactor Cooling System

Hot Leg surfaces NMC
Upper Plenum Surfaces 5.4 x 103

(3.1 x 10-6) ycy/cm?
SG Surfaces 2.9 x 10-6

(2.0 x 10-8) yC1/cm?
Pressurizer Surfaces NM
SG Sediment NM
Pressurizer Sediment NM
Demin Sediment NM
RCOT Sediment 5.2 x 108

(4.0 x 10°9) uCi/g
RCS Coolant 7.1 x 10-6

(3.0 x 10-7) yCi/m

Outside RCS

R/89 Liquid 4.3 x 10-6

(3.0 x 10-7) wC1/m
R/8 Sediment 1.1 x 10-}

(1.0 x 10-2) uCi/g
R/8 Lower Walls NM
R/8 Upper Surfaces 5.6 x 10-6

(2.2 x 10-6) uC1/cm?
R/8 AIr Space 5.7 x 10-1)

(4.0 x 10-12) yC1/cmd
Aux/88 Liquid 1.2 x 105

(1.0 x 10-6) yc1/m
Aux/8 Gas Release 4.3 x 10-2

( ) uCY

a. A1) decay data corrected to July 1987.
Half Life = 5.8 x 109 days
Decay Factor Since Accident = 1.0000
b. Where no uncertainty s shown, 1t 1s unknown.
c. NM « Not Measured.
d. R/B = Reactor Building.

e. Aux/8 = Auxiliary Building.

Assoclated Inventory . Fractional fractiondl
Vol/Mass/Area {tuncertainty) Core Uncertainty Data
{tuncertataty) (p€1) Inventory Contribution  Table
2.4 x 107 1.0 x 104 0.048 0.005 A-)

(1.2 x 106) ¢ (5.2 x 102)
2.6 x 107 1.4 x 103 0.007 0.003 A-2
(6.6 x 106) g (3.8 x 102)
3.3 x 10°) 6.7 x 104 0.309 0.695 A-3
(2.5 x 10-2) (6.2 x 103)
5.0 x 108 2.8 x 102 0.001 0.000 A4
(2.0 x 108) ¢ (1.1 x 102)
5.0 x 108 2.8 x 102 0.001 0.000 A-S
(2.0 x 108) ¢ (1.1 x 102)
1.5 x 107 8.4 x 102 0.004 0.001 A-6
(5.0 x 106) g (2.8 x 102)
3.5 x 108 1.9 x 102 0.00 0.000 A8
(1.1 x 105) ca? (4.0 x 10')
3.7 x 107 1.1 x 102 0.000 0.000 A-9
(3.7 x 106) cm? (1.1 x10))
2.6 x 104 1.4 x10-3 0.000 0.000 A-14
(4.2 x103) g (2.9 x 10-4)
3.3 x 108 2.4 x 103 0.0n 0.000 A1
( ) m (10.0 x 10"}
2.4 x 109 1.0 x 104 0.048 0.009 AN
( ) m) (1.2 x 102)
3.8 x 105 4.1 x 104 0.19 0.254 A-18
( )9 (3.8 x 103)
1.9 x 108 1.0 x 103 0.005 0.003 A-20
( ) cm? (4.2 x 102)
5.6 x 1010 3.2 x 100 0.000 0.000 A-21
( ) cm3 (2.2 x 10-))
9.5 x 108 1.1 x 10 0.053 0.029 A-22
(1.0 x 107) m) (1.3 x 103)
lio x 10? liJ x 10-2 0.000 0.000 A-23
)
Total Core Inventory? . 2.2 x 105 wCh
Inventory Accounted for to July 1987 . 1.5 x 10;
(£7.5 x 10”) wC)
fraction Accounted for = 0.678
(10.035)
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6CS Ceolaat 5.1 2002 .30 .05 100 0.000 0.000 A-18
t ) L1780 13.3 3 109) @ { )
Siitee X3
el Lvete 3.0 « 10-2 2.4 3 %0Y 1.9 20 0.001 0.000 A
3.0 s 10-3) Lt/ ( ) &) (1.8 1 1¢8)
/3 Sed\mmet 912102 3.0 1108 .91 10! 0.00 0.600 A-10
(9.0 1 109) oLirg ( ’e (12 2 10%)
/8 iaver WBlls [ _]
/9 pper Sertfaces [ ]
20 Atr Sgace 2.0 3 10-%0 3.4 1100 1.0 1100 0.000 0.000 A
( ) L1sce? ( ) t )
/00 LAquie - .
Aoe/V Gay Sotesse -
8. 81) Gueay €8l4 correciod to July 1907,
it LS9 - 900 2 AL ]
Secoy facter Stoce Accionat o 0.1266 Tota) Core laveatery 1.8 '°, okt
Inventlory Accounted for to July 1887 6.0 10
0. Where as eatertataly it same, il 1t enkame. (24.0 3 Ill'l ol
¢« @, .: ooseod. fraction Accounted for “:::;:'
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TABLE 11. FISSION PRODUCT DISTRIBUTION AND INVENTORY Of Sr-904

Activity b
{tuncertainty)
Degqraded Core
Upper Core Debris 5.6 x 103
(1.0 x 102) uCi/g
Molten Core Zone 7.1 x 103
(1.7 x 102) yCi/g
Intact Rods . 1.5 x 101
o (7.5 x 109) uCH
Core former Region / 7.1 x 103
(1.7 x 102) uCi/g
Core Support Assembly 7.1 x 103
(1.7 x 102) uCi\/g
Lower Plenum Debris 7.1 x 103
(1.7 x 102) uCi/g
Reactor Cooling System
Hot Leg surfaces 9.4 x 100
(2.0 x 10-1) uC1/em?
Upper Plenum Surfaces 2.0 x 10!
(2.0 x 10-1) uCV/cm?
SG Surfaces 1.3 x 10°)
(9.0 x 10-3) uC1/em?
Pressurizer Surfaces 3.6 x 10!
(1.9 x 10~2) uC1/em?
SG Sediment NMC
Pressurizer Sediment NM
Demin Sediment 2.0 x 103
( ) uCi/g
RCOT Sediment 1.4 x 103
(7.0 x 102) yuCi/g
RCS Coolant 2.4 x 10!
(7.0 x 10-7) yCi/m
Outside RCS
R/89 Liquid 5.2 x 100
(3.0 x 10-1) uCi/m
R/8 Sediment 8.0 x 102
(2.0 x 102) uCi/g
R/8 Lower Walls 6.8 x 10!
( } uCV/cm?
R/8 Upper Surfaces 1.8 x 10;2
(1.7 x 10-2) uC1/cm?
R/8 Air Space 1.6 x 10-10
(3.0 x 10-17) uC1/cmd
Aux/8€ Liquid 4.3 x 10-)
(1.0 x 10-2) uCi/m
Aux/8 Gas Release NM

a. A1l decay data corrected to July 1987.
Half Life . 11030 days
Decay factor Since Accident = 0.8298
b. Where no uncertainty s shown, 1t 1s unknown.
c. NM « Not Measured.
d. R/B . Reactor Building.

e. Aux/B « Auxillary Bullding.

fractional
Assoclated Inventory Uncertain

fractional

ty  Data

tuncertaint Core
{Z:A:::::‘::;;b : {uC1) . Inventory Contribution lable

2.4 x 107 1.2 x 101! 0.199 0.0 A
(1.2 x108) g (6.6 x 109)
2.6 x 107 1.8 x 101! 0.284 0.528 A-2
(6.6 x 106) g (4.6 x 1010)
3.3 x 10°) 2.0 x 101} 0.326 0.062 A-3
(2.5 x 10-2) (1.6 x 1010)
5.0 x 106 3.4 x 1010 0.056 0.048 A4
(2.0 x 10%) g (1.4 x 10'0)
5.0 x 106 3.4 x 1010 0.056 0.048 A-S
(2.0 x 106) g (1.4 x 100)
1.5 x 107 1.0 x 101 0.167 0.302 A-6
(5.0 x 108) g (3.4 x 1010)
9.7 x 105 8.5 x 106 0.000 0.000 A-7
(9.7 x 104) cm? (8.6 x 105)
3.5 x 106 6.5 x 107 0.000 0.000 A-8
(1.1 x 105) cm? (1.3 x 107)
3.7 x 107 4.3 x 106 0.000 0.000 A-9
(3.7 x 106) cm? (5.3 x 109)
1.0 x 108 3.3 x 105 0.000 0.000 A-10
(1.0 x 105) cm? (3.8 x 10%)
9.3 x 10% 1.7 x 109 0.003 0.000 A-13
( ) g ( )
2.6 x 104 3.4 x 108 0.00) 0.000 A-14
(5.2 x 103) g (6.9 x 107)
3.3 x 108 6.7 x 109 0.0 0.000 A-15
( ) ml (2.0 x 108)
2.4 x 109 1.1 x 1010 0.017 0.000 AV
{ ) m (6.2 x 108) .
3.8 x 10% 2.6 x 108 0.000 0.000 A-18
( )9 (6.5 x 107)
2.9 x 107 1.9 x 109 0.003 0.000 A-19
( ) em? ( )
1.9 x 108 3.2 x 106 0.000 0.000 A-20
( ) cm? (3.0 x 106)
5.6 x 1010 7.6 x 100 0.000 0.000 A-2)
( ) cmd (1.4 x 100)
9.5 x 108 3.5 x 108 0.001 0.000 A-22
(1.0 x 107) m (6.3 x 107)
Tota) Core Inventory? = 6.2 x 10“ uC)
Inventory Accounted for to July 1987 « 6.9 x 10))
) (6.3 x 10'%) ey
Fraction Accounted for . 1.122
(£0.101)
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3.2.4 Estimated Inventory of Low Volatiltty Fisston Products (Ruthenium,
Certum, and turopium)

Table 12 summarizes the estimated ‘nventory for Ru-106. Since
s1ightly less than half of the estimated core \nventory \s accounted for
(most of this Vs assoclated with the intact rods), additional degraded core

mater1al examination data will be necessary to improve the ruthenium
‘nventory estimate.

Table 13 summarizes the estimated Ce-144 ‘nventory. The ORIGEN?
inventory s within the measured 1imits shown in Table 13. The uncertainty
'n Lthe measured total core Ynventory s relatively high due largely to
uncertainties assoclated with the upper core and lower plenum debris data.

Table 14 summarizes the estimated Eu-154 inventory. The estimated

total core activity appears to be within approximately 10X of the ORIGEN2
total core value.

n



TABLE 12. FISSION PRODUCT DISTRIBUTION AND INVENTORY OF Ru-1062
Assoctated Inventory fractional fractional
Activity Vol/nass/ureab (tuncertainty) Core Uncertainty 2ata
{tuncertatnty}® {2uncertainty) ___{ueV} — Inventory  Contribution  Iable
Degraded Core
Upper Core Debris 5.5 x 102 2.4 x 107 1.4 x lo‘; 0.110 0.041 A
(5.0 x 100) uCizg . (1.2 x 108) g (1.2 x 107)
Molten Core Zone 1.5 x 10! 2.6 x 107 1.6 x 10'7’ 0.012 0.014 A-2
(1.1 x 100) ucizg (6.6 x 106) g (4.3 x 107) ,
Intact Rods 3.6 x 1012 3.3 x 10-) 44 x 10: , 0.3 0.934 A-3
(3.6 x 10'0) ,c1 (2.5 x 10-2) (3.5 x 108)
Core Former Reglon 1.5 x 10! 5.0 x 106 3.1 x 10; 0.002 0.001 A-4
(1.1 x 100) uCi/g (2.0 x 106) ¢ (1.3 x 107)
Core Support Assembly 1.5 x 10) 5.0 x 106 3.0 x w; 0.002 0.00) A-S
(1.1 x 109) uci/q (2.0 x 106) g (1.3 x 107)
Lower Plenum Debris 1.5 x 10) 1.5 x 107 9.3 x w; 0.007 0.008 A-b
(1.1 x 100) uCi/q (5.0 x 106) g (3.2 x 107)
Reactor Cooling System
Hot Leg surfaces NMC
Upper Plenum Surfaces 3.1 x 100 3.5 x 106 1.0 x 106 0.000 0.000 A-8
(7.0 x 10-2) uCi/cm? (7.1 x 105) cm? (2.0 x 105)
SG Surfaces 3.4 x 10-2 3.7 x 107 1.3 x 105 0.000 0.000 A-9
(1.0 x 10-4) uCi/cm? (3.7 x 106) cm? (1.3 x 104)
Pressurizer Surfaces NM
SG Sediment NM
Pressurizer Sediment 4.5 x 100 6.6 x 104 1.1 x 105 0.000 0.000 A-12
( ) uCi/g ( ) g { )
Demin Sediment NM
RCDT Sediment 6.1 x 10 2.6 x 104 1.7 x 105 0.000 0.000 A-14
(3.0 x 100) uCi/g (5.2 x 103) g (3.6 x 104)
RCS Coolant NM
Outside RCS
R/89 L1quid NM
R/8 Sediment 1.0 x 102 3.8 x 10% 5.8 x 105 0.000 0.000 A-18
(7.0 x 100) uCi/g ( ) g (3.9 x 104)
R/8 Lower Walls NM
R/8 Upper Surfaces NM
R/B Air Space 9.0 x 10-1) 5.6 x 100 3.6 x 10-2 0.000 0.000 A-21
(0.00 x 100) yC1/cm3 { ) cm { )
Aux/8€ Liquid NM
Aux/8 Gas Release NM
a. A decay data corrected to July 1987.
Half Life o 366 days 2 70
Oecay Factor Since Accident « 0.0036 Total Core Inventory « 1.3 x107 et
Inventory Accounted for to July 1987 . 6.2 x 103
b. Where no uncertainty is shown, it 1s unknown. (3.6 2 10%) vy
c. NM . Not Measured. Fraction Accounted for . 0.478
(£0.028)

d. R/8 = Reactor Building.

e. Aux/B « Auxiliary Bullding.
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TABLE 13, F1SSI0N PROOUCY BISTRIBUTIAN AND INVINIONY Of Ce-1448
Atsoc Vated lmta{ ® fractiions) frections)
Activity Yol /Mass/hred, (suncerloinly) Core Uncertainty date
Dentateg Core
weer Core Bodes IRNR 240107 3.7 210 0.222 0.02% A
1.0 2 W) Li/g 1.25108) ¢ (2.1 = 109)
felten Core Pune  RERLA 2.6 1107 3.6 110 0.218 0.400 A-2
(1.0 = 109) /g 1.6 2109 ¢ 9.3 2 109)
latact Reda 2.0 31003 3.3 510! 5.9 s 10? 0.350 0N A3
12.¢ 2 ') 0 2.5 2 18-2) (0.6 1 109)
Core § orane Begion w2210 5.0 2 100 IRER] 0.042 0.045 (W)
(1.0 2 109) Lirg 2.0 s 108) ¢ (2.8 : 109)
Core Sugpert Assemdly , 4.2: )02 $.0 2100 1.1 1100 0.042 0.048 A-S
(1.0 1 109) izg (2.8:10%) ¢ (2.0 1 109)
Lowee Plosum Bebdets 2202 1.9 2107 2.0 1100 0an 0.200 A-8
0.0 2 169 Li/g 15.02108) ¢ (.1 3 109)
Secter Cogling Syitem
uot Leg swriacey 2.6 1 100 9.7 s 108 2100 0.000 0.000 A-?
(9.8 = 103) Li/ce? (9.7 2 10%) o (.2 2 109
Weer Pleamn Serfaces 1.0 2 100 3.5 1 108 1.2 2 108 0.000 6.000 A8
(6.0 1 18-Y) Lizca? (7.) 2 10%) o? (2.6 1 10%)
9% Serfaces -
Protier 1zer Serloces m
S Sediment 2.6 : 20! 0.0 : 109 1.0 2 108 0.000 0.000 A-N
¢ ) oLy (.02 109) ¢ (6.7 1 109)
fresserizer Sedlaset 8.3 : 108 6.6 2 10¢ 1.9 2 10% 0.000 0.000 A-N?
{ ) oLt/ ( ) ( )
Oemia Sedlapet [ ]
(9 Sedlavet [ ]
oC3 Coolant 692192 2.3: 100 3.7 100 0.000 0.000 A-18
] ) Lise) t ) ) ( )
Satstee BCS
et Liguie -
/8 Sedlaset 66510 3.0 1 108 1.1 1 108 0.000 0.000 A-10
(3.0 » 100) /g ( ) e (5.0 3 103)
870 Lever Malls -
/8 Wper Serfaces -;
/0 Atr Space 0.0z 10-1! $.6 5 1010 1.1 s 10-3 0.000 0.000 A
t ) okV/ea? ( ) t )
Aen/9® Lignid "]
Ass/B Gas Belesss (] R
4. AV} gecay u:l:.urntlu e July 1997, S
mf LYt o oyt 3
s focter Stace Accident « §.0007 Total Cere Imventory V.7 IO‘° " 4]
laventery Accounted for te July 1380 1.0 lo‘
0. heve 80 werisinty is hvm, It 11 SRkGWR. (21,3 2 107) ot
€. W o et Messwred fraction Accovnled for “3:’;’

0. /8 . Bescter Butiding.
0. fes/d . Awsillary Betldteg.
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TABLE 14. FISSION PROOUCT DISTRIBUTION AND INVENTORY OF Eu-1542

Assoclated Inventory fractional Fractional
Activity Vol/Mass/Area (tuncertainty) Core Uncertainty Data
{tuncertainty}P (tuncertalnt!lb __(uct) ~ loventory  Contribution  Table
Degraded Core
Upper Core Debris 4.4 x 10! 2.4 x 107 7.9 x 103 D.164 0.016 A-)
(6.0 x 10-1) uCi/g (1.2 x 106) g (4.1 x 107)
Molten Core Zone 3.8 x 10 2.6 x 10! 8.7 x wg 0.180 0.479 A-2
(3.0 x 10-1) uCi/g (6.6 x 106) g (2.2 x 108)
Intact Rods 9.6 x 109 3.3 x 10°) 1.6 x 10: 0.327 0.143 A-3
(9.6 x 107) uC) (2.5 x 10-2) (1.2 x 108)
Core Former Reglon 3.8 x 10! 5.0 x 106 1.7 x 103 0.035 0.044 A-4
(3.0 x 10-7) uCi/g (2.0 x 106) g (6.8 x 107)
Core Support Assembly 3.8 x 10) 5.0 x 106 1.7 x 1017’ 0.035 0.044 A-S
(3.0 x 10-1) uCi/g (2.0 x 106) g (6.8 x 107)
Lower Plenum Debris 3.8 x 10! 1.5 x 107 5.1 x 103 0.106 0.215 A-6
(3.0 x 10-1) uCi/g (5.0 x 106) g (1.7 x 108)
Reactor Cooling System
Hot Leg surfaces NMC
Upper Plenum Surfaces 7.1 x 10-3 3.5 x 106 1.9 x 104 0.000 0.000 A8
(3.6 x 10-4) uCi/cm? (1.1 x 105) cm? (3.9 x 103)
SG Surfaces NM
Pressurizer Surfaces NM
SG Sediment NM
Pressurizer Sediment NM
Demin Sediment NM
RCOT Sediment NM
RCS Coolant NM
Outside RCS
R/89 Liquid NM
R/8 Sediment NM
R/8 Lower Walls NM
R/8 Upper Surfaces NM
R/B Air Space 2.0 x 10-11 5.6 x 1010 6.1 x 10-) 0.000 0.000 A-2)
( ) uCi/em3 ( ) cm ( )
Aux/8¢ Liquid NM
Aux/8 Gas Release NM
a. A1l decay data corrected to July 1987,
Half Life = 2993 days a 9
Decay Factor Since Accident . 0.5027 Total Core Inventory - 4.6 x 109 L8]
Inventory Accounted for to July 1967 . 4.1 x 103
b. Where no uncertainty Vs shown, 't is unknown. (£3.2 x 107) »CA
Fraction Accounted for - 0.847
. NM < Not M .
(4 ot Measured (£0.067)

d. R/8 - Reactor Bullding.
e. Aux/8 = Auxillary Building.
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4. SUMMARY AND RECOMMENDAT]ONS

TN1-2 defueling work has allowed Vdentification of the major fission
product repositories. These repositories have been visually inspected to
dllow estimates to be made of the amount of degraded core matertal within
each. Samples from most repositories have been acquired for characterizing
the retained fission products. The currently avallable data have been
compliled for selected Ysotopes representing the noble gases and the high-,
medium-, and low-volatility fisston products. Calculations are presented
summarizing the total core activity and assoclated uncertainty (for
selected radlotsotopes) from all major repositories.

The work presented ‘s based on four ‘mportant assumptions that 1imit the
accuracy of the results. These include:

1.  The specific activity (uCV1/g) of the degraded core matertal in
the molten core zone, CFA region, CSA reglon, and lower plenum
region are based on the measured activities of a few lower plenum
debris samples.

2. The total core 'nventory 's assumed to be equal to the ORIGEN?
cdlculated values. No error has yet been assoclated with the
validity of these values. MNeasurements on iIntact fuel from known
locations will allow the uncertainty n the ORIGEN2 calculated
total core inventory to be estimated.

3. It has been assumed that the 1imited samples from each zone are
typical and fully representative of all matertal in that zone.
Additional analysis will be required to estimate the varlabiliity
in the measured degraded core z0ne activities as the data become
avallable.

4. Fisston product retention 'n the Intact rods was assumed to be
99% (£1) and 95% (£5) for the low-to-medium and high

L]



volatility fisston products, respectively. Measured retention
data from the intact rods will provide the necessary data to

confirm these assumed values.

Table 15 summarizes, for selected isotopes, the fraction of the total
core activity estimated from all major repositories. The results indicates
the noble gas inventory to be accounted for to within about 10-20% of the
initial (ORIGEN?2) inventory. However, there appears to be a wide range in
accountability for all other fission product groupings, 1.e. high-,
medium-, and low-volatility groups.

For the highly volatile fission products, cesium appears to be
accounted for to within 10%; however, significant 1odine (up to 35%) has
yet to be accounted for. Additional data evaluation of the early reactor
coolant samples will be evaluated to provide an independent check on the
Yodine inventory transferred to the RCS coolant and provide better
agreement between the noble gas and iodine inventories.

Considering the medium-volatile fission products, the fraction of the
core inventory of antimony measured to date is less than 50%, while the
estimated fractional inventory of strontium appears to agree with the
ORIGEN? total core value.

For the low-volatile fission products, the Ruthenium inventory appears
to be low (less than 50%) while the inventory for cerium and europium
appear to be within approximately 104 of the ORIGEN2 values.

Since 1imited activity data is currently avallable from most degraded core
material zones, the estimated inventory values summarized above should be
viewed as preliminary and are expected to change somewhat as more core
material examination data becomes available. The following recommendations
are presented to improve the data and allow evaluation of the above
assumptions.
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* TABLE 1S5. SUMMARY OF FISSION PRODUCT INVENTORY CALCULATIONS
(July 1987)

Previous Estimate?
fission Product Current Estimate {Ref. 4)

High Volatility

Kr-85 86X  (:4X) %
Cs- 137 104 (23%) 50-73%
1-129 66X (23X)

Nedium Volatiliity

Sb-12§ LX) 3 (£3%) 8-40%

S$r-90 2% (210%) 15-63%
Low Volatility

Ru-106 8% (%) -b

Ce-104 1008 (18%) 26-130%

tu-154 85% (271%) -<b

a. Llower estimate based on 1imited measured data for only the upper core
debris. Upper estimate based on assumption of all core matertal activity
equal to the measured upper plenum debris activity concentration.

b. Not estimated.
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1. Examination Data. Additional data are necessary to characterize

all regions of the degraded core materials. These include:

a. Lower Plenum Debris. Grab samples are required of the lower

plenum loose debris at all five core inspection locations
and at three axial elevations within the original

post-accident debris. Samples of the consolidated

(1ava-1ike) material are also necessary since there appears
to be a significant region of consolidated debris. Samples
of all unique debris configurations are also necessary,
including the possible nonfuel material adjacent to the
reactor vessel. To meet these requirements, removal of the
lower plenum debris material must be done carefully.

b. Core Former Wall Debris. Selected samples are necessary to

evaluate the composition and retained fission products from
material within the CFA region. Since the mass is estimated
to be relatively small compared to other fuel-containing
regions, a 1imited number of samples (5) will provide the
data to evaluate variability in the measured activity values
vs. location of the material within the region. Also,
visual inspection to confirm any significant variation in
the CFA debris characteristics (particle size, texture,
etc.) and the extent of the CFA volume containing debris
material will be necessary.

c. Core Support Assembly. Selected samples are necessary to

evaluate the composition and retained fission products vs.
location for the CSA material. Also, visual
characterization of the volume of fuel in the CSA is
necessary. Because the volume of CSA material 1s known to
be small, only a few (5) samples will be necessary to
evaluate sample variability.

2. ORIGEN? Verification Examinations. The sample examinations on

intact fuel pellets from known core locations will provide data
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to assess the uncertainty \n the ORIGEN? calculated core
activities. As noted above, no uncertainty s assumed for the
ORIGEN2 total core activity; however, the uncertainty in these
values may be as high as 20-30%X for certain sotopes. The
overestimation of the measured fractional core inventory for
Sr-90 may be due 'n part to VYnaccurate ORIGEN2 values for the
total core inventory.

3. Data Qualification. Data qualification will be required to
verify all data used \n the inventory analysis. This includes an
extensive evaluation of the Appendix A data ncluded 'n this

report.

The measured fission product data \s extensive as evidenced by
Tables 7-14. The data used 'n these tables have been condensed from many
data sources. An \mportant end-product of the TMI-2 Acclident Evaluation
Program s to organize the data necessary to complete the \nventory
estimates In a fisstion product data base. The fission product data base
should have the following capabilities.

1. Documentation of the data analysis assumptions used to \nterpret
the data and data references for each TNI-2 repository n a
manner similar to that documented \n Appendix A.

2. The qualified data should be 1inked iInteractively to an algorithm
to provide swwaary \nventory results similar to the tables
presented \n Section 3 on all measured fission product ‘sotopes.

3. Al repository summary data entered into the fission product data

base will require best-estimate values agd uncertainty bounds to
represent the variability in the avallable data.
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APPENDIX A
SUMMARY OF RADIOLOGICAL CONCENTRATION MEASUREMENTS
AND ASSOCIATED CORE MATERIAL FOR
THE MAJOR TM] -2 FISSION PRODUCT REPOSITORIES
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CA-S.
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A-8.
S,
A-10.
AN,
A-12.
A-19.
A4
A-5.

A-).
A-2.
A-3.
A4,

A-S.
A-6.
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TRI-2 steam generator configuration .‘ ...........................
TRI-2 pressurizer configuration .........ccecceeeeennes
TRI-2 letdown and makeup demineralizer configuration ...........
RCOT configuration ..........ccevevececcnnes teesecesenns sessenns
PORV flow to the RCOT during first 15 hours of the accident ....
Reactor coolant system activity vs. time e eeananateaaaaann
Reactor building water level vs. time .....
Reactor bullding basement water sample locations ...............
Location of reactor basement wall samples ............ cessssessae
Location of the reactor bullding air cooling assemblies ........
TABLES

Measured 1sotopic concentration and assoclated mass for the
upper core debris ....... seesscesesscassuaasnansans coersnnce
Estimated 1soioplc concentration and assoclated mass for

molten core zone .............. ceeressae O
Estimated fission product nventory in iIntact rods .............
Estimated Vsotopic concentration and associated mass for

dedbris 'n the core former region ......... cecetsesessesennas
Estimated activity and assoclated mass for CSA debris ..........
Measured isotopic concentration and assoclated mass for

Tover plenum debris ............ccoinviiinneiecannncnnns ceseenans

A-3

A-6
A-9
A-21
A-22

A-24
A-28
A-29
A-36
A-37
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A-52
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A-1.

A-8.

A-9.

A-20.

A-21.

A-22.

A-23.

Measured isotopic deposition and estimated surface area for
RCS hot 1eg SUFfaces ......iiiiiiniiinneernnnerenneeennennnnenns

Average isotopic activity/area for the control rod
leadscrews and assoclated area of the TMI-2 upper plenum
SUPFACES i iiiiiiiiieeinneeetonossnnneossosssasssssssssssnnnnnns

Averaged isotopic activity/area for the steam generator
backing cover plates and associated surface areas for the
TMI-2 steam generators .........c.cciiiiiiiiiiiniiinerrnnnnoanna.

. Average isotopic activity/area for the pressurizer backing

cover plates and associated surface area for the TMI-2
(1L T T o I -

. Cesium concentration and estimated debris mass from the

B-loop steam generator tube sheet .............. .. ... . L,

. Average isotopic concentration and associated mass of the

pressurizer sediment ........ . . il i i i i ittt

. Measured activity concentration and total mass of the

makeup and letdown demineralizer resins and liquid .............

. Measured activity concentration and total mass of the RCDT

£ =0 I 117 15

. Measured activity concentrations and total mass for RCS

Lo« o JL - 14

. Summary of reactor bullding basement 11quid samples ............
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APPENDIX A
SUMMARY OF RADIOLOGICAL CONCENTRATION MEASUREMENTS
AND ASSOCIATED CORE MATERIAL FOR
THE MAJOR TMI-2 FISSION PRODUCT REPOSITORIES

This Appendix provides the summary data necessary to estimate the
overall fission product retention for each of the following reglions:

() Degraded core regions

° Reactor cooling system (RCS)

° Ex-RCS reglons.

A short description Vs given for each repository, together with a
summary of the data, data references, and major assumptions used In
reducing and/or combining the avallable data for the ‘nventory calculations
presented \n Section 3.

1. DEGRADED CORE REGION
The configuration of the degraded core has been reasonably
characterized from recent defueling data. Figure A-1 summar)zes the
end-state configuration of the core matertals and shows the following
urique reglons containing significant quantities of fuel material:
] Upper core debris (original core zone),
° Previously molten core material (original core zone),

° Intact rods (or‘ginal core region),

° Previously molten debris within the core former and baffle plate

region, and

(] Lower plenum debr\s.
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The fisstion product measurements and assoclated core mass for each of
these reglons are discussed in the following subsections.

1.1 Upper Core Debris

A debris bed, ranging from 0.6 to 1.0 m 'n depth, was supported by a
solid crust located at about the core axial mid-plane. The debr's bed
mater1al was sampled at 11 locations; the debris particles were then
examined 'n the laboratory. Most of the particles examined contaitned small
amounts of previously molten U-2r-0 or U/0, ndicating localized peak
teaperatures of the previously molten material were in the range of
2800-3100 K. However, based on the appearance of most of the debris, 1t is
estimated that the average bulk debr's temperature remained below about
2200 K. Detatls of the examination results are reported 'n Ref. A-1.

lhe contour of the debris upper surface was determined using acoustic
topography and s known to within a few percent. The debr's matertal was
extensively probed to determine the depth to the hard supporting surface.
The location of this surface \s known accurately to within 1 to 2 inches.
Using these data, the volume of the upper debris bed Vs estimated to be
6.7 -3. Using the measured bulk debr's density of 4.48 g/cn3
(Ref. A-1), the upper debris bed mass 1s estimated to be approximately
30,000 kg. Assuming the uncertainty 'n the estimated volume to be 5% and
the uncertainty in bulk density to be $1.0 g/cn3 (from the measured

data), the uncertainty in the upper debris mass s 6700 kg, or about 22X.

GPU Nuclear defueling records estimate the upper core debris mass
resoved to be 23,799 kg (Ref. A-2). The measured defueling mass Is
estimated to be within 5%. Since the defueling data s thought to be more
precise than estimates based on the measured volume and density, the
defueling data wil) be used for the inventory calculation.

The first six upper core debris samples were obtatned during September
and October, 1983. Five additional samples were acquired 'n March 1984.
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The locations of the eleven samples in the TMI-2 core are shown in
F1g. A-2. The eleven samples were shipped to INEL. Ten samples were
tetained at INEL and one sample was shipped to B&W for examination. Six
additional upper core debris samples were taken on April 12, 1986.

Average radionuclide concentrations of the combined upper core debris
bulk samples are 1isted in Tables 21 and 22 of Ref. A-1. Table A-1 shows
the results of sample weighted radionuclide concentrations obtained from
these tables and the estimated end-state mass of the upper core debris
(from Ref. A-3).

1.2 Previously Molten Core Materlal

The molten core zone 1s a crucible-shaped region with a maximum depth
of approximately 1.2 m near the center, decreasing to 15-30 cm near the
periphery of the molten zone. Two reglons contalining previously molten
materlal were observed,

1. areglon of previously molten material surrounding damaged but
Intact fuel pellets near the periphery of the molten core zone,
and

2. aregion of uniformly molten material in the central reglons of
the molten zone; no evidence of intact fuel pellets or rod
structures were observed in this region.

Samples from each of these regions are being examined in the
laboratory to characterize composition and isotopic levels. Final data are
expected by the end of calendar year 1987.

The lower interface between the molten core zone and the lower intact
rod stubs has been estimated by contour mapping from the core bore
inspection data. The best-estimate volume of the molten core region based
on the core bore inspection data 1s 3.65 + 0.91 m3 (129 t 32 fts)

(Ref. A-4). The mass of the previously molten core region 1s estimated to
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TABLE A-1. MEASURED ISOTOPIC CONCENTRATION AND ASSOCIATED MASS FOR THE
UPPER CORE DEBRIS

DATA CORRECTED TO: 04/84
V0L ,MASS,AREA = 2.370D0+07 g
UNCERTAINTY IN UOL,MASS,AREA = 1.190D+06 g
1S0TOPE CONCENTRATION UNCERT. IN CONCENTRATION
SR-90 5.4000+03 uCi/g 1.000D+02 uCi/g
RU-104 5.4800+02 uCi/g 5.000D+00 uCi/g
SB-125 1.0400+02 uCi/qg 1.000D+00 uCi/g
1-129 4.3800-04 uCi/g 0.000D+00 uCi/g
CS-134 ¢.440D+01 uCi/g 4.000D-01 uCi/g
CS-137 1.5500+03 uCi/g 1.0000+01 uCi/g
CE-144 2.7400+03 uCi/g 7.0000+01 uCi/g
EU-154 4.3500+01 uCi/g 6.000D0-01 uCi/g
EU-15S 8.9900+01 uCi/g 9.400D+00 uCi/g




be 25,600 ¢ 6,600 kg by assuming the molten matertal has the same density
as the lower plenum debris particle density (7.0 ¢ 0.5 g/cns).

For the preliminary ‘nventory calculations included 'n the report, the
Ysotopic concentration measurements are assumed to be Ydentical to the
measurements from the lower plenum debris bed particles (Ref. A-5) and are
sumnarized in Table A-2.

1.3 Partially Intact Fuel Rods

Standing fuel rods and fuel rod stubs extend from the bottom of the
core up to the molten core region. At some places at the core periphery,
Intact rods extend for the full length of the fuel assembly. Recent EGAG
ldaho analysis has determined the volume of Intact rods (before defueling
started) to be 12.74 & 0.91 m> (450 ¢ 32 Ft3) (Ref. A-4). Tnis
volume represents 38 t 3X of the original core volume, or
47,000 ¢ 3800 kg of core material.

Examination data from the intact rods 'n the lower core reglons are
not presently avallable. For fission product inventory calculations, 1t 1is
assumed that the fractional inventory of fission products 'n the ‘ntact
rods s the same as the fractional power generated within the rods.
Appendix 8 summarizes the necessary data and calculations, showing the
fraction of total core ‘nventory (ORIGENZ2 value--Ref. A-6) contaltned \n the
‘ntact rod reglons s 0.32 ¢ 0.025. Table A-3 summarizes the speci\fic

activity data used 'n the ‘nventory calculations of Section 3 based on the
following assumptions:

1.  Five percent of the noble gases and highly volatile fission
products (1, Cs, Te) were released. The uncertainty in the
activity values are assumed to be $5X%.

2. Releases of the medium- and low-volatility fisston products are
assumed to be 1% with the uncertainty $1X.



TABLE A-2. ESTIMATED ISOTOPIC CONCENTRATION AND ASSOCIATED MASS FOR MOLTEN

CORE ZONE
DATA CORRECTED TO: 04/86
V0L ,MASS ,AREA = 2.5600407 g
UNCERTAINTY IN VOL,MASS,AREA = 6.600D406 g
1SOTOPE CONCENTRATION UNCERT. IN CONCENTRATION
SR-90 7.0700+03 uCi/qg 1.7000+02 uCi/g
RU-106 1.460D+0t uCi/g 1.1000+00 uCi/g
SB-125 7.9500400 uCi/g 1.3000+00 uCi/g
1-129 5.4000-05 uCi/g 3.2000-06 uCi/g
CS-134 2.480D0+01 uCi/g 6.0000-01 uCi/g
CS-137 8.7200+02 uCi/g 2.000D+00 uCi/g
CE-144 4.2300+02 uCi/g 1.0000+00 uCi/g
EU-154 3.7500+01 uCi/g 3.0000-01 uCi/g
EU-155 0.000D+00 uCi/g 0.0000+00 uCi/g




TABLE A-3. ESTIMATED FISSION PRODUCT INVENTORY IN INTACT RODS

Estimated

Inventory lg Uncertainty in
1sotope Intact Rods Estimated Inventory
SR-90 7.4600+11 uCi 7.4400409 uCi
RU-104 3.3800+12 uCi 3.3600+10 uCi
$8-123 1.2200+11 oCi 1.2200+09 uCi
1-429 2.0340+03 uCi 1.0800+04 uCi
CS-134 1.8910¢11 uCi 9.9300409 uCi
CsS-137 8.1130+11 uCi 4.2700+410 uCi
CE-144 2.3400+¢13 uCi 2,3600+11 uCi
EU-1354 9.3300409 uCi 9.3300¢07 uCi
Eu-13S 3.2400+10 uCi 3.2400+08 uCi
KR-83 9.2060+10 uCi 4.6500+09 uCi

a. See Appendix B for assumptions and data for calculating nventory.
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1.4 Previously Molten Core Material in the Core Former Zone

Recent defueling data has confirmed the existence of significant
amounts of previously molten core debris in the core former/baffle plate
regions at the periphery of the core. Reference A-7 suggests that an upper
bound estimate of core debris in the core former region is 6200 kg
(13,600 1b). However, based on uncertainties in the debris density and the
assumption that the region 1s filled below the upper surface of the debris,
a best-estimate mass of degraded core material for this region is assumed
to be 5000 + 2000 kg.

No CFA samples have yet been received and examined; however, based on
the best-estimate accident scenario (Ref. A-8), the previously molten
material is thought to be part of the maJor core material relocation at
224 minutes. Thus, the composition and fission products are expected to be
similar to that of the lower plenum debris.

For the inventory calculations presented in this report, the isotopic
concentrations are assumed to be 1dentical to the lower pltenum debris
measurements (Ref. A.5). These values, together with the estimated mass of
core material in the CFA, are presented in Table A-4.

1.5 Previously Molten Core Material in the

Core Support Assembly (CSA) Region

The fuel debris in the CSA region (see Fig. A-1) is at present not
well quantified. Ouring the core bore inspection of the CSA regton,
previously molten material was observed only in the east quadrant of the
vessel and in these regions only 1imited quantities were observable. 1In
addition, video inspection of the lower plenum regions has shown previously
molten, lava-l1ike material to rest on the upper surfaces of the elliptical
flow distributor plate. Based on the 1imited inspection data, the mass of
the previously molten core material in the CSA reglon is estimated to be
5000 + 2000 kg. As defueling progresses, additional CSA Inspection data



TABLE A-4. ESTIMATED ISOTOPIC CONCENTRATION AND ASSOCIATED MASS FOR DEBRIS
IN THE CORE FORMER REGION

DATA CORRECTED TO: 04/86

VOL ,MASS ,AREA = 5.0000+04 o
UNCERTAINTY IN VOL ,MASS ,AREA = 2.0000+06 o

1SOTOPE CONCENTRATION UNCERT. IN CONCENTRATION
SR-90 7.0700+03 uCi/g 1.7000+402 uCi/g
RU-104 1.4600+01 uCi/g 1.1000+00 uCi/g
$6-1235 7.9500+00 uCi/g 1.3000400 uCi/g
1-129 S.4000-0S uCi/g 3.2000-06 uCi/g
CS-134 2.4800+01 uCi/g 6.0000-0! uCi/g
CS-137 8.7200+402 uCi/g 2.0000+00 uCiszg
CE-144 4.2300+02 uCi/g 1.0000+00 uCi/g
Eu-134 3.7500+0t uCi/g 3.0000-01 uCi/g
EU-135 0.0000+00 uCi/g 0.0000+00 uCi/g
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will allow more accurate characterization of the material within these
regions. At present, no examination data exists from core material in the
CSA regions.

No CSA samples have yet been received and examined; however, based on
the best-estimate accident scenario (Ref. A-8), the previously molten
material is thought to be part of the major core material relocation at
224 min. Thus, the composition and fission products are expected to be
similar to that of the lower plenum debris.

For the inventory calculations presented in this report, the isotopic
concentrations are assumed to be identical to the lower plenum debris
measurements (Ref. A.5). These values, together with the estimated mass of
core material in the CSA, are presented in Table A-5.

1.6 Lower Plenum Debris

The original post-accident lower plenum debris has been characterized
via five separate video inspections. Note that since the original
Iinspections, an estimated five tons of fine debris has relocated to the
lower plenum region as a result of dril1ing through the upper core
material. The debris bed configuration, based on these data, s summarized
in Ref. A-9.

The lower plenum debris material consists of a wide range of material
shapes, sizes, and textures. In the plenum north quadrant region, the
debris has the appearance of a large, lava-like c1iff which abuts the
outermost row of instrument guide tubes, while the region in front of the
rubble c11ff has almost no debris. The cl1iff appears to be solid, with a
smooth surface interlaced with cracks and some large chunks which appear to
be loose. The rubble near the west quadrant has a large number of 2- to
5-cm diam. irreqular-shaped pleces interspersed with much finer material.
The material in the east quadrant appears to have the largest particles,
some having diameters (although irregular in shape) ranging from 7 to
20 cm. The larger pleces appear to be porous, with small cracks and smooth
surfaces. In the south quadrant, the debris bed looks more uniform and



TABLE A-5. ESTIRATED ACTIVITY AND ASSOCIATED MASS FOR CSA DEBRIS

DATA CORRECTED TO: 04/84

VOL ,MASS ,AREA = $.0000406 ¢
UNCERTAINTY IN VOL,MASS ,AREA = 2.0000+06 ¢

1S0TOPE CONCENTRATI ON UNCERT. IN CONCENTRATION
SR-90 7.0700+03 uCi/g 1.7000+02 uCi/g
RU-106 1.4600+01 uCi/g 1.1000400 uCisg
$8-125 7.950000 uCi/g 1.3000+00 uCi/g
1-129 S.46000-0S uCi/g 3.2000-06 uCi/g
CS-134 2.6800+01 uCi/g 6.0000-01 uCi/g
CS-137 8.7200402 uC1/9 2.0000400 uCi/g
CE-144 4.2300+02 uCi/g 1.0000400 uCi/g
EU-154 3.7500+01 uCi/g 3.0000-01 uCi/g




appears to be a transition region between the larger pleces 1n the east
quadrant and the smaller debris towards the center. The debris in this
region was easily dislodged by the camera and 1ights. The debris bed at
the core bore inspection locations, towards the center of the vessel, was
uniform and smooth with only a few larger pleces in the range of 1 to

2.5 cm.

The volume and mass of the material in the lower plenum has been
estimated at 15,000 + 5,000 kg (before dri11ing of the upper core
region). Sixteen debris samples were obtained from regions in the south
and west quadrants of the vessel. These samples were examined in the
laboratory for activity and material composition and the results are
contained in Ref. A-5. More samples will be retrieved and examined,
including large bulk samples of the fine debris, pleces of the consolidated
lava-1ike material, and material ad)acent to the vessel walls. In
addition, more inspection data will be obtained characterizing the debris
distribution as defueling progresses. Thus, the data presented here should
be viewed as preliminary with fairly large uncertainties relative to
typicality of the overall lower plenum debris material.

Sample examination results are 1isted in Table F.1 to Table F.9 of
Ref. A-5. Table A-6 summarizes the fission product concentrations and
assoclated mass for the lower plenum debris used for the inventory
calculations of Section 3. The concentration data were obtained by
averaging the data from Table F.1 to Table F.9 of Ref. A-5.



TABLE A-6. MEASURED ISOTOPIC CONCENTRATION AND ASSOCIATED MASS FOR LOWER
PLENUNM DEBRIS

DATA CORRECTED TO: 04/86

VOL ,MASS ,AREA = 1.3000+07 ¢
UNCERTAINTY IN VOL,MASS ,AREA = 5.0000+06 9

1SCTOPE CONCENTRATION UNCERT. IN CONCENTRATION
R-7C 7.0700+03 uCi/g 1.7000402 uCi/g
RU-106 1.44600+01 uCi/g 1.1000+400 uCi/g
$B-123 7.9300+00 uCi/zg 1.3000+00 uCi/g
1-129 $3.46000-03 uCi/g 3.2000-06 uCi/g
CS-134 2.6800+01 uCisg 6.0000-0% uCiv/g
C8-137 8.7200+402 uCi/g 2.0000+00 uCi/g
CE-144 4.2300+02 uCi/g 1.0000+00 uCi/g
EU-154 3.2500+01 uCi/g 3.0000-01 uCi/g
EU-13S 0.0000+00 uCi/g 0.0000+00 uCi/g




2. REACTOR COOLING SYSTEM
Inspection and examination data are available to estimate the fission

product retention for the following regions of the primary cooling system
or major RCS flow paths to the containment building:

° Hot leg piping surface,

(] Upper plenum surfaces,

. Steam generator surfaces,

° Pressurizer surfaces,

° Steam generator sediment,

° Pressurizer sediment,

o Makeup and purification demineralizer sediment,

° Reactor coolant drain tank sediment, and

° RCS water.

The data relative to each of these sources are discussed in the
following subsections.

2.1 Hot Leg Piping Surfaces

A dual-element resistance thermal detector (RTD) was removed from the
A-loop hot leg (see Fig. A-3 for location). The RTD tip configuration
relative to the hot leg wall is shown in Fig. A-4. The RTD was examined in
the laboratory and the results are currently being documented. The
measured surface radloactivity assumed for the inventory calculations in
Section 3 was taken from Table 6 of Ref. A-10. The total measured surface
concentration 1s obtained by summing up the quantities of each radionuclide
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removed during the individual decontamination steps and dividing them by
the tip surface area (15.6 cnz). These data are shown in Table A-7. The
estimated surface area of the hot legs assumed to be assoclated with the
RYD data are also summarized 'n Table A-7 and were taken from Ref. A-11,

No surface samples from the B-loop hot leg surface have been
dcquired. However, 1t should be noted that the activity measurements
external to the RCS (based on gamma measurements of the steam generator
®anwdy cover) ndicate that the B-loop surfaces are several times more
radloactive than locations on the A-loop (Ref. A-12).

2.2 Upper Plenum Surfaces

Three control rod drive leadscrews were removed from the reactor head
as part of the July 1982 remote television Inspection of the damaged core.
The former locations of the leadscrews removed are shown \n Fi1g. A-5.

txaminatlon of the leadscrews showed two distinct surface deposition
regions: (a) an outer layer of eas)ly removed material, and (b) an
adherent layer ad)acent to the stainless steel. RadVlochemical analysis of
both the outer and Ynner deposits were completed. The examination results
are presented 'n Tables 23, 25, 38, and 39 of Ref. A-13 for the brushoff
debris and 'n Tables 26, 28, 40, and 4) of the same document for the
decontamination solution.

The radlonuclide concentrations used for the inventory calculations
were obtained by summing the measured activity from both deposition layers
and dividing by the leadscrew area. These data are summarized in Table A-8.

The total upper plenum surface area assoclated with the average

leadscrew concentration was taken from Ref. A-11 (Table C-11) and ‘s also
shown in Table A-8.
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TABLE A-7. MEASURED ISOTOPIC DEPOSITION AND ESTIMATED SURFACE AREA FOR RCS
HOT LEG SURFACES

DATA CORRECTED TO: 01/84

VOL ,MASS ,AREA = 9.700D4035 cm2
UNCERTAINTY IN VOL ,MASS ,AREA = 9.7000+04 cm2

1SOTOPE CONCENTRATION UNCERT. IN CONCENTRATION
SR-90 9.440D0+00 uCi/cm2 2.0000-01 uCi/cm2
SB8-125 1.3200-01 uCi/cm2 1.5000-02 uCi/ca2
CsS-134 9.4100-01 uCi’/cm2 8.0000-03 uCi/cm2
€S-137 2.0000+01 uCi/cm2 1.0000-01 uCi/cm2
CE-144 2.620D0-01 uCi/cm2 9.0000-03 uCi/cm2
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TABLE A-8. AVERAGE ISOTOPIC ACTIVITY/AREA FOR THE CONTROL ROD LEADSCREWS
AND ASSOCIATED AREA OF THE TMI-2 UPPER PLENUM SURFACES

DATA CORRECTED TO: 03/84
VOL,MASS ,AREA = 3.540D0+06 cm?2
UNCERTAINTY IN VOL,MASS,AREA = 7.100D+405 cm2
I1SOTOPE CONCENTRATION UNCERT. IN CONCENTRATION
SR-90 1.9800+401 uCi/cm2 2.000D-01 uCi/cm2
RU-106 3.070D+00 uCi/cm2 7.0000-02 uCi/cm2
SB-125 8.920D+00 uCi/cm2 1.850D0+00 uCi/cm2
1-129 5.3500-05 uCi/cm2 3.1000-06 uCi/cm?2
TE 5.6900+00 uCi/cm2 0.000D0+00 uCi/cm2
CS-134 9.040D+400 uCi/cm2 1.300D0-01 uCi/cm2
CS-137 6.570D0+0! uCi/cm2 6.5000+00 uCi/cm2
CE-144 7.1000+00 uCi/cm2 6.800D0-01 uCi/cm2
EU-154 7.120D-03 uCi/cm2 3.600D-04 uCi/cm2
EU-155 2.4500-02 uCi/cm2 2.000D0-04 uCi/cm2
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2.3 Steam Generator Surfaces

The manway cover backing (MCB) plates from steam generators A and 8
(see F1g. A-6) were examined at the Battelle Hot Cell facility in Ohilo.
The plates were sectioned to obtain samples for radiochemical examination.

The radionuclide activity from the inner surface of each sectioned
coupon 1s 1isted 'n Table 3 of Ref. A-14. The effective activity/unit of
steam generator surface area was obtained by averaging the measured
activity over the surface area assoclated with each sample. These surface
concentration data are shown in Table A-9. The total surface area of the
steam generators assoclated with the surface activity concentrations \s
a1so shown 1n Table A-9 and was taken from Ref. A-14.

2.4 Pressurizer Surfaces

The MCB plate from the pressurizer (see Fig. A-7) was sectVoned and
examined at the Battelle Hot Cell Facility. The measured radionuc)ide
activity from the VYnner surface of each sectioned coupon 1s listed 'n
Table 3 of Ref. A-14. The effective radionuclide surface concentration of
the pressurizer NCB plate was obtained by averaging the measurements from
each coupon and dividing by the effective surface area of the sample.

These data are summarized in Table A-10. The assoclated total surface area
of the pressurizer (from Ref. A-15) is also shown in Table A-10.

2.5 Steam Generator Sediment

The 'tube sheet' of the B8-loop steam generator s covered with an
estimated ) to 4 1iters of debris with particles ranging n size up to
0.6 cm. A debris sample was vacuumed from the tube sheet on August 30,
1986. The volume of the sample 1s about 7.7 cms. Assuming this material
has & density of 3.6 g/cq3 (the lower average bulk density of the core
debris samples from Ref. A-1), the total sample welight s approximately

28 g.
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TABLE A-9. AVERAGED ISOTOPIC ACTIVITY/AREA FOR THE STEAM GENERATOR BACKING
COVER PLATES AND ASSOCIATED SURFACE AREAS FOR THE TMI-2 STEAM

GENERATORS

DATA CORRECTED TO: 03/84

V0L ,MASS,AREA = 3.700D0+07 cm2

UNCERTAINTY IN VOL,MASS,AREA = 3.700D+06 cm?2
1SOTOPE CONCENTRATION UNCERT. IN CONCENTRATION
SR-90 {1.260D0-01 uCi/cm2 92.0000-03 uCi/cm?2
RU~106 3.4300-02 uCi/cm2 1.0000-04 uCiscm2
SB-125 1.790D0-01 uCi/cm2 1.0000-03 uCi/cmz
1-129 2.840D-06 uCi/cm2 2.000D0-08 uCi/cm:
CS-134 8.580D-02 uCi/cm2 8.000D0-04 uCi/cm2
CS-137 3.640D0+00 uCi/cm2 1.0000-02 uCi/cm2
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TABLE A-10. AVERAGE ISOTOPIC ACTIVITY/AREA FOR THE PRESSURIZER BACKING
COVER PLATES ANO ASSOCIATED SURFACE AREA FOR THE TMI-2

PRESSURIZER

OATA CORRECTED TO: 03/84

VO ,MASS ,AREA = 1.0000¢06 cm2

UNCERTAINTY IN VOL ,MASS,AREA = 1.0000¢03 cm2
1SOTOPE CONCENTRATION UNCERT. IN CONCENTRATION
SR-70 3.6000-01 uCi/cm2 1.9000-02 uCi/cm2
$8-125 8.6800-04 uCi/cm2 1.2800-04 uCi/cm2
CS-134 1.1800-03 uCi/cm2 3.0000-05 uCi/cm2
CS-137 4.2400-02 uCi/cm2 3.0000-04 uCi/cm2
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The activity of the sample was measured by GPU and the results
documented in Ref. A-16. The radionuclide activity/qg of debris material
was obtained by dividing the measured activity by the sample weight (28 g)
and s summarized in Table A-10. Assuming the above density of the debris
material, the total debris mass associated with this specific activity 1is
estimated to be between 3.6-14.4 kg. Because of the large uncertainty in
the estimated mass, the nominal debris mass and associated uncertainty 1s
assumed to be 8 kg and 5 kg respectively, as noted in Table A-11.

2.6 Pressurizer Sediment

A remote television inspection of the pressurizer internals conducted
in December 1985 indicated the presence of sediment within the pressurizer,
mostly deposited on the bottom of the pressurizer. The bottom sediment
appears to be deepest near the injection nozzle, and decreases toward the
periphery. Some larger debris material was also observed. Most of the
sediment 1s comprised of fine particles, easily levitated by localized
water disturbance.

A sample of sediment was acquired for examination in December 1985.
After initial gamma scans were completed, the sample was divided into
11quid and solid components for additional gamma analysis. The measured
activities are documented in Table 1 of Ref. A-17. An average radionuclide
concentration for the pressurizer sediment was obtained by summing the
activity of the solid debris particles greater than 0.45 micron in diameter
and dividing by the sample solid weight. This average sediment data s
summar ized in Table A-12.

A maximum sediment volume of 12 liters was estimated from visual
observations (Ref. A-18). A total sed1men; mass of 66 kg is estimated,
based on the volume of the debris and an assumed density of 5.5 g/cm3 as

shown in Table A-12.
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TABLE A-11. CESIUM CONCENTRATION AND ESTIMATED DEBRIS MASS FROM THE B-LO0OP
STEAM GENERATOR TUBE SHEET

DATA CORRECTED TO: 10/86

VOL ,MASS ,AREA = 8.0000403 ¢
UNCERTAINTY IN VOL,MASS,AREA = $.0000+03 ¢

1S0TOPE CONCENTRAT 1 ON UNCERT. IN CONCENTRATION
CS-134 $.2300+01 uCi/g 0.0000400 uCi/g
CS-13? 2.6100+403 uCi/Q 0.0000+00 uCi/g
CE-144 2.6000+01 uCi/g 0.0000+400 uCi/g
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TABLE A-12. AVERAGE ISOTOPIC CONCENTRATION AND ASSOCIATED MASS OF THE
PRESSURIZER SEDIMENT

DATA CORRECTED TO: 01/86
V0L ,MASS,AREA = 6.600D+04 g
UNCERTAINTY IN VOL,MASS,AREA = 0.000D+00 g
150TOPE CONCENTRATION UNCERT. IN CONCENTRATION
RU-106 4.500D+00 uCi/g 0.0000+00 uCi/g
SB-125 5.080D-01 uCi/g 0.000D0+00 uCi/g
CS-134 1.190D0+00 uCi/g 0.000D+00 uCi/g
CS-137 3.720D+01 uCi/g 0.000D+00 uCi/g
CE-144 8.2500+00 uCi/g 0.000D+00 uCi/g
EU-155 1.140D+00 uCi/qg 0.0000+00 uCi/g
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2.1 keup and Purification Demineralizer Scdiment

Ouring normal operation, the makeup and purification system recelves
reactor coolant from the steam generator cold leg for filtration and
demineralization. The deminerallzer vessels are located \n the auxiliary
butlding as shown n Fig. A-8.

6PU Nuclear has estimated that during the first 16.5 hours after
infttation of the accident, the makeup and purification system processed
about 1.7 x los kg (46,000 gal) of water from the RCS and was severely
contaminated with fisston product radionuclides. The demineralizer resin
beds were significantly degraded, both radlolytically and thermally;
comparison of the post-accident resin-bed volumes with that of preaccident
volumes shows that severe shrinking (~55%) of the resin beds occurred.

The dem'neralizers were inspected and sampled by GPUN \n early 1983
and 't was observed that demineralizer °A® contalned only dry caked resin,
whereas 1iquid was stVl] present \n demineralizer "B®". Radionuclide
analyses of the resin and 1iquid phases of the demineralizer "A®* and "B°
samples are gliven In Table 2 of Ref. A-19 and are summarized 'n Table A-13.

Nondestructive assays were employed to estimate the sediment quantity
'n each demineralizer. Estimated demineralizer vessel loadings are shown
in Table 1 of Ref. A-19. These values were used for the assoclated mass of
demineralizer resins for Ynventory calculations in Section 3.

2.8 Reactor Coolant Drain Tank (RCDT)

The reactor coolant drain tank (RCD1) recetves water from the
pressurizer when the PORV releases pressure in the reactor system. The
RCOT s located \n the reactor bullding basement as shown in Fig. A-9.
Ouring the first three days following the accident, an estimated
1.0 x lO9 m) of primary coolant escaped from the RCS through the
pressurizer to the RCOT (Ref. A-20). Maj)or reactor coolant flow through
the RCOT for the first 15 hours of the accident s shown in Fig. A-10 (from

Ref. A-21). Leakage through the RCOI continued until July 1982, when the

A-35



Penetration #1054
Cubicle “B"”

Cubicle “A”
Penetration #891

Gas vent line
Inlet line

Resin sluice line

Resin fill line
Pressure relief line

7.9786

Figure A-8. TMI-? letdown and makeup demineralizer configquration.
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TABLE A-13. MEASURED ACVIVITY CONCENTRATION AND TOTAL MASS OF THE MAKEUP
AND LETDOOWN DEMINERALIZER RESINS AND LIQUID

DATA CORRECTED TO: 0S/83

VOL ,MASS ,AREA = 9.3000+05 g
UNCERTAINTY N VOL ,MASS ,AREA = 0.0000+00 g

1SOTOPE CONCENTRATION UNCERT. IN CONCENTRATION
SR-90 1.9800+03 uC:/9 0.0000+00 uCi/g
CS-134 8.72004+02 uCi/g 0.0000+00 uCi/g
CS-13? 1.3700+04 uCi/g 0.0000+00 uCi/g
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RCS was depressurized. The total volume of coolant that passed through the
RCDT during that period was estimated at 7 «x 108 ml (Ref. A-11).

From December 1982 until July 1983, the reactor system was again
pressurized, resulting in additional leakage to the RCDI of approximately
2 x 108 m1 (Ref. A-11).

The total volume of 1iquid that passed through the RCDT was
1.9 x 10g ml before sampling of the tank. Samples of the RCDT 1iquid and
sediment were collected in December 1983. The sediment samples were taken
from the bottom inside surface of the RCD1, directly beneath the rupture
disk and vertical section of the rupture 1ine. The volume of RCDT sediment
was estimated to be 26 kg as shown in Table A-14. As noted in Ref. A-10,
the uncertainty in the estimated RCD1 sediment is +100% due to 1imited
inspection of the tank.

The measured activities of the sediment are summarized in Table 4 of
Ref. A-20. These values were used for the inventory calculation of
Section 3 and are presented in Table A-14.

2.9 RCS Coolant

As discussed in Section 2 of the report, the major fission product
transport medium from the core and RCS was via the RCS coolant flow through
the reactor vessel and the PORV. During the first day of the accident, an
estimated 8 «x 105 kg of RCS coolant was lost through the PORV (see
Fig. A-10). During the month following the accident, coolant addition to
the RCS was controlled by the decrease in noncondensable gases within the
RCS (primarily hydrogen). The RCS makeup was further complicated by loss
of letdown flow to the makeup and purification systems and the use of the
reactor coolant bleed holdup tanks as a source of RCS coolant makeup.

After the first month, continued RCS coolant makeup was required to

compensate for RCS and makeup system leakage.

The RCS coolant has been monitored extensively since the accident.

The general Cs and Sr activity vs. time are shown in Fig. A-11. The large
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TABLE A-14. MEASURED ACTIVITY CONCENTRATION AND TOTAL MASS OF THE RCODT

SEDIMENT
DATA CORRECTED TO: 04/84
UOL MASS ,AREA = 2.6000+04 ¢

UNCERTAINTY IN VOL ,MASS ,AREA = 5.2000+03 ¢

1SOTOPE CONCENTRATION UNCERT. IN CONCENTRATION
SR-90 1.3900+04 uCi/g 7.0000+02 uCi/g
RU-106 6.1000+01 uC:i/9 3.0000+00 uCi/g
SB-1z3 1.5700+01 uCi/g 8.0000-01 uCi/g
1-129 5.2000-08 uCi/g 4.0000-0% uCi/zg
CS-134 3.7000+400 uCi/9 4.0000-01 uCi/g
€s-13? 9.7000+0! uCi/g 2.0000+00 uCi/g
CE144 9.6000+01 uCi/9 2.0000+00 uCi/g
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decrease 'n Cs content commencing at 1200 days was due to coolant cleanup
activities through the submerged demineralizer system (SOS) (Ref. A-20).
The smaller fluctuations resulted from changes 'n water chemistry and
d1lution of the RCS coolant due to continued coolant makeup.

Several measurements of the RCS coolant activity have been made; these
measurements vary significantly, most 1'kely due to dVlutlon and leakage
from the RCS. The data for Sr-90, 1-129, Cs-134, and Cs-137 were obtained
from Table 10 of Ref. A-22. The data for Sb-125 and Ce-144 were obtalined
from Table 3-6 of Ref. A-23. These data (used for the \nventory
calculations of Section 3) are summarized in Table A-15 and represent the
meadsured activities of the RCS coolant samples on August 14, 1980. The
total RCS coolant mass assoclated with the measured activity data were
taken from Ref. A-20 and are summarized In Table A-15.
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TABLE A-15. MEASURED ACTIVITY CONCENTRATIONS AND TOTAL MASS FOR RCS COOLANT

DATA CORRECTED TO: 08/30

VOL ,MASS,AREA = 3.330D0+08 ml

UNCERTAINTY IN VOL,MASS,AREA = 0.0000+400 m1l
1S0TOPE CONCENTRATION UNCERT. IN CONCENTRATION
£R-90 2.350D+01 uCi/ml 7.0000-01 uCi/ml
I-129 7.100D0-06 uCi/ml 3.0000-07 uCi/ml
CS-134 5.2700+400 uCi/ml 8.0000-02 uCi/ml
C5-137 3.0560D0+401 uCi/ml 2.000D0-01 uCi/ml
SB-125 5.100D0-02 uCi/ml 0.0000+00 uCi/ml
CE-144 4.9000-02 uCi/ml 0.000D+00 uCi/ml
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3. EX-RCS FISSION PRODUCT REPOSITORIES

The previous two sections summarize the major fisston product
repositories within the reactor cooling system. lhe following subsections
summar ize the data for the following major repositories outside the RCS:

° Reactor bu\ld\ng‘ water,

° Reactor bullding sediment,

° Reactor building lower walls,

° Reactor bullding upper surfaces,

° Reactor building a‘r space,

° Auxiliary bullding water, and

° Auxiliary bu'lding gaseous release.

3.1 Reactor Bullding Mater

The reactor bullding basement water 1s attributed to the following
three major sources.

1. Flow of RCS Coolant V1hrough the PORY

Ouring the first day of the accident, RCS coolant continued to
escape to the reactor building basement via the stuck-open PORY
block valve until 0630, when 't was closed. Additional coolant
escaped through the PORV from 0713 to 1700 hours when the block
valve was intermittently opened to reqgulate RCS pressure. An
estimated 1 x lo6 1ters of reactor coolant was released to the
basement via this pathway during the first three days.

a. Also referred to as the containment bullding.
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In addition to the 1 «x 106 11ters of RCS water released during
the first three days of the accident, an average of

29.5 1iters/hr flowed through the PORV block valve for more than
two years following the accident. This leakage contributed

6.74 «x 105 11ters of RCS water to the basement water volume.
Thus, the total volume of RCS water that escaped to the basement
was approximately 1.67 x 106 11ters which 1s about 69% of the
total volume of water released to the basement as of

September 23, 1981.

Reactor Bullding Spray System

As a result of the hydrogen burn pressure splke that occurred at
1350 hours on the day of the accldent, the reactor building spray
system was activated and remained on for 5 min 40 sec. During
that time, the system discharged an estimated 6.43 x 104 1iters
of chemically treated water into the reactor building

atmosphere. The volume of water discharged by the spray system
represents about 3% of the totdal basement water volume as of
September 23, 1981.

Flow of River Water

Further increase In the reactor bullding water level after the
accident is attributed to leakage from the reactor building air

5 1iters of river

cooling assembly. An estimated 6.81 x 10
water leaked into the basement from this source. The river water
represents about 28% of the maximum basement water inventory

prior to the start of SDS processing in September 1981.

The depth of the wster in the R/B basement from May 1979 through
December 1983 1s shown graphically in Fig. A-12. Before the start of SDS
processing on September 23, 1981, the water level had been increasing at a
fairly constant rate due to leakage from the RCS and the river water

cooling system. However, by the time the gross decontamination experiment

6

commenced six months later, in March 1982, about 2.3 x 10" 1iters of
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contaminated water had been pumped from the basement and processed through
the SDS. The gross decontamination experiment and subsequent
decontamination operations periodically increased the water depth. By
mid-April 1983, an estimated 1.4 «x ]06 1iters of processed water had been
used for decontamination purposes and had been returned to the basement.

Table A-16 summarizes the 1iquid samples that have been collected from
the R/B basement since August 1979. Fig. A-13 shows the locations where
the 1iquid samples were collected.

Radiochemical analysis results for the samples that were collected
from the reactor building basement from Auqust 1979 through January 1983
are summarized in Table 5 of Ref. A-20. Gamma spectrometer measurements
and 1-129 and Sr-90 analyses results are presented in Tables 2 and 3 of
Ref. A-24. The average radionuclide concentrations as of May 14, 1981,
(before SDS processing began on September 23, 1981), were taken as
representative for the inventory calculation and are summarized in
Table A-17. The associated 1iquid volume is also shown in Table A-17 and
was taken from Table 5 of Ref. A-20.

3.2 Reactor Building Sediment

Reactor building sediment samples were obtained at the same times as
the reactor building basement 1iquid samples.

The radiochemical analyses results for the samples collected from
August 1979 through January 1983 are summarized in Table 6 of Ref. A-20.
The average radionuclide concentrations as of May 14, 1981 (before SDS
processing began) were taken as representative for the inventory
calculation and are summarized in Table A-18. The samples were collected
from three depths in the water and from the basement floor directly beneath
the covered hatch on the 305-ft elevation on May 14, 1981, using the
multilevel sampler.

Collectively, the visual inspections of the basement floor indicate
that the sediment thickness ranges from O to 1.3 cm. For the purpose of
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TABLE A-17. MEASURED ACTIVITY CONCENTRATION AND SAMPLE VOLUME/MASS FROM THE
REACTOR BUILDING LIQUID

DATA CORRECTED TO: 05/81
VOL,MASS,AREA = 2.390D+09 ml
UNCERTAINTY IN VOL,MASS,AREA = 0.000D0+00 m1
ISOTOPE CONCENTRATION UNCERT. IN CONCENTRATION
SR-90 5.2000+00 uCi/ml 3.0000-01 uCi/ml
SB-125 3.0000-02 uCi/ml 3.0000-03 uCi/ml
1-129 4.300D0-06 uCi/ml 3.0000-07 uCi/ml
CS-134 1.920D0+01 uCi/ml 1.0000-01 uCi/mi
CS-137 1.430D+02 uCi/m! 1.000D0400 uCi/ml
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TABLE A-18. MEASURED ACTIVITY CONCENTRATION AND ASSOCIATEO MASS OF THE
REACTOR BUILDING (CONTAINMENT) SEDIMENT

OATA CORRECTED TO: (19 7
VAL JRES AREA = 3.7600083 ¢
WCERTAINTY IN VOL MRES AREA = 0.0000400 ¢

1SOT0PE COETARTIN UNCERY. IN COMOBNTRATION
®-9 8.0000+02 oCi/g 2.0000+82 oCizg
w106 1.0480+02 oCi/g 7.0000+00 oCi/g
9123 4.6790+02 oCi/g ?.0000+00 oC1/9
1-129 1.1080-81 oCi/g 1.0080-92 oCi/g
CS-134 1.0790402 oCi/g 10000408 oCi/g
Cs-1%7 8.0000+02 oCi/g 30000400 oCi/g
CE-144 6. 080001 oCi/g

3.0000000 oCi/g

- a— . ——— . =
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these calculations, 1t 1s assumed that the average thickness of the
sed\ment layer covering the basement floor s 0.035 cm and that the sol\d
density of the sediment layers 1s 63.5 iﬂltls. The surface area of the
basement floor s 9.11 x lO6 cn2. Therefore the assoclated mass of
sediment on the basement floor s 367 kg. This mass s shown 'n Table A-18

and Vs taken from Table 6 of Ref. A-20.

3.3 Reactor Bullding Lower Walls (Below High-water Level)

Three concrete samples were removed from the reactor bullding basement
walls at the location shown n Fig. A-14. Locations 'Al' and ‘'sub-2' were
below the water level from approx'mately January through October 1981.
However, the B2 sample was exposed to the accident water from the beginning
of the accident unt1) water processing was nearly completed (V.e.,

January 1982). The samples represent the following three categories of
concrete surfaces that were submerged 'n water from the accident:

1. Unpainted, 3000 ps) concrete (Location Al)
2. Painted, 5000 psY concrete (Location 82)
3. Unpainted, concrete block (Location sub-2).

Table 3 of Ref. A-25 11sts the total quantity of fission products
present 1n each concrete sample and the total percentages leached 'nto
solution during the four -month study. The surface concentration of the
concrete wall used for the Inventory calculation was obtained by summing
the retalned and leached components of the activity and dividing by the
surface area of the samples. These data are shown 'n Table A-19.

A 1ist of reactor bullding surface areas s summarized 'n Table 55 of
Ref. A-26. The total surface area of ‘emersed basement walls Vs calculated
to 2.90 «x 107 cn2 based on an estimated max\mum water depth in the

basement of 2.6 m during and after the accident. This surface area Is
noted in Table A-19.
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TABLE A-19. MEASURED ACTIVITY CONCENTRATION AND ASSOCIATLD SURFACE AREA OF
THE REACTOR BUILDING BASEMENT WALLS (BELOW WATER LEVEL)

0ATA CORRECTED 10: 013/84

VOL MASS AREA = 2.9900407 w2
UNCETTAINTY IN VOL ,MASS AREA = 0.0000+80 a2

1SOTOPE CB(TMTION UWCEWT. IN COMBMTRATION
-9 6.0400001 oCi/m2 0.0000400 o(i/m2
1 2.9300403 oCi/am2 0.0080+00 oCi/m2
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3.4 Reactor Building Upper Surfaces (Above High-water Level)

In-situ gamma scans of the reactor building air cooling assembly (11C,
11D, and 11E cooling colls and drip pans) were completed in October 1981
(see Fig. A-15). In addition, 85 samples were obtained from the reactor
building structural surfaces in December 1981 (before the
gross-decontamination experiment) and an additional 95 surface samples were
obtained from the same surfaces in late March 1982, following the
completion of the gross-decontamination experiment.

In April 1983 a total of five panels were removed from the reactor
building air coolers (one from each reactor building air cooler). The
panels were shipped to the INEL for laboratory examination to characterize
surface depositions.

Results of the in-situ gamma spectral measurements of the reactor
building cooling assembly surfaces are presented in Table 27 of Ref. A-20.
Results of the surface activity measurements performed at the INEL are
presented in Tables 24 and 25 of the same reference. Because the gamma
scan measurements of the drip pans and cooling colls did not yleld results
for Sr-90 and 1-129, the air cooler access panel analyses, rather than the
measurements of the pans and coils, were used to represent the containment
surface deposition for the inventory calculations. These data are shown in
Table A-20. Table 26 of Ref. A-20 shows the comparison of the air cooler
access panel data with data from surface samples obtained from the 305 ft
elevation of the reactor building. The comparison suggests that deposition
was similar for all radionuclides at both locations.

Table 2 of Ref. A-20 summarizes the surface areas of components
assoclated with the reactor building air coolers. Table 55 of Ref. A-26
documents the total internal reactor building surface area. The reactor
building surface area above the water level, used for the inventory
calculation, is shown in Table A-20.
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TABLE A-20. MEASURED ACTIVITY CONCENTRATION AND ASSOCIATED SURFACE AREA OF
THE REACTOR BUILDING UPPER WALLS

DATA CORRECTED TO: 03/84
VOL ,MASS,AREA = 1.9100+08 cm2
UNCERTAINTY IN VOL ,MASS,AREA = 0.0000+00 cm2
150TOPE CONCENTRATION UNCERT. IN CONCENTRATION
SR-90 1.800D-02 uCi/cm2 1.7000-02 uCi/cm2
1-129 S5.6000-06 uCi/cm2 2.2000-66 uCi/cm2
CS-134 4.3000-02 uCi/cm2 4.5000-02 uCi/cm2

CsS-137 7.6000-01 uCi/cm2 8.0000-01 uCi/cm2
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3.5 Reactor Bullding A\r Space

ODuring the period from April 29, 19680, to May 2, 19680, the atmosphere
of the TNI-2 reactor building was sampled and subsequently analyzed to
provide characterization before the containment purge.

Analyses for the determination of 1-129, C-14, H-3, Kr-85, and
radionuclide activity of suspended particulates and for molecular analysis
of the atmosphere gaseous components were performed by two different
analytical laboratories at INEL.

The radionuclide concentrations determined during the sampling program
and estimated total containment free volume assoclated with the gas sample
data are presented 'n Table 14 of Ref. A-27 and are summarized 'n
Table A-21.

3.6 Auxiliary Bullding Liquid

The radioactive coolant in the auxiliary bu)lding consisted of:
° inventory existing before the accident,

° contaminated water transferred from the reactor contalnment
bullding sump to the auxillary building during the early phases
of the accident,

° letdown from the reactor coolant system, and

° normal leakage from system components.

Approximately 280,000 gallons (1050 .3) of Intermediate-level waste
exists in the auxillary building tanks. The radioactive water volume in
each auxillary building tank is indicated 'n Table 11-8 of Ref. A-28 and

the radloactive concentration on June 15, 1979 is tabulated in Table 11-9
of the same reference.
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TABLE A-21. MEASURED VOLUMETRIC ACTIVITY AND ASSOCIATED FREE VOLUME OF 1THE
REACTOR BUILDING (CONTAINMENT)

D~Ta CORRECTED TO:

YOL,MASS ,,AREA =

UNCERTAINTY IN VOL,MASS,AREA =

1SO0TOPE

SR-90

RU-106
$B-125
1-12¢%

CS-134
€S-137
CE-144
EU-154
EU-155
KR-85

DWMNON—-UNN O —

CONCENTRATION

.600D-10
.000D-11
.000D-10
.7000-11
.100D-10
.2000-10
.000D-11
.000D-11
.000D-11
.800D0-01

uCi/cm3
uCi/cm3
uCi/cm3
uCi/cm3
uCi/cm3
uCi/cm3
uCi/cm3
uCi/cm3
uCi/cm3
uCi/cm3

04/80

5.580D+10 cm3
0.000D+00 cm3

UNCERT. IN CONCENTRATION

.000D-11
.000D+00
.000D+00
.000D0-12
.000D-11
.000D-11
.000D+00
.000D+00
.000D+00
4.0000-02

oo oOoOW—abOOW

uCi/cm3
uCi/cm3
uCi/cm3
uCi/cm3
uCi/cm3
uCi/cm3
uCi/cm3
uCi/cm3
uCi/cm3
uCi/cm3
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The reactor coolant bleed tank has the In-flow path from the 1iquid
rellef valve of the makeup tank. 1Two days after the accident, the 1iquid
rellef valve on the makeup tank was opened, allowing the highly radioactive
contents in the tank to flow 'nto the reactor coolant bleed tanks.

The water volume \n the reactor coolant bleed tanks makes up
approximately 85X of total radwaste volume \n the auxiliary bullding tanks,
and the fission product concentration 'n these tanks 1s several times
higher than those in the other tanks. So the fission product ‘nventory in
the reactor coolant bleed tanks can be used as the representative
repository for the auxillary bullding 11quid.

The three 11quid reactor coolant bleed tank samples, 1dentified as
RCB1-A, RCBT-B, and RCBI-C were collected from Tanks A, B, and C on
December 20, 1979, January 28, 1980 and February 4, 19680, respectively.
These bleed tank samples were taken prior to processing through EPICOR-11.
The results are listed 'n Table 10 of Ref A-22. Table A-22 summirizes the
concentration and assoclated 11quid volume for the reactor coolant bleed
tanks used for the inventory calculations of Section 3. The concentration
data were obtained by averaging the data 'n Table 10 of Ref. A-23. The
11quid volume was obtained from page 4-3 of Ref. A-29.

3.7 Auxillary Bullding Gas Release

The radloactive matertals released to the environment as a result of
the THMI-2 accident were those that escaped from the damaged fuel and were
transported in the coolant via the letdown 1ine into the auxiliary bullding
and then 1nto the environment. The noble gases and radiolodines, because
of their volatile nature and extensive release from the fuel, were the
primary radionuclies released from the auxillary bullding to the
environment .

The principal release of radloactive noble gases occurred on the first

day of the accident. The total quantity of released radloactive materials
Is estimated as 2.5 milllon CV. Table Il-1 of Ref. A-28 summarizes the
estimated quantity released of Kr-88, Xe-133, X3-133m, Xe-135, Xe-135m, and

1131,
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TABLE A-22.

MEASURED ACTIVITY AND ASSOCIATED VOLUME OF REACTOR COOLANT
BLEED TANKS

DATA CORRECTED TO: 05/81

VOL,MASS ,AREA = 9.4600+08 ml
UNCERTAINTY IN VOL ,MASS ,AREA = 7.0000407 m

1SOTOPE CONCENTRATION UNCERT. IN CONCENTRATION
SR-90 4.3000-01 uCi/m) 7.0000-02 uCi/ml
1-129 1.2000-05 uCi/ml 1.0000-06 uCi/ml
CS-134 8.6500+00 uCi/ml 9.1000-01 oCi/ml
Cs-137 4.3700+01 uCi/ml 4.0000-01 uCi/ml
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Kr-85 and [-129 are not ncluded in Table 11-1 of Ref. A-27 because
the released concentrations were below the detectability 1imits. Based on
the data 'n Table 11-1 of Ref. A-27, the maximum release fraction for the
noble gases Vs 0.01; for lodine-131 the release fraction 1s ~2 x 10'7.
Assuming these release fractions are valid for Kr-85 and 1-129, the total
release of Kr-85 and 1-129 s 9.69 «x 102 Cl and 4.3 x 10'8 c,
respectively. The estimated environmental gas release from auxiliary
butlding used for 1nventory calculations is presented In Table A-23.
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TABLE A-23. ESTIMATED ENVIRONMENTAL RELEASE OF NOBLE GASES AND IODINE
(from Ref. A-27)

Activity Release to the Environment

Isotope {CV)
Kr -85 9.69 x 102
Kr-88 3.75 x 10°
Xe-133 1.58 x 106
Xe-133m 2.25 x 10°
Xe-135 3.0 x 10°
Xe-135m 2.5 x 104
1-129 4.3 x 10-8
1-131 15
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APPENDIX B
INTACT ROD FISSION PRODUCT INVENTORY

As noted 'n Section 3 and Appendix A, the degraded core reglons have
been \dentifled from video nspections. This Appendix presents the data
and calculational results for estimating the fission product \nventory
contained within the ntact rod reglon (end-state).

It Vs assumed that the relative core fisstion product distridbution s
‘dentical to the core burnup distribution. The core burnup data
(determined from the ‘ncore neutron monitors) defines a local burnup value
for each of seven equal axVal reglons for each core fuel assembly
(Ref. B-1). The burnup data s swmmarized 'n Table B-1. Figure B-1 s a
core cross-section showing the fuel assembly \dentifications.

The burnup and end-state core configuration data were used to
cdlculate the fraction of the total core burnup within the end-state reglon
of ntact rods using the following equations:

177 1
Fractional Burnup 'n Intact Rods - Zz (BU)Ufu
121 Je)
where
\ = fuel assemdbly number,
) . ax1al burnup reglon,

au" . burnup 'n reglon 1, ), and

f x fraction of rods Intact in region 1, ).

)

The fraction of each fuel assembly axial reglon containing intact
rods, l”. was estimated from Figs. 8-2 through B-14 showing the upper
and lower bounds of the intact rod regions. These configuration data are
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based on the core bore inspection data evaluation summarized in Ref. B-2.
As noted in these figures, two cases are considered: the first represents
an upper bound region of intact rods, the second represents a lower bound
region of intact rods. The uncertainty in the configurations is based on
uncertainty in interpreting the core bore inspection data. The intact rod
fractions for each fuel assembly axial reg‘lona are tabulated In

Tables B-2 and B-3 for- the upper and lower bound cases, respectively.

Table B-4 summarizes the results of calculations estimating the
fractional core burnup within the intact rod region. The results indicate
that the fractional core burnup within the intact rod zone (fraction
fission product inventory) is approximately 35% and 30% for the upper and
lower bound cases, respectively. Based on these results, the fractional
core fission product inventory of the intact rods is assumed to be
32.5 + 2.5%.

REFERENCES -

B-1. G. Eidam 1tr to H. Burton, GPU Nuclear letter 4550-83-042, "TMI-2 Core
Radial and Axial Power History Data" September 29, 1983.

B-2. R. Smith, Assessment of Uncertainty in Volume of the Prior Molten Zone
Based Upon Borehole Video Data, EGG Report EGG-TMI-7289, August 1987.

a. A1l axial regions are relative to the top of the fuel rods, 1.e.,
Region #1 1s at the top of the rod, Region #7 is at the bottom of the rod.
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1ABLE B-1,

FUEL ASSEMBLY BURNUP

8-21

(Md/M1 )
{Top) _ Reglon {Bottom)

fuel

Assembly L 2 3 A 5 b I

as 964 2136 2632 2617 2522 2290 1416
A? 1031 2260 3033 3380 3321 2970 1984
ad 1334 3050 3738 3794 37217 3410 2134
A9 1032 2240 3054 3381 3321 2971 1984
A10 967 2186 2632 2618 2523 2290 1416
84 912 1807 2107 2101 2020 1845 1205
8s 1456 2975 3401 3347 3295 3075 1936
: 73 1724 3834 44603 4367 44393 41463 2681
8?7 1630 3649 4387 4384 4264 3966 2582
88 1832 4507 5351 5572 5300 5163 3243
8y 1630 3649 4387 4385 4264 3966 2382
810 1724 3854 44603 4348 4456 4163 2682
811 1457 2975 3402 3348 3296 3073 1936
812 912 1807 2108 2102 2021 1845 1205
c3 1003 1973 2220 2170 2131 1996 1279
ce 1416 2741 3142 3122 3040 2837 1895
cs 1589 3219 3630 3478 3361 3194 2123
Cé 1848 3928 4342 4016 3906 3836 2591
c? 1872 3801 4320 4264 4106 3840 2548
ce 1974 4101 4832 4794 4611 4261 2811
Co 1872 3801 4371 4264 4106 3840 2548
ci1o 1914 3864 4303 4063 3926 3811 2612
11 1590 3220 3630 3479 3362 3194 2123
c12 1417 2742 3143 3124 3041 2838 1895
c13 1003 1973 2220 2171 2131 1992 1279
02 912 1807 2108 2102 2020 1845 1208
03 1417 2741 3142 3123 3040 2837 1895
04 1580 3158 3560 3413 3243 3044 2039
05 1804 3806 4188 3818 3643 3615 2514
06 1781 3964 3862 2925 2855 3419 2582
0? 2072 4060 4480 4224 4067 3939 2726
08 1708 3347 3920 3790 3401 3061 2240
09 2072 4040 4480 4225 4067 3940 2726
010 1781 3964 3842 2023 2835 3419 2582
011 1804 3807 4189 3819 3646 3615 2515
012 1581 3158 3560 3413 3266 2):5 2039
013 1417 2742 3143 3124 3041 2838 1895
Di14e 912 1807 2108 2102 2021 1845 1205
€2 1457 2975 3402 3347 3295 3075 1936
€3 1597 3251 3604 3401 3310 3192 210.
€4 1908 3879 4127 3712 3612 3625 2454
ES 1438 3644 4197 3805 3633 364s 2489
€6 1883 a2 4589 4207 4049 4014 2741
€7 2020 3929 4421 4301 4167 3891 2547
€8 2153 4161 4774 4723 4529 ae 2735
€9 1931 3925 4483 4350 4186 3909 2569



TABLE B-1. (continued)

{Top) Region (Bottom)

Fuel
Assembly R 2 3 4 5 6 a1
E10 1885 4121 4589 4208 4050 4014 2741
E1l 1439 3644 4198 3806 3636 3646 2489
E12 1909 3880 4128 3713 3612 3625 2454
E13 1597 3251 34604 3401 3311 3192 2108
E14 1457 2975 3402 3348 3295 3075 1936
F1 967 2186 2432 2618 2523 2290 14146
F2 1727 3917 44666 4598 4479 4192 2687
F3 1850 3845 4301 4035 3890 3790 2593
F4 1736 3902 3794 2867 2829 3416 2569
FS 2025 4036 4470 4195 4024 3921 2740
Fé 2042 4021 4559 4435 4243 39350 298¢
F? 2141 4212 4933 4934 4714 4274 2819
F8 1802 3845 4475 4748 4572 4148 2489
F9 2141 4212 4933 4936 4714 4274 2819
F10 2042 4021 4559 4434 4243 3950 2584
F11 2026 4034 4470 4195 4025 3921 2740
F12 1737 3902 3794 2847 2830 34146 2569
F13 1872 3883 4267 3984 3920 3854 2548
F14 1727 3917 4667 4598 4479 4192 2683
F1S 967 2186 2633 2618 2523 2290 1416
Gl 1032 2260 3053 3380 3321 2970 1984
G2 1699 3587 4274 4324 4252 3949 2552
G3 1868 3838 4395 4245 4133 3907 2594
G4 20640 4078 4494 4208 4036 3925 2728
GS 2076 3915 4393 4294 4147 3878 2606
Gé 2184 4237 4921 4952 4804 4384 2847
G?7 2053 4089 4836 4904 4739 4270 2735
G8 2105 4284 9234 5421 5228 4478 3042
G9 2053 4089 4834 4904 4739 4270 2734
G10 2184 4237 4921 4952 4805 4385 2847
Gi1 1939 3888 4439 4314 4145 3875 2578
G12 2040 4077 4494 4208 40346 3925 2728
G13 1848 3838 4395 4245 4133 3907 2593
G114 1699 3587 42746 4324 4252 3949 25352
G1S 1032 2260 3053 3381 3321 2970 1984
H1 1334 3050 3738 3794 3717 3409 2134
H2 1832 4507 9550 5572 3500 5143 3262
H3 1974 4100 4831 4793 44611 42640 2811
H4 1708 33446 3919 3789 3400 3060 2240
HS 2152 4140 4773 4722 4528 4144 2735
Hé 1801 3844 4674 4747 4572 4147 2488
H? 2104 4283 9235 9421 5228 4478 3042
H8 2057 4799 6009 6213 é117 5571 3444
H9 2104 4283 9235 5421 5228 4478 3042
H10 1801 3844 44674 4747 4572 4147 2488
H11 2152 4160 4773 4722 4528 41446 2735
H12 1707 3344 3919 3789 3400 3060 2240
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1ABLE 8-1. (continued)

{Top) Reglon {Bottom)

Fuel
Assembly ] 2 3 X S5 6 1
H13 1973 4100 4831 4793 44611 4260 2811
Hi4 1832 450? 3530 38272 3300 3163 3262
H1S 1334 3050 3732 3794 Nz 3409 2134
K1 1032 2260 3033 3380 3321 2970 1984
K2 1699 3587 42726 4324 4232 3949 2552
& 1848 3838 4394 42465 4132 3907 2593
K4 20359 40?7? 4494 4208 4036 3923 2728
X3S 2002 3911 4418 4313 4183 3904 2533
Ké 2183 4236 4920 493} 4804 4384 2847
K? 2033 4088 4833 4904 4738 4270 2734
K8 2104 4283 3234 3421 3227 4477 3041
K9 2082 4088 4834 4904 4738 4270 2734
K10 2183 4236 4920 4951 4804 4384 2844
K11 192? 3932 4487 4320 4121 3865 2603
Kj2 2089 4076 4493 4207 4033 3924 2720
K13 1847 3837 4394 42693 4132 3907 2593
K14 1698 3386 4273 4324 4232 3949 23352
K1S 1031 2259 3053 3380 3321 2970 1984
L] 967 2186 2632 2618 2323 2290 1416
L2 1726 3916 46446 43597 4478 4191 2683
L3 1789 3792 4212 3927 3839 3796 2369
Le 17233 3901 3792 2866 2828 3416 2568
LS 2025 4034 4448 4193 4023 3920 2739
Lé 240 4019 4557 4434 4261 3949 2383
L? 2139 4210 4931 4934 4713 4273 2819
L8 16800 3843 4673 47446 43571 4147 2688
LY 2139 4209 4931 4934 4713 4273 2819
L10 2040 4019 4557 4433 4261 3949 25893
L1 2024 4033 4448 4193 4023 3919 2739
L12 1734 389¢ 3792 28695 2828 3413 2568
L13 1862 3778 42493 4044 3917 3784 2383
Li14 1723 3915 46695 4597 4478 4191 2683
LIS 966 2186 2632 2618 23523 2290 1416
M2 1456 2974 3401 3347 3293 3075 1936
M3 13596 3249 3602 3400 3309 3191 2107
M4 1907 3878 4126 3711 3611 3624 24353
MS 1437 3642 419S 3804 3634 3645 2488
Mé 1883 4118 45846 4205 4047 4012 27240
M? 1992 3943 4452 4299 4124 3870 2560
M8 21951 4157 4721 4720 4527 4149 2734
(224 1970 3986 4473 4286 4157 3932 2567
M10 1882 4117 43583 4209 4047 4012 2740
ni 1436 3641 4199 3804 3634 3643 2488
M12 1906 38727 4123 3710 3610 3623 2453
Mi3 1393 3249 3602 3400 3309 3191 2107
M4 1433 2973 3400 3346 3294 3074 1936
N2 9?11 1806 2107 2101 2020 1844 1204
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1ABLE B-1. (continued)

(Top) Region (Bottom)

Fuel
Assembly B 2 3 4 5 b _ 1
N3 1416 2740 3141 3122 3039 2837 1894
N4 1579 3155 3558 3411 3264 3044 2038
NS 1802 3803 4186 3816 3644 3613 2514
Né 1779 3960 3859 2922 2853 3417 2581
N7 2049 4056 44746 4222 4064 3937 2725
N8 1705 3342 3916 3787 3398 3058 2240
N9 2069 4055 4474 4221 4064 3937 2725
N10 1779 3960 3858 2922 2852 3417 2581
Ni1 1801 '3802 4185 3815 3643 3612 2513
N12 1578 3154 3557 3411 3264 3063 2039
N13 1415 2738 3140 3121 3038 2836 1895
N14 911 1805 2104 2101 2020 1844 1204
03 1002 1971 2218 2170 2130 1996 1278
04 1415 2739 3141 3121 3039 28346 1894
05 1587 32146 3627 3476 3359 3192 2124
06 1787 3805 4279 4010 3872 3788 2589
07 1859 3797 4367 42461 4103 3838 2547
08 1971 4096 4828 4790 4609 4258 2810
09 186% 3796 43647 4261 4103 3838 2547
010 1752 3756 4237 3982 3844 3796 2593
011 1587 3216 3624 3476 3359 3192 2124
012 1414 2738 3139 3120 3038 28346 1894
013 1002 1971 2218 2149 2130 1995 1278
P4 211 1805 2106 2100 2019 1844 1204
PS 1455 2972 3399 3345 3293 3074 1935
Pé 1722 3850 4599 4565 4453 41461 2680
P7 1648 3645 4383 4382 4262 3964 2581
P8 1829 4506 9547 9569 5498 9161 3261
P9 1647 3645 4383 4381 4261 3964 2581
P10 1721 3850 4599 4545 4453 4161 2680
P11 1454 2971 3398 3344 3293 3073 1935
P12 9?10 1804 2105 2100 2019 1843 1204
Ré 9435 2183 2630 2616 2521 2288 1416
R? 1029 2256 3050 3378 3319 2949 1983
R8 1332 30446 3734 3791 3715 3408 2133
R9 1029 2256 3050 3378 3319 2969 1983
R10 964 2183 2629 2615 2521 2288 14135
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TABLE B-2. FRACIION OF FUEL ASSEMBLY AXIAL RtGION CONIAINING INTACI RODS
(UPPLR BOUND ESTIMATL)

{lop) Region {Bottom)
fuel
Assembly 1 2 3 4 5 6 7

Ad 1.000 1.000 1.000 1.000 1.000 1.000 1.000
a? 1.000 1.000 1.000 1.000 1.000 1.000 1.000
A8 1.000 1.000 1.000 1.000 1.000 1.000 1.000
AY 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Al0 1.000 1.000 1.000 1.000 1.000 1.000 1.000
[ ) 0.000 0.000 1.000 1.000 1.000 1.000 1.000
83 0.000 0.000 0.000 0.000 0.800 1.000 1.000
86 6.000 0.000 0.000 0.000 0.800 1.000 1.000
87 0.000 0.000 0.000 0.000 0.800 1.000 1.000
88 0.000 0.000 0.000 0.000 0.630 1.000 1.000
ey 0.000 0.000 0.000 0.000 0.900 1.000 1.000
e10 0.000 0.000 0.000 0.000 0.930 1.000 1.000
el 0.000 0.000 0.400 1.000 1.000 1.000 1.000
812 0.000 0.000 1.000 1.000 1.000 1.000 1.000
c3 0.000 0.000 0.000 0.700 1.000 1.000 1.000
ce 0.000 0.000 0.000 0.000 0.3550 1.000 1.000
(=] 8.000 06.000 0.000 0.000 0.430 1.000 1.000
Ce 8.000 0.000 0.000 0.000 0.400 1.000 1.000
c? 0.000 0.000 0.000 0.000 0.400 1.000 1.000
ce 9.000 0.000 0.000 0.000 0.430 1.000 1.000
ce 0.000 0.000 0.000 0.000 0.500 1.000 1.000
c10 0.000 0.000 0.000 0.000 0.700 1.000 1.000
c1 0.000 0.000 0.000 0.000 0.800 1.000 1.000
c12 0.000 0.000 0.300 1.000 1.000 1.000 1.000
13 0.200 1.000 1.000 1.000 1.000 1.000 1.000
02 0.000 0.600 1.000 1.000 1.000 1.000 1.000
03 0.000 0.000 0.000 0.000 0.450 1.000 1.000
04 0.000 0.000 0.000 0.000 0.300 1.000 1.000
03 0.000 0.000 0.000 0.000 0.130 1.000 1.000
Dé 0.000 0.000 0.000 0.000 0.100 1.000 1.000
0? 0.000 0.000 0.000 0.000 0.100 1.000 1.000
(7] 0.000 0.000 0.000 0.000 0.130 1.000 1.000
(124 0.000 0.000 0.000 0.000 0.250 1.000 1.000
D10 0.000 0.000 0.000 0.000 0.400 1.000 1.000
011 0.000 0.000 0.000 0.000 0.700 1.000 1.000
012 0.000 0.000 0.000 0.000 1.000 1.000 1.000
013 0.000 0.000 0.000 0.900 1.000 1.000 1.000
D14 0.000 1.000 1.000 1.000 1.000 1.000 1.000
€2 0.000 0.000 0.000 1.000 1.000 1.000 1.000
€3 9.000 0.000 0.000 0.000 0.350 1.000 1.000
(1] 0.000 0.000 0.000 0.000 - 0.150 1.000 1.000
€3 0.000 0.000 0.000 0.000 0.000 0.930 1.000
€6 0.000 0.000 0.000 0.000 0.000 0.850 1.000
€? 0.000 0.000 0.000 0.000 0.000 0.800 1.000
€0 0.000 0.000 0.000 0.000 0.000 0.650 1.000
(14 0.000 0.000 0.000 0.000 0.000 0.950 1.000
€10 0.000 0.000 0.000 0.000 0.150 1.000 1.000
€1} 0.000 0.000 0.000 0.000 0.300 1.000 1.000
€12 0.000 0.000 0.000 0.000 0.550 1.000 1.000
€13 0.000 0.000 0.000 0.000 0.900 1.000 1.000

B-25



TABLE B-2. (continued)
LTODL Reljon (Bottoml
Fuel

Assembly 1 2 _3 4 _3 _6 1.
E14 0.000 0.000 0.450 1.000 1.000 1.000 1.000
F1 0.000 0.400 1.000 1.000 1.000 1.000 1.000
F2 0.000 0.000 0.000 0.000 0.400 1.000 1.000
F3 0.000 0.000 0.000 0.000 0.250 1.000 1.000
F4 0.000 0.000 0.000 0.000 0.000 0.950 1.000
FS 0.000 0.000 0.000 0.000 0.000 0.800 1.000
Fé 0.000 0.000 0.000 0.000 0.000 0.700 1.000
F? 0.000 0.000 0.000 0.000 0.000 0.400 1.000
F8 0.000 0.000 0.000 0.000 0.000 0.500 1.000
F9 0.000 0.000 0.000 0.000 0.000 0.650 1.000
F10 0.000 0.000 0.000 0.000 0.000 0.850 1.000
F11 0.000 0.000 0.000 0.000 0.000 1.000 1.000
F12 0.000 0.000 0.000 0.000 0.300 1.000 1.000
F13 0.000 0.000 0.000 0.000 0.400 1.000 1.000
Fi14 0.000 0.000 0.000 0.700 1.000 1.000 1.000
F15 0.000 0.700 1.000 1.000 1.000 1.000 1.000
()] 0.000 0.000 0.300 1.000 1.000 1.000 1.000
62 0.000 0.000 0.000 0.000 0.550 1.000 1.000
63 0.000 0.000 0.000 0.000 0.200 1.000 1.000
G4 0.000 0.000 0.000 0.000 0.050 1.000 1.000
GS 0.000 0.000 0.000 0.000 0.000 0.900 1.000
Gé 0.000 0.000 0.000 0.000 0.000 0.650 1.000
G? 0.000 0.000 0.000 0.000 0.000 0.400 1.000
G8 0.000 0.000 0.000 0.000 0.000 0.200 1.000
G9 0.000 0.000 0.000 0.000 0.000 0.400 1.000
G10 0.000 0.000 0.000 0.000 0.000 0.600 1.000
G11 0.000 0.000 0.000 0.000 0.000 0.850 1.000
G12 0.000 0.000 0.000 0.000 0.100 1.000 1.000
613 0.000 0.000 0.000 0.000 0.400 1.000 1.000
G14 0.000 0.000 0.000 0.000 0.400 1.000 1.000
G613 0.000 0.000 0.300 1.000 1.000 1.000 1.000
Hi 0.000 0.000 0.450 1.000 1.000 1.000 1.000
H2 0.000 0.000 0.000 0.000 0.400 1.000 1.000
H3 0.000 0.000 0.000 0.000 0.250 1.000 1.000
H4 0.000 0.000 0.000 0.000 0.150 1.000 1.000
HS 0.000 0.000 0.000 0.000 0.000 1.000 1.000
Hé 0.000 0.000 0.000 0.000 0.000 0.800 1.000
H? 0.000 0.000 0.000 0.000 0.000 0.450 1.000
H8 0.000 0.000 0.000 0.000 0.000 0.150 1.000
H9 0.000 0.000 0.000 0.000 0.000 0.200 1.000
H10 0.000 0.000 0.000 0.000 0.000 0.400 1.000
H11 0.000 0.000 0.000 0.000 0.000 0.650 1.000
H12 0.000 0.000 0.000 0.000 0.000 0.950 1.000
H13 0.000 0.000 0.000 0.000 0.250 1.000 1.000
H14 0.000 0.000 0.000 0.000 0.600 1.000 1.000
H1S 0.000 0.600 1.000 1.000 1.000 1.000 1.000
K1 0.000 0.000 1.000 1.000 1.000 1.000 1.000
K2 0.000 0.000 0.000 0.000 0.400 1.000 1.000
K3 0.000 0.000 0.000 0.000 0.250 1.000 1.000
K4 0.000 0.000 0.000 0.000 0.150 1.000 1.000
KS 0.000 0.000 0.000 0.000 0.100 1.000 1.000
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TABLE B-2. (cont\nued)

. ————— i e 51 i e - - -

foel {Top) Reglon _ _____{Bottom)

(1]

Assembly 1 . 3 4 5 6 7
Ke 0.000 0.000 0.000 0.000 0.000 0.900 1.000
X2 0.000 0.000 0.000 0.000 0.000 0.300 1.000
X0 0.008 0.000 0.000 0.000 0.000 0.150 1.000
Ky 0.000 0.000 0.000 0.000 0.000 0.000 1.000
K10 0.000 0.000 0.000 0.000 0.000 0.250 1.000
K1l 0.000 0.000 0.000 0.000 0.000 0.600 1.000
K12 0.000 0.000 0.000 0.000 0.000 0.900 1.000
13 0.000 0.000 0.000 0.000 0.2%0 1.000 1.000
K14 0.000 0.000 0.000 0.000 0.700 1.000 1.000
s 0.000 0.000 0.1350 1.000 1.000 1.000 1.000
u 0.000 0.000 0.700 1.000 1.000 1.000 1.000
L2 0.000 0.000 0.000 0.000 0.700 1.000 1.000
L3 0.000 0.000 0.000 0.000 0.300 1.000 1.000
Le 0.000 9.000 0.000 0.000 0.200 1.000 1.000
LS 0.000 0.000 0.000 0.000 0.100 1.000 1.000
L6 0.000 0.000 0.000 0.000 0.000 0.900 1.000
L? 0.000 0.000 0.000 0.000 0.000 0.550 1.000
Le 0.000 0.000 0.000 0.000 0.000 0.200 1.000
Ly 0.000 0.000 0.000 0.000 0.000 0.150 1.000
L0 0.000 0.000 0.000 0.000 0.000 0.300 1.000
L 0.000 0.000 0.000 0.000 0.000 0.700 1.000
u2 0.000 0.000 0.000 0.000 0.000 0.93%0 1.000
L13 0.000 0.000 0.000 0.000 0.300 1.000 1.000
L1e 0.000 0.000 0.130 1.000 1.000 1.000 1.000
us 0.000 0.350 1.000 1.000 1.000 1.000 1.000
M2 0.000 0.000 0.000 0.630 1.000 1.000 1.000
LE] 0.000 0.000 0.000 0.000 0.450 1.000 1.000
M 9.000 0.000 0.000 0.000 0.300 1.000 1.000
" 0.000 0.000 0.000 0.000 0.130 1.000 1.000
(A 0.000 0.000 0.000 0.000 0.000 0.950 1.000
N7 0.000 0.000 0.000 0.000 0.000 0.700 1.000
M9 0.000 0.000 0.000 0.000 0.000 0.400 1.000
N 0.000 0.000 0.000 0.000 0.000 0.400 1.000
M1O 0.000 0.000 0.000 0.000 0.000 0.700 1.000
CIE 0.000 0.000 0.000 0.000 0.000 0.900 1.000
M1 2 0.000 0.000 0.000 0.000 0.100 1.000 1.000
H13 0.000 0.000 0.000 0.000 0.400 1.000 1.000
LT 0.000 0.000 0.000 0.030 1.000 1.000 1.000
N2 0.000 0.500 1.000 1.000 1.000 1.000 1.000
N 0.000 0.000 0.000 0.000 0.600 1.000 1.000
N4 0.000 0.000 0.000 0.000 0.330 1.000 1.000
NS 0.000 0.000 0.000 0.000 0.100 1.000 1,000
Ne 0.000 0.000 0.000 0.000 0.000 0.900 1.000
N? 0.000 0.000 0.000 0.000 0.000 0.750 1.000
] 0.000 0.000 0.000 0.000 0.000 0.600 1.000
Ny 0.000 0.000 0.000 0.000 0.000 0.700 1.000
N1O 0.000 0.000 0.000 0.000 0.000 0.650 1.000
NI 0.000 0.000 0.000 0.000 0.100 1.000 1.000
N12 0.000 0.000 0.000 0.000 0.450 1.000 1.000
N1 3 0.000 0.000 0.000 0.000 0.730 1.000 1.000
NIQ 0.000 0.000 0.000 0.000 1.000 1.000 1.000
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TABLE B-2. (continued)
(Top) Region (Bottom)
Fuel

Assembly 1 2 3 4 _5_ _6 1
03 0.000 0.000 0.300 1.000 1.000 1.000 1.000
04 - 0.000 0.000 0.000 0.130 1.000 1.000 1.000
03 0.000 0.000 0.000 0.000 0.300 1.000 1.000
06 0.000 0.000 0.000 0.000 0.100 1.000 1.000
07 0.000 0.000 0.000 0.000 0.000 1.000 1.000
08 0.000 0.000 0.000 0.000 0.000 0.930 1.000
09 0.000 0.000 0.000 0.000 0.000 1.000 1.000
010 0.000 0.000 0.000 0.000 0.150 1.000 1.000
o11 0.000 0.000 0.000 0.000 0.400 1.000 1.000
012 0.000 0.000 0.000 0.000 0.800 1.000 1.000
013 0.000 0.000 0.000 0.900 1.000 1.000 1.000
P4 0.000 0.000 0.100 1.000 1.000 1.000 1.000
P3S 0.000 0.000 0.000 0.000 0.700 1.000 1.000
Pé 0.000 0.000 0.000 0.000 0.400 1.000 1.000
P?7 0.000 0.000 0.000 0.000 0.250 1.000 1.000
P8 0.000 0.000 0.000 0.000 0.2350 1.000 1.000
P9 0.000 0.000 0.000 0.000 0.300 1.000 1.000
P10 0.000 0.000 0.000 0.000 0.500 1.000 1.000
P11 0.000 0.000 0.000 0.000 0.700 1.000 1.000
P12 0.000 0.400 1.000 1.000 1.000 1.000 1.000
Ré 0.000 0.000 0.000 1.000 1.000 1.000 1.000
R? 0.000 0.000 0.000 1.000 1.000 1.000 1.000
RS 0.000 0.000 0.000 1.000 1.000 1.000 1.000
R9 0.000 0.000 0.000 1.000 1.000 1.000 1.000
R10 0.000 0.000 0.000 1.000 1.000 1.000 1.000
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TABLE B-3. FRACTION OF FyeL ASSEMBLY AXIAL REGION CONTAINING INTAC] RODS
(LOMER BOUND ESTIMATE)

{Top) Region (Bottom)
fuel
Assembly 1 2 k| 4 5 6 7

As 1.000 1.000 1.000 1.000 1.000 1.000 1.000
a? 1.000 1.000 1.000 1.000 1.000 1.000 1.000
A8 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Ay 1.000 1.000 1.000 1.000 1.000 1.000 1.000
A0 1.000 1.000 1.000 1.000 1.000 1.000 1.000
(-1 ] 0.000 0.000 0.000 1.000 1.000 1.000 1.000
| -} 0.000 0.000 0.000 0.000 0.700 1.000 1.000
8¢ 9.000 0.000 0.000 0.000 0.400 1.000 1.000
8? 0.000 0.000 0.000 0.000 0.630 1.000 1.000
[ ] 0.000 0.000 0.000 0.000 0.700 1.000 1.000
B8? 0.000 0.000 0.000 0.000 0.800 1.000 1.000
910 0.000 0.000 0.000 0.000 0.930 1.000 1.000
8118 0.000 0.000 0.400 1.000 1.000 1.000 1.000
812 0.000 0.000 1.000 1.000 1.000 1.000 1.000
c3 0.000 0.000 0.000 0.000 0.600 1.000 1.000
ce 0.000 0.000 0.000 0.000 0.400 1.000 1.000
cs 0.000 0.000 0.000 0.000 0.33%0 1.000 1.000
Ce 0.000 0.000 0.000 0.000 0.300 1.000 1.000
c? 0.000 0.000 0.000 0.000 0.300 1.000 1.000
co 0.000 0.000 0.000 0.000 0.3350 1.000 1.000
(= 0.000 0.000 0.000 0.000 0.430 1.000 1.000
c1o 0.000 0.000 0.000 0.000 0.600 1.000 1.000
C11 0.000 0.000 0.000 0.000 0.800 1.000 1.000
C12 0.000 0.000 0.200 1.000 1.000 1.000 1.000
C13 0.000 0.400 1.000 1.000 1.000 1.000 1.000
02 0.000 0.000 0.500 1.000 1.000 1.000 1.000
03 0.000 0.000 0.000 0.000 0.300 1.000 1.000
[ ] 0.000 0.000 0.000 0.000 0.200 1.000 1.000
03 0.000 0.000 0.000 0.000 0.050 1.000 1.000
Dé 0.000 0.000 0.000 0.000 0.000 1.000 1.000
0? 0.000 0.000 0.000 0.000 0.000 1.000 1.000
[+]:] 0.000 0.000 0.000 0.000 0.000 1.000 1.000
(124 0.000 0.000 0.000 0.000 0.100 1.000 1.000
010 0.000 0.000 0.000 0.000 0.230 1.000 1.000
011 0.000 0.000 0.000 0.000 0.500 1.000 1.000
£:2 0.000 0.000 0.000 0.000 0.800 1.000 1.000
013 0.000 0.000 0.000 0.500 1.000 1.000 1.000
v14 0.000 0.000 1.000 +.000 1.000 1.000 1.000
€2 9.000 0.000 0.000 0.2%0 1.000 1.000 1.000
€3 0.000 0.000 0.000 0.000 0.200 1.000 1.000
€e 0.000 0.000 0.000 0.000 . 0.000 0.900 1.000
(1] 0.000 0.000 0.000 0.000 0.000 0.800 1.000
€ 0.000 0.000 0.000 0.000 0.000 0.700 1.000
(24 0.000 0.000 0.000 0.000 0.000 0.700 1.000
(1{:] 0.000 0.000 0.000 0.000 0.000 0.730 1.000
€9 0.000 0.000 0.000 0.000 0.000 0.800 1.000
€10 0.000 0.000 0.000 0.000 0.000 0.900 1.000
€1 0.000 0.000 0.000 0.000 0.100 1.000 1.000
€12 0.000 0.000 0.000 0.000 0.300 1.000 1.000
€13 0.000 0.000 0.000 0.000 0.750 1.000 1.000

8-29



TABLE B-3. (continued)
LT@) Region (Bottoml
Fuel
Assembly ] 2 _ 3 _ 4 3 b !

El4q 0.000 0.000 0.000 0.700 1.000 1.000 1.000
F1 0.000 0.000 0.700 1.000 1.000 1.000 1.000
F2 0.000 0.000 0.000 0.000 0.400 1.000 1.000
F3 0.000 0.000 0.000 0.000 0.050 1.000 1.000
F4 0.000 0.000 0.000 0.000 0.000 0.800 1.000
FS 0.000 0.000 0.000 0.000 0.000 0.700 1.000
Fé 0.000 0.000 0.000 0.000 0.000 0.450 1.000
F? 0.000 0.000 0.000 0.000 0.000 0.400 1.000
F8 0.000 0.000 0.000 0.000 0.000 0.400 1.000
F9 0.000 0.000 0.000 0.000 0.000 0.450 1.000
F10 0.000 0.000 0.000 0.000 0.000 0.600 1.000
F11 0.000 0.000 0.000 0.000 0.000 0.800 1.000
F12 0.000 0.000 0.000 0.000 0.000 1.000 1.000
F13 0.000 0.000 0.000 0.000 0.400 1.000 1.000
F14 0.000 0.000 0.000 0.400 1.000 1.000 1.000
F1S 0.000 0.000 0.950 1.000 1.000 1.000 1.000
G1 0.000 0.000 0.000 0.500 1.000 1.000 1.000
62 0.000 0.000 0.000 0.000 0.350 1.000 1.000
G3 0.000 0.000 0.000 0.000 0.050 1.000 1.000
64 0.000 0.000 0.000 0.000 0.000 0.800 1.000
GS 0.000 0.000 0.000 0.000 0.000 0.500 1.000
Gé 0.000 0.000 0.000 0.000 0.000 0.300 1.000
G7 0.000 0.000 0.000 0.000 0.000 0.200 1.000
G8 0.000 0.000 0.000 0.000 0.000 0.150 1.000
G9 0.000 0.000 0.000 0.000 0.000 0.200 1.000
G10 0.000 0.000 0.000 0.000 0.000 0.350 1.000
G611 0.000 0.000 0.000 0.000 0.000 0.600 1.000
612 0.000 0.000 0.000 0.000 0.000 0.850 1.000
G613 0.000 0.000 0.000 0.000 0.150 1.000 1.000
G14 0.000 0.000 0.000 0.000 0.450 1.000 1.000
615 0.000 0.000 0.000 0.500 1.000 1.000 1.000
H1 0.000 0.000 0.000 0.750 1.000 1.000 1.000
H2 0.000 0.000 0.000 0.000 0.300 1.000 1.000
H3 0.000 0.000 0.000 0.000 0.000 1.000 1.000
H4 0.000 0.000 0.000 0.000 0.000 0.750 1.000
HS 0.000 0.000 0.000 0.000 0.000 0.400 1.000
Hé 0.000 0.000 0.000 0.000 0.000 0.130 1.000
H? 0.000 0.000 0.000 0.000 0.000 0.000 0.900
H8 0.000 0.000 0.000 0.000 0.000 0.000 0.730
H9 0.000 0.000 0.000 0.000 0.000 0.000 0.800
H10 0.000 0.000 0.000 0.000 0.000 0.000 1.000
Hil 0.000 0.000 0.000 0.000 0.000 0.300 1.000
H12 0.000 0.000 0.000 0.000 0.000 0.600 1.000
H13 0.000 0.000 0.000 0.000 0.000 0.950 1.000
Hi4 0.000 0.000 0.000 0.000 0.350 1.000 1.000
H1S 0.000 0.000 0.700 1.000 1.000 1.000 1.000
K1 0.000 0.000 0.300 1.000 1.000 1.000 1.000
K2 0.000 0.000 0.000 0.000 0.300 1.000 1.000
K3 0.000 0.000 0.000 0.000 0.000 1.000 1.000
K4 0.000 0.000 0.000 0.000 0.000 0.700 1.000
KS 0.000 0.000 0.000 0.000 0.000 0.400 1.000
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TABLE 8-3. {continued)

— — — — — . .\ i ————— oo

e {lop) o Region _ (Bottom)
Assembly 1 2 3 A 5 b !
Ke 0.000 0.000 0.000 0.000 0.000 0.050 1.000
x? 0.000 0.000 0.000 0.000 0.000 0.000 0.750
e 0.000 0.000 0.000 0.000 0.000 0.000 0.400
K9 0.000 0.000 0.000 0.000 0.000 0.000 0.300
K10 0.600 0.000 0.000 0.000 0.000 0.000 0.900
K11 0.000 0.000 0.000 0.000 0.000 0.250 1.000
K12 0.000 0.000 0.000 0.000 0.000 0.450 1.000
K13 0.000 0.000 0.000 0.000 0.000 0.9%0 1.000
K14 0.000 0.000 0.000 0.000 0.330 1.000 1.000
K1S 0.000 0.000 0.000 0.2% 1.000 1.000 1.000
u 0.000 0.000 0.000 0.700 1.000 1.000 1.000
L2 0.000 0.000 0.000 0.000 0.400 1.000 1.000
L3 0.000 0.000 0.000 0.000 0.100 1.000 1.000
Le 0.000 0.000 0.000 0.000 0.000 0.800 1.000
LS 0.000 0.000 0.000 0.000 0.000 0.450 1.000
Le 0.000 0.000 0.000 0.000 0.000 0.100 1.000
L? 0.000 0.000 0.000 0.000 0.000 0.000 0.800
L8 0.000 0.000 0.000 0.000 0.000 0.000 0.600
Ly 0.000 0.000 0.000 0.000 0.000 0.000 0.700
L10 0.000 0.000 0.000 0.000 0.000 0.000 1.000
i 0.000 0.000 0.000 0.000 0.000 0.300 1.000
L2 0.000 0.000 0.000 0.000 0.000 0.700 1.000
L3 0.000 0.000 0.000 0.000 0.000 1.000 1.000
Lie 0.000 0.000 0.000 0.000 0.400 1.000 1.000
LS 0.000 0.000 0.500 1.000 1.000 1.000 1.000
M2 0.000 0.000 0.000 0.000 1.000 1.000 1.000
n3 0.000 0.000 0.000 0.000 0.250 1.000 1.000
ra 0.000 0.000 0.000 0.000 0.000 1.000 1.000
NS 0.000 0.000 0.000 0.000 0.000 0.700 1.000
Mo 0.000 0.000 0.000 0.000 0.000 0.300 1.000
n? 0.000 0.000 0.000 0.000 0.000 0.050 1.000
L 0.000 0.000 0.000 0.000 0.000 0.000 1.000
"9 0.000 0.000 0.000 0.000 0.000 0.130 1.000
M10 0.000 0.000 0.000 0.000 0.000 0.350 1.000
M 0.000 0.000 0.000 0.000 0.000 0.550 1.000
M2 0.000 0.000 0.000 0.000 0.000 0.830 1.000
M3 0.000 0.000 0.000 0.000 0.130 1.000 1.000
Ml4 0.000 0.000 0.000 0.000 0.430 1.000 1.000
N2 0.000 0.000 0.400 1.000 1.000 1.000 1.000
N3 0.000 0.000 0.000 0.000 0.450 1.000 1.000
Ne 0.000 0.000 0.000 0.000 0.200 1.000 1.000
NS 0.000 0.000 0.000 0.000 0.000 0.950 1.000
NS 0.000 0.000 0.000 0.000 0.000 0.700 1.000
N? 0.000 0.000 0.000 0.000 0.000 0.400 1.000
NE 0.000 0.000 0.000 0.000 0.000 0.400 1.000
N9 0.000 0.000 0.000 0.000 0.000 0.500 1.000
N1O 0.000 0.000 0.000 0.000 0.000 0.600 1.000
N1 0.000 0.000 0.000 0.000 0.000 0.800 1.000
N12 0.000 0.000 0.000 0.000 0.000 1.000 1.000
NI3 0.000 0.000 0.000 0.000 0.300 1.000 1.000
Ni4 0.000 0.000 0.000 0.000 0.600 1.000 1.000
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TABLE B-3. (continued)
(Top) Region {Bottom)
Fuel
Assembly 1 2 3 4 5_ 6 1

03 0.000 0.000 0.000 1.000 1.000 1.000 1.000
04 0.000 0.000 0.000 0.000 0.750 1.000 1.000
0S "0.000 0.000 0.000 0.000 0.200 1.000 1.000
06 0.000 0.000 0.000 0.000 0.000 1.000 1.000
07 0.000 0.000 0.000 0.000 0.000 0.800 1.000
08 0.000 0.000 0.000 0.000 0.000 0.750 1.000
09 0.000 0.000 0.000 0.000 0.000 0.900 1.000
010 0.000 0.000 0.000 0.000 0.000 1.000 1.000
011 0.000 0.000 0.000 0.000 0.150 1.000 1.000
012 0.000 0.000 0.000 0.000 0.400 1.000 1.000
013 0.000 0.000 0.000 0.200 1.000 1.000 1.000
P4 0.000 0.000 0.000 0.750 1.000 1.000 1.000
PS 0.000 0.000 0.000 0.000 0.500 1.000 1.000
P& 0.000 0.000 0.000 0.000 0.000 1.000 1.000
P? 0.000 0.000 0.000 0.000 0.000 1.000 1.000
P8 0.000 0.000 0.000 0.000 0.000 1.000 1.000
P9 0.000 0.000 0.000 0.000 0.150 1.000 1.000
P10 0.000 0.000 0.000 0.000 0.350 1.000 1.000
P11 0.000 0.000 0.000 0.000 0.600 1.000 1.000
P12 0.000 0.000 0.900 1.000 1.000 1.000 1.000
Ré 0.000 0.000 0.000 1.000 1.000 1.000 1.000
R? 0.000 0.000 0.000 1.000 1.000 1.000 1.000
R8 0.000 0.000 0.000 1.000 1.000 1.000 1.000
R9 0.000 0.000 0.000 1.000 1.000 1.000 1.000
R10 0.000 0.000 0.000 1.000 1.000 1.000 1.000
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TABLE B-4. FRACTIONAL CORE BURNUP WITHIN INTACT ROD REGION

Upper Bound Case Lower_Bound Case

Intact fraction of Intact fraction of
Axtal Total Rod Burnup in Total Rod Burnup in
Region Burnup Burnup Intact Rods Burnup Burnup Intact Rods

1 294360 5530 0.019 294360 5330 0.018

2 6167177 2387 0.039 616777 12681 0.020

K) 109840 56955 0.080 1096840 36938 0.052

4 6688775 113955 0.6 6688715 87510 0.127

5 666330 248N 0.3 666330 187535 0.281

6 630134 548990 0.687 630134 470780 0.747

7 418710 41810 1.0 418610 409740 0.978

Fraction of total core burnup 'n Fraction of total core burnup In
Intact rods (upper bound) - 0.35 intact rods (lower bound) - 0.30
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