










































































are present in the TMI-2 core, 1.9810, 2.64%, and 2.9610. The calculated 
isotopic ratios of uranium and plutonium for these three enrichments are 

30 compared with the measured ratios in the reactor sump in Table 7. The 

IIh'asured ratios compare favorably with tne average isotopic ratios for the 
1.98% and 2.64% 235U-enriched fue 1 and the core average rat ios. From 
this comparison, it was concluded by D. A. Powers30 that the central 

. ft·· t 1 235U . h reglon 0 the core con alnlng he two owest enrlC ments was 

certainly damaged, and that the observed ratios were generally indicative 

of a core uniformly damaged across its cross section. However, a cursory 
review of the data in TaDle 7 would suggest that the measured isotopic 

ratios are in better agreement with the cure average ratios, indicating 

uniform damage. 

4.2 Fuel Temperatures 

Estimates of the fuel temperatures can be made based on the types of 
isotopes released and on their release fractions. Isotopes can be grouped 
as a function of their volatility as Shown in Table 8, a synthesis of 

tables in References 31 and 32. Under normal operation, the noble gases 

and halogens are released from the fuel matrix to the fuel-cladding gap. 

At higher temperatures, such as those that might be sustained under 

accident conditions, isotopes of progressively lower volatility are 

released. The longer the fuel remains at high temperature, the greater is 
the release fraction of that isotope. 

Isotopic release fractions are sUlTlTJarized in Table 9. All of the data 
shown represent a nearly complete accounting of the radioisotope inventory 
following August 28, 1979 when a sample of the containment building sump 

was obtained. In general, about 60 to 70% of the nOble gases, and 
50% to 60% of the iodines and cesiums were released to the roolant. The 

increase in the strontium release fraction from March to August is 

consistent with its leaching rate from fuel exposed to water. Under the 

conditions that were calculated for TMI-2, the NRC Special Inquiry Group 

cautiously concluded that between 40% and 60% of the core inventory of 
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TABLE 7. CO~PARISON OF CALCULATED AND 08SERVED ISOTOPIC RATIOS OF URANIUM AND PLUTONIUM30 

Amount (%) of Isotope Relative to Total Elemental Abundance in: 

Average of 
1.98% 2.64% 2 . 9i)"~ Observed 1.98 and 2.64% 

Species Enriched Fuel Enriched Fuel Enriched Fuel ~ Sump Enriched Fuel Core Average 

235U 1.605 2.254 2.572 2.207 1.943 2. 156 
236U 0.074 0.OG1 0.083 0.064 0.078 O.ORO 
238U 98.32 97.665 97.345 97.71 97.98 97.763 

w 
0 239pu 87.916 90.274 91.098 90.6 S9.14Sa 89.807 

240pu 9.684 7.97 7.~41 7.84 8.790 8.299 
241pu 2.292 1.697 1.497 1.46 1.982 1.81 R 

a. The original table in Referp.nce 30 had 87.145, a tvpoqraphical error. 
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TABLE 8. VOLATILITY GROUPINGS OF FISSION PRODUCT ISOTOPESn 

Range of Boiling Points 

Group Classification Volati~ Isotopes (K) ( OF ) 

Noble gases High Kr, Xe 120 to 165 (-243 to -162) 
II Halogens High Br, I 332 to 456 (138 to 361) 
I I I A 1 k ali met a 1 s Inte~mediate Cs, Rb 958 to 973 (1265 to 1292) 
IV Te.llurium Internediate Te 1260 ( 1809) 
V Alkaline Low Sr, Ba 1639 to 1908 (2491 to 2975) 

earths 
w VI Noble metals Volatile Ru, Rh, 2475 to 5073 (3996 to 8672) .-. under Pd, Tc, 

highly Mo 
oxidizing 
conditions 

V I I Rare earths, Low Sm, Ce, La 1875 to 3750 (2916 to 6290) 
actinides 

V I II Refractory Low Zr, Nb 4600 to 520() (7820 to 8900) 
oxides 

a. From References 31 and 32. 



TABLE 9. SUMMARY OF FISSION PRODUCT RELEASE FRACTIONS 

Rel~ase Fraction (~) 

Marc~ 2B, 1979 AU9us~ 28, 1979 

Isotop~ Reference 22 Reference 33 Reference 4 Reference 23 

85Kr 1I.0 60.0a 

13lm:<e 70.0 lio.oa 

113Xe 68.0 60.0a 46 57b - 60:: 

llli ~q.r)r1,P 29.0f 3C)Q 

l1<lCs 76.0 39.0 44 

13(,C, 57.0" 

117Cs IiO.O 49.0 Ii3 

fl'l')r -0.01 1.5 

'){)Sr <0.07 1.7 

il. Reference refers to noble Cj3S release fraction of 60% without distinguishing between Kr and Xe. 

h. P. Cohen, "Fission Product Release from the Core, Three Mile Island-2," July 20, 1979 (see 
Rpference ?3). 

Average 
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53 

57 

57 

c. II. R. Denton, letter from NRC to V. l .. Johnson, Director, Technical Staff, President's Commission on 
the Accident at Three Mile Island, Septemher 28, 1979 (see Reference 23). 

d. fhp reluasf' fractions of 131 1, 13oCs, anrl 137Cs should be auite close sinc" reactor coolant 
Slmples showed that the fractions of the core invf'ntory of these nuclides in the coolant were close (0.124, 
O.I?O, and 0.12~1 respectively); therefnre, the release fractions of 131 1 and 136Cs were estimated bv 
m11ltiplyin9 the 37es release fraction hy the ratio 0f the fractions in the reactor coolant. 

p. The iodine release based nn literal acceptance of the ~aalytial results is 42~, but baspd on its 
chemical hehavior and fission prod.,ct release experiments, the iodine release fraction shoulrl be close 
t'l thf' cesium release fraction. 

f. The iorline and cesium release fractions are expecterl to bf' similar; t~IlS, it is anticipated that ahout 
another 20t of the iodine will he fnunn in the re~ctor Pllrific~thn d"miner~lizer. df'posited on reactor 
C'lntrol rod m~terial (silver), nr plated nn the reactor containment cooling coils (copper). 

q. This \·mrk is cons irlererl to hro about 20'l: ton low as noted in Footnote f. 

h. Aver~'lf' includes an addition~1 ?O~ Jhove the August 28, 1979 measurement as noted in Footnotes f and g. 

1. Am'lunt rele~sed from ~'ilrch 2fl to August 21l, 1979 is consistent with leaching rate from fuel e<posed to 
water. 
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Groups I, II, and III in Table 8 was released to the coolant. 4 A small 

amount of Group IV and a minute amount of the remaining groups were 

released. The average values s~own in Table 9 would tend to support the 

higher end of this range. 

A variety of conclusions regarding fuel temperatures can be drawn from 
35 these data. Based on analyses of the water sample March 29, 1979, HAPL 

concluded that: (a) most of the volatile fission products were released to 
the coolant; and (b) 2 to 12% of the fuel reached 1900 to 2500 K 

(2960 to 4040°F). From the air sample on March 31, 1979, BAPL 35 

concluded that: (a) the cladding of about 9U% of tne 36816 fuel rods 
ruptured; and (b) about 30% of the fuel exceeded 2200 K (3500°F). 

Considering only the 133Xe release fraction of 57%,36 the 

technical staff of 
13 23 temperatures. ' 

the President's Commission speculated on the fuel 

Lorenz37 stated that over a period of a few hours, 

very little of the fission gas would be exp~cted to be r'eleased from fuel 

at temperatures up to 1875 K (2915°F). During the thermal transient 

between 101 and 210 minutes after the turbine tripped, perhaps the lower 

one-quarter of the fuel rods remained covered with water. Near the 

water/steam interface the rods were cooled by steam. Thus, the staff 

considered that about one-third of Ue rod length remained cool enough to 
133 retain the fission gas within the fu(!I matrix. A Xe release fraction 

of 57% from the whole core implies that 85% must be released from the upper 

two-thirds of the core. Lorenz3? stated that a fuel temperature of 2675 

to 2775 K (4355 to 4535°F) would be required. On the basis of these 

considerations, the staff concluded that 50%23 to 66%13 of the core 

e~eeded temperatures of 2475 K (3995°F), and that more than 901 of the 
23 fuel rods ruptured. The number of cladding ruptures is consistent witn 

BAPl's analyses, but the fuel rod temperatures are somewhat higher. 

A substantially different estimate of the fuel rod temperatures has 

been obtained by J. Rest and C. E. Johnson. 38 Their analysis of 

essentially the same fission product re1ease data described above indicates 

that most of the severely damaged regions of the core remained below 2000 K 
(3140°F).4,22,33 
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4.3 Fuel Melting 

By the time fuel rod temperatures achieved high enough values to cause 

liquefaction or fuel melting, many fission products would have volatilized 

and diffused out of the fuel. Upon liquefaction or melting, other fission 

products, such as tellurium and ruthenium, may be released. Many factors 

control the release of Te and Ru, which may also occur prior to fuel 
melting. So, although the presence of Te and Ru does not always mean that 

melting has occurred, ttleir absence generally means tnat melting has not 

occutTed. 

Two primary coolant samples taken on March 28 and April 10, 1979 

showed very little strontium, ruthenium, and tellurium. 4 A sample of the 

reactor sump was also taken on August 28, 1979. Analysis at the Sr content 

indicated that approximately 2% of the Sr inventory in the fuel had Deen 

1 d I dd "" 0 02% f h " t" I ~9mT re ease. n a 1 t lOn, about . 0 ate core lnventory 0 e Wd S 

found. Based on the low j"elease fractions of strontium, telluriulIl, and 

ruthenium, it was concluded that "no significant quantity of the fuel 

reached the melting point of UOZ-"4 There is general agreement on [llis 

aspect of the accident. 

4.4 Particle Size Distribution 

Estimates of the fuel particle size were obtained by conSidering the 

leaching rate of refractory elements from the fuel during the period 

between March 29 and April 10, 1979. As shown in Table 5, the 

concentrations of strontium and barium in the coolant were very small on 
March 2~, but had increased to an average of about 110 and O. 1%, 

respectively, by April 10. Research has shown that the leaching rates are 
comparable to those from glass. 39,40 

A definitive calculation of the particle size distribution in TMI-2 is 

not possiole, however, several estimates have been made. 4,30,4l It was 

generally concluded that a large portion of the core was fragmented and 
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that the size of the particles was probably on the order of a few 

millimeters rather than dustlike. Powers 30 stated that particles 

equivalent to a sphere having a radius of less than 0.3 mOl would be 

leviat2d by the coolant flow and would have escaped the react0r coolant 

system to a much greater extent than the remaining particles of larger 

rad i i. 

Figure 5 illustrates particle size distributions which nave been 

observed in a variety of tests, both in-pile and out-of-pile. The 

RIA 1_1 42 and PCM_l 20 in-pile tests had oxidized cladding whictl was 

fragmented to varying degrees. Preliminary data from out-of-pile tests 

were provided by the Waste Forms Response Project, that is developing 

fundamental information on particle size distributions in irradiated and 

unirradiated commercial fuel subjected to high impact loading. This work, 

performed by EG&G Idaho, Inc., supports Sandia National Laboratories 

Transportation Technology Center's studies of spent commercial fuel 

shipping casks. TMI-2 may have a particle size distribution representative 
of the data shown in Figure 5. 
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Figure 5. Particle size distributions from several types of tests. 
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5. CONCLUSIONS REGARDING TMI-2 CORE STATUS 

Estimates of the core damage based on the interpretation of the 

thermal-hydraulic events, hydrogen generation, alld fission product release 

have been reviewed. This section wi 11 summarize the 1 imits of core damage 

and describe a "reference" core for the purpose of developing tooling and 

procedures for reactor disassembly, defueling, core inspection, and fuel 

sample acquisition. However, as a contingency, tooling should be avai laole 

to encompass the minimum, reference, and maximum limits of core damage. 

5.1 Damage Limits and Reterence Core 

Table 10 summarizes the damage limits estimated by various 

investigators and discussed previously. The estimates for each item in the 

table may not be self-consistent for the ,"inimum and maximum estimates ot 

damage since the estimates have been made by a variety of individuals. The 

"reference" core is also defined in the table and is self-consistent, lying 

between the minimum and maximum damage estimates. 

Figures 6, 7, and 8 illustrate the minimum damage estimate, the 

reference core, and the maximum damage estimate, respectively. In 

constructing the figures, consideration was given to the following 

parameters: (a) the number of failed rods and the condition of the 

peripheral rods; (b) the estimated core blockage area; (c) the percent of 

cladding oxidized in the active core region; and (d) the embrittlement 

level in the core, based on the estimated minimum water-steam mixture level 

during the accident. Appendix D discusses the method of constructing the 
figures in greater detail. Three regions of cladding oxidation are snown 

as a function of the fractional height and ~adius of the active fuel region 
of the TMI-2 core. The height, Ho, and the equivalent radius, Ro, are 

equal to 3.66 m (12 ft) and 1.64 m (5.4 ft), respectively. A region of 

cladding immediately above the mixture level was assumed to be below the 

17% embrittlement criterion and thus intact. Farther above the mixture 

level, a region of the cladding is expected to be embrittled, that is, 
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TABLE 10. SUMt4ARY OF DAMAGE ESTIMATES 

Failed Rods (%) 

Fuel temperature (K) 

Cladding oxidized in 
active fuel region (%) 

~ iquified fuel 

rv101 ten f ue 1 

Core slumring 

Fuel rod fragmentation, 
debris bed formation 

Peripheral rods 

~linimum 

>90 

Gross average 
in damaqed region 

<2000 

40 

Locally oossible 

:~one 

Probable 

Yes 

A few not 
breached, some 
embrittled 

Control rods an~ soacer Molten 
grids 

Instrument tubes Most intact 

Embritt lement 
level (m above bottom 
of core at centerline) 

loS 

Upper plenum assemblies No distortion, 
melting or fusing 
to other stainless 
steel components 

38 

P-eference 

'" 1 00 

Peak 
",2600 

50 

Present in 
several areas 
of centre l 

core 

Nrme 

Yes 

Yes 

r ew, if any 
not breached, 
most emorittl­
ed near top of 
core 

~1e lted 

t·1ost in cen­
tral region 
failed, oeri­
oheral tubes 
i ntae t 

1.4 

Some 
distortion and 
local melting 
pc:;sible. May 
oe fused to 
upper end 
fittings 

r"ax imurn 

100 

Peak 
-..2900 

60 

!:lresent over 
mos:' of c,)re 
radius, oerhaos 
extend;:l~ do\·m­
~Iard to ''': 11 

above core 
bottorr.. 

Dossible ir r: 
few localized 
areas of cen­
tr'al core 

Yes 

Yes 

h 11 fa i 1 ed and 
ern[)r it t 1 ec, 
many viith 
liouified fuel 

j·ielte::! 

All f ai ied 

0.9 

~1e It i ng over 
the central 
lower region. 
Major slumping 
oossible 
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Figure 6. Regional average oxidation and estimated minimum damage config­
uration of the TMI-2 core. 
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Figure 7. Regional average oxidation and reference configuration of the 
TMI-2 core. 
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Figure 8. Regional average oxidation and estimated maximum damage config­
uration of the TMI-2 core. 

41 



greater than the 17% embrittlement criterion, but not fully oxidized. For 

this region, an average oxidation of 45% of tne cladding was assumed. From 

this region to the top of the active core, 100% oxidation was assumed. 

The minimum damage estimate illustratea in Figure 6 was based on 4U% 

cladding oxidation, and partially embrittled peripheral rods. Altnougn tne 

minimum coolant mixture level was estimated to be 1.8 m (5.~ ftl, this 
criterion cannot be met without either reducing the amount of cladaing 

oxidation or allo\oJing the damage to be more uniformly distributed across 

the core. Based on the core flow aY-ea b lockage measurements discussed in 

Section 2.2 and the isotopic ratios of uraniwn and plutonium found in tne 

reactor building sump mentioned in Section 4.1, the core damage is expecteu 

to be more un i forrn. 

Figure 7 illustrdtes the reference core. Embrittlement of the 

peripheral rods, 50% cladding oxidation, and minimum embrittlement level of 

1.4 m (4.6 ftl was assumed. The maximum damage estimate is illustrated by 

Figure 8 in which fairly uniform damage, 60% oxidation, and a minimum 

embrittlement level of 1.1 m (3.6 ftl was considered. 

As evidenced by the highly qualitative discussion in Section 2.2 

regarding estimated plenum temperatures, few definitive comnents can be 

made regarding the condition of the plenum. If the calculated temperatures 

on which the damage estimates were based are actually lower, the upper 

plenum may remain fully intact. However, melted control rod guide tuoe 

brazements, and partially molten or fused stainless steel components woula 

characterize an estimate of maximum damage to the upper plenum structures. 

For instance, fuel assembly upper end fittings could De fused to the upper 

core support plate and control rod spiders could be fused to their male 

coupling pins. It is also likely that some components may rest on top of 

the core debris. 
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5.2 Tooling Development_For Defue1ing 

There are several primary core damage parameters that will affect tne 

development of tooling for reactor disassembly and defue1ing. They 

are: a) the condition of the upper plenum assembly; (b) the extent of 

cladding embritt1ement, (c) the presence of previously 1iquified or molten 

materials; and (d) the condition of tne instrument and guide tubes. This 

section concentrates on Ehese four parameters. 

As a contingency, tooling and procedures capable of handling the 

estimated maximum amount of damage to the upper plenum assembly components 
should be developed. In the event tnat normal control rod disconnect 

procedures are unsuccessful at all positions, tooling and teChniques must 

be developed to remove the remaining control rod drive mechani~ns or to 

sever the 1eadscrews either above or below the reactor vessel head. The 

vessel head should be removed without significant problems. Techniques for 

identifying and separating fused fuel assemoly upper end fittings from the 

upper core support plate snould be devised. As a last resort, major 

cutting may be required. 

As a result of the significant cladding oxidation and fuel rod 

fragmentation which occurred in the TMI-2 core, investigators have 

suggested that a debris bed is being supported by portions of rods wnich 

are embrittled to varying degrees. The upper portion of these rod stubs 

may be brittle enough to fracture While the debris bed above them is being 

disturbed or removed, perhaps by the use of a vacuum technique. Once the 

bed is removed, attempts to handle them during core defueling are expected 

to fragment the rods further. 

Based on the assessments reviewed in Section 2, the presence of 

previously liquified or 110lten material cannot be discounted. Because of 
this, contingency tooling should be developed. The minimum damage 

estimates state that localized areas of liquified fuel are possible. In 

the worst case, liquified fuel is expected to be present over most of the 
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core radius, perhaps extending downward to approximately 1 m (approximately 

3 ft) above the bottom of the core. In essentially all of the damage 

assessments, the U02 fuel is not expect~d to have become molten during 

the course of the accident. Nonfuel core components SUCh as unoxidized 

zircaloy cladding, spacer grids, stainless steel cladding, and the control 

rod poison material are expected to have melted over large regions of the 

core. The once-liquid material may span a height (.- 2 m (6.5 ft). 

Cementation of the debris into larger masses by these materials will 

probably necessitate the use of saws or other cutting tools to separate 

fuel assemblies or reduce the size of debris masses before removal and 

packaging. 

Since damage to the instrument and guide tubes also cannot be 

discountea, contingency tooling should be developed for removing fuel 

assembl ies having severely damaged tubes. For those assemblies that: jve 

intact, structurally sound tubes and upper end fittings, normal or slightly 

modified procedures could be used for fuel assembly removal. For 

assemblies having failed tubes, whose upper portions are embrittled, the 

tubes may still be used for withdrawing the assembly once the debris is 

removed. A tool, perhaps an expanding mandrel, could be inserted into the 

tube down to a location below the embrittled region, however, the presence 

of cemented debris may preclude insertion of such a tool. Alternatively, a 

can with grappling fingers at the bottom could lift the assembly from the 

bottom. 

Table 11 summarizes the types of materials expected to be present in 

the TMI -2 core. 

5.3 Conclusions 

The minimum and maximum bounds of damage have been identified and a 

reference description of the TMI-2 core has been defined. These damage 

limits have been established by reviewing core damage assessments based on 
reconstruction of the thermal-hydraulic events, determinations of the 
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TABLE 11. SUM:-1ARY OF POTENTIAL RANGE OF CORE CONDITIONS TO BE USED IN 
PLANNING OF CONTINGENCY TOOLING 

Material Operation Quantitative Ass~ssment 

Upper plenum Disassembly, Potential for sUbstantial melting 
components removal or fusing to fuel assembly upper 

end fittings in central region 

Loose core Removal 32 000 to 58 000 kga 
debris (70 000 to 128 000 lb) 

Fused core Separation, Length of fused re0ion, a to 2 m 
debris removal (0 to 6.5 ft) 

[;n[)rittled Removal 13 000 to 32 000 kga 
cladding (29 000 to 70 000 lb) 

Structurally Remova 1 32 ~00 to 51 000 kg 
intcct rods (70 000 to 113 000 lb) 

length, a to 3.89 m 
(0 to 12.8 n) 

a. Total weight of potential debris and embrittled c~addirg is 64 000 to 
83 000 kg (140 000 to 184 000 lb). 

45 



· " ~. .. .. . .'~ ~ - . ~ -

hydrogen generated, and fission product release data. The information 
contained in Figures 6, 7, and 8 and in Tables lC and 11 should be 

considpred in planning contingency tooling and procedures for reactor 

disassembly, defueling, core inspection, and fuel sample acquisition. 
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TABLE A-l. FUEL ASSEMBLY COMPONENTS, MATERIALS AND DIMENSIONSA- l 

Item 

Fuel Rod (208 rods/assy) 

Fuel 

Cladding 

Fuel rod pitch 

Active fuel length 

Nom. fuel-cladding 
gap (SOL) a 

Ceramic spacer 

Fuel Assembly 

Number Pitch 

Overall length 

Control rod guide tubes 
( 16) 

Instrument tube (1) 

End fittings (2) 

Spacer grids (8) 

Spacer sleeves (7) 

a. Beginning of life. 

Material 

U02 dish-end, sintered 
pellets (92.5% TO), 2.57 
wt% 235U (core average, 
first cycle) 

Zircaloy-4 

Zr02 

Zircaloy-4 

Zircaloy-4 

304 55 (castings) 

Inconel-718 

Zircaloy-4 

53 

Dimensions, in. 

0.370 diameter 

0.430 00 x 0.377 10 
x 153.125 long 

0.563 

144 

0.007 

0.366 OD 

177 
8.587 

165.625 

0.530 00 x 0.498 10 

0.493 00 x 0.441 10 

0.554 00 x 0.502 10 



TABLE A-2. CONTROL ROD ASSEMBLY DATAA-l 

Item 

Number of fu1~-length eRAs 
Number of control rods per assembly 
Outside diameter of contra1 rod, mm (in.) 
Cladding thicKIless, mm (in.) 
Cladding material 
End plug material 
Spider material 
Poison material 
Female caup1ing material 
Length of poison section, m (in.) 
Stroke of control rod, m (in.) 

61 
16 

Data 

11. 18 (0.440) 
0.533 (0.021) 

304 55, cold-worked 
304 SS, annealed 
SS grade CF-3M 
80% Ag, 15% In, S% :d 
304 SS, annealed 

3.40 (134) 
3.53 (139) 

TABLE A-3. AXIAL POWER SHAPING ROD ASSEMBLY DATAA-l 

Item 

Number of APSRAs 
Number of APSR/assy 
Outside diameter of APSR, mm (in.) 
Cladding thickness, mm (in.) 
Cladding material 
Plug material 
Poison material 
Spider material 
Female coupling material 
Length of poison section, m (in.) 
Stroke of APSR, m (in.) 

8 
16 

Data 

11. 18 (0. 440 ) 
0.533 (0.021) 

304 SS, cold-worked 
304 SS, annealed 
80% Ag, 15% In, 5% Cd 
SS, grade CF-3M 
304 SS, annealed 

0.91 (36) 
3.53 (139) 



TABLE A-4. BURNABLt POISON KOD ASSEMBLY DATAA- l 

Item 

Number BPRAs 
Number of burnable poison rods 

per assembly 
Outside diameter of burnable 

poison rod, mm (in.) 
Cladding thickness, mm (in.) 
Claddinq material 
End cap material 
Poison material 
Length of poison s~ction, m (in.) 
Spider material 
Coupling mechanism material 

TABLE A-5. ORIFICE ROD ASSEMBLY DATAA-l 

Item 

Number of orifice rod assemblies 
Number of orifice rods per assembly 
Outside diameter of orifice rod, mm (in.) 
Orifice rod material 
Spider material 
Couplinq mechanism material 

55 

68 
16 

Data 

10.92 (0.430) 

0.889 (0.035) 
Zircaloy-4, cold-worked 
Zircaloy-4, annealed 
A l203-B4C 
3.20 (126) 
55, grade Cf -3f'<1 
30455, annealed and 
17-4PH, condition HllOO 

97 
16 

Data 

12. 19 (0.480) 
304 S5, annealed 
S5, grade CF-3M 
304 S5, annealed, and 
17-4 PH, condition H1100 



TABLE A-6. CORE DESIGN DATAA-l 

A. Reactor 

1. Design heat output (MWt) 

2. Vessel coolant inlet t~mperaturp, K (OF) 

3. Vessel coolant outlet temperature K (OF) 

4. Core coolant outlet temperature K (OF) 

5. Core operating pressure, MPag (psig) 

3. Core and Fuel Assemblies 

Total fuel assemblies in core 

Fu~l rods per fuel assembly 

l. 

2. 

3. Control rod guide tubes per assembly 

4. In-core instr. positions per fuel assembly 

C. Fuel Assembly Volume Fractions 

Fuel 

~~oderi'l.tor 

Zirca10y 

Stainless steel 

Void 

D. Total UO Z Beginning of Life 

U02' first core (metric tons) 

E. Core Dimensions 

EQuivalent diameter, m (in.) 

Active height, m (in.) 

56 

2772 

565 (557) 

592.8 (607.7) 

594.4 (610.6) 

15. 1 (2185) 

177 

208 

16 

0.303 

0.580 

0.102 

0.003 

0.012 

1.000 

93.1 

3.27 (128.9) 

3.66 (144.0) 



p 

TABLE A-7. MELTING POINTS OF CORE MATERIALSA-Z 

Material 

UOZ 

Zircaloy-4 (Fuel Rod Cladding and 
Guide Tubes) 

Zr02 (By-Product Metal-Water Reaction) 

Inconel 718 (Spacer Grid) 
1559 

Ag-In-Cd (Control Rod Poison) 

304 SS (Cladding of Control Rods and 
Axial Power Shape Rods) 

SS, grade CF-3M 

A1203-B4C (Axial Power Shape Rods) 

U02-Gd203 (2 fuel assemblies 
contained gadolinia test rods) 

57 

Melting Temperature 

(K) 
3078 

2123 

2988 

1533-
1559 

106() 

1672-
1694 

1698 

2303 

3023 

3362 

4919 

2300-
2346 

1472 

2550-
2590 

2600 

3686 

4982 
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APPENDIX t) 

lIRCALOY OXIDATION 

Oxidation of zirconium in steam proceeds according to the exothennic 

reaction 

such that two moles of hydrogen are produced for every mole of zirconium 

consumed to become zirconium dioxide. Based on the calculated mass of 

hydrogen produced, the amount of zirconium oxidized can be calculated as 
follows: 

Zr (kg) = 
H (kg) 1 mole Zr 

2 kgH/mole H 2 x 2 moles H 2 x 

Z r (kg) = 22.805 x H (kg) 

91.22 kg Zr 
1 mole Zr 

Since zircaloy (Zry) is 98% zirconium, B-1 the amount of zirconium 

oxidized for each kilogram of hydrogen produced is 

Zry (kg) = Zr (kg)/0.98 = 23.27 H (kg). 

This equation was used to obtain the values in Table 3 of cladding 

oxidized. Dividing the amount of zircaloy oxidized by the amount of 
" 1 "t 23 920 kg,B-2 fAd" C "ld h f " Zlrca oy ln he core, rom ppen lX ,yle s t e ractlon 

of zircaloy oxidized. 

REFERENCES 

B-1. P. D. Kaufmann and E. F. Baroch, "Potential for Improvement of 
Mechanical Properties in Zircaloy Cold-Rolled Strip and Sheet." 

Zirconium in Nuclear Applications, ASTM STP 551, American Society for 

Testing and Materials, 1974, pp. 1(9-139. 
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B-2. Letter, R. N. Duncan, Combustion Engineering, Inc., to E. L. Zebroski, 

EPR!, "Utility/Industry Committee on Reactor Core Condition, TNI-L' 

Zircaloy Inventory," FMO-79-140, April 17, 1~7~. 
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APP[NDIX C 

ZIRCALOY INVENTORY AND DISTRIBUTION IN TMI-2 

From Reference C-l, the preaccident zircaloy inventory in the core of 

177 assemblies is distributed as follows: 

Component 

Fuel rod cladding 
Upper and lower end plugs 
Spacer discs (inside fuel rod near top) 
Assembly guide tubes 
Instrument tubes 
Burnable poison cladding 

TOTAL 

~ 

20 411 
tij5 
318 
678 
318 
502 

23 922 

fv1ass 

1 bni 

45 000 
1 4uU 

7UO 
j 700 

700 
I 240 

kg 52 740 

The fuel rod cladding, assembly guide tubes, and instrument tubes are 
3.89 m (153.125 in.) long; the fueled length of the rods is 3.66 m 

1 D 

(144 in.). Thus, the amount of zircaloy in the active region of the core 

is the ratio of the lengths multiplied by the weight of those three 

components and added to the weight of the burnable poison cladding. The 

end plugs and spacer discs are considered to be out of the core. 

Performing the calculation yields a value of 21 634 kg (47 703 Ibm) 

for the weight of zircaloy in the active region of the core. This is 90.4% 

of the total amount of zircaloy in the core. 

REFERENCE 

C-l. Letter, R. N. Duncan, Combustion Engineering, Inc., to E. L. Zebroski. 

EPRI. "Utility Industry Commlttee on Reactor Core Condition. TMI-2 

Zirca10y Inventory." Fl'tiQ-79-140, April 17, 1979, (NSAC File No. 

ANA-CO-0015). 
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APPENDIX D 

CONSTRUCTION OF CORE DAMAGE LIMIT ILLUSTRATIONS 

This appendix briefly outlines the manner in which Figures 6, 7, 

and 8, illustrating the minimum, reference, and maximum damage estimates, 
were constructed. 

Four assumptions were common to all the ddmage estimates. First, a 

general parabolic shape was chosen for the interfdce between uifferent 
oxidation regions of the core. Second, three types of regions were assumed 

to exist: (a) cladding in the upper elevations was assumed to be 100% 

oxidized; (b) cladding in the central elevations was expected to be 

embitted (greater than 17% oxidi7eo), but less than 100% oxidized due to 

uncovery during only part of the accident, so 45% was chosen; and 

(c) cladding in the lower regions was not uncovered, remaining belvw t~e 

17% embrittlement criterion, so 0% was chosen. The volume of each region 

was obtained by integrating the parabolic equation as a solid of revolution 

about the core centerline. Multiplying the regional volumes by the 

fractional amount of oxidation within each region yielded the total amount 
of zircaloy oxidation in toe active core region. 

Third, it was assumed that the minimum water-steam mixture leve 1 
con t ro 11 ed the elevation of the zircaloy embrittlement, namely, the 
locat ion of the boundary between the bottom and central regions of 
oxidation. Lastly, the estimate of 90% blockage tended to indicate that 
even the peripheral fuel assemblies were damaged to some extent. 

In ootaining Figure 6, the minimum damage estimate, it was 

specifically assumed that some of the peripheral rods were intact. 

Oxidation of 100% was chosen to extend across the whole core diameter, but 

only to a very small depth at the edges of the core. In the remaining 
estimates, fairly uniform damage was assumed. 
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