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"Slnq three genet'al ,-,pp,-oaC'l,~s ~u ,:et~I-:lll"t: :Ile CXl.t~nL_':- CL'I-~~ j,·;nat::J t:'. 

First, thenTlal-tlyorduli,.:. '::d:'rlts ,'tTe r't:conSl,-_.Cl~ll I,SII'S dVc1ii,t,)iL .JellJ, 

thennal-tlyuraulic principles, cind cOlilputer Jllalyse's. :)b.:IHllJ. 

determinations of tne IlyJroljen generatell j'l'-'iueo esti.lldtcs ot tne diliounL uf 

zircaloy oxidizec and emtJrittled. T11 il-d, tnt: type and quanlity ut fissiun 

products releaseo Lluring the ac.ciJent \'Jere LJseci to e::,timdle tile L)CatlJIl of 

core damage and tile fuel temperatures \'Jilictl \'Iere acnievell. Uncertaillt ie':> 

exist in eaCI type ot detet'lilination clue to llle equivocal nature ot tile 

data. Thus, the purpose of this paper is tu ,-eview dnd SUllllnarize tile Cul'~ 

ddmage assessments whictl Ilave been made, identify llll: minimum and ITldX11IlU;;1 

bounds of damage, and establish a "reference" clescripti,)fl • 11- 'tle CUI-.-tl't 

status of the cure. Tne dlff2t-ent rie'grees of dei:TliHle present ir: tr:e 

reference core will be consiaet-ecl ouring ,levc'loprr,er:t oJl ~,jntl!l!lenc) ~.;J"ii"'J 

and procedures for inspection, sample acquisitlOn, Jild uetuei Irll; of tilt: 

core. 

Fl-om reconstruction ot the tllennal-Ilydt'aillic events, it Wi:i~ c:uncludeu 

ttlat the core remained covered up to lOU minutes into the dCClCJenl anti 1I1dt 

(Tlost of the damage occurred during the period from 100 to 210 minutes when 

the core is thougnt to have been uncovered. ~amage to the cure is a strong 

function of the time-dependent steam-water Inixtul-e level in tnt': core Wlllch 

was greatly affected by tllP net IIlakeup f10\>, (Juring this peno(L C1i:idulny 

reacned ternperatures bet\veen 1030 K (13':)SOF) and 1150 K \ 16IUOF) allL! fai lell 

by ballooning between 137 dnd 142 minutes. Tile cladding c·)ntinueLl tf) 

increase in teillperature, becoming I)xidizeo and eillbrittleo. Tne fuel 

reached peak ternperatul-es vat-ying bEtween 2UOO K (314i)OF) and 2':JUU K 

(4760°F). At tempet-atlJres greatet- tnan 2175 K. (34:noF), ut'dniulO uioxioe 

fuel iJellets in contact with Illolten claddiny coulll nave been dissolveo oy 

ti1e zircaloy, forming a liqlJid phase of zirconiu:n-uraniulH-oxygen termed 

"liquified fue]," The ternpet-atures achieveJ are also 111gl1 enough tv melt 



l 

lnconel SDdcei- gridS, stainless steel core components and the 

sllver-indium-cadmium poison material in the control rods. Estimated 

Pmper-atures of tn(: upper plenum structure range between 1500 K (U40°F) 

anj ldOO K (27bO C F), high enough to suggest that melting of control rOd 

quide tUDe cr-azements and stainles<; steel components may have occurred. Ar. 

174 rnlnutes, a sudden influx of water to the core is expected to hdve 

rd~iJly quencned tht embrittled cladding and not fuel, fracturing the fuel 
rodS and fOrminq a debris bed in the upper region of tne core. Aoditional 

Cure damage, prulJ':lDly cUre slumping and densificatlOn of the debris bed, 

ap~arently OCC0rre~ at about 225 minutes. Postaccident core flow 

r','sistance IlIeJSllrci:,ents indicated an effective core flow area blockage of 

dpp r 0ximately 90%. Since the peripherJI fuel assemblies make up more 

tnan 20/~ of the core flcJ\'J area, some blockage is expected at tne periptlery 

of [ne core. 

)\nJ lyses of tne tlydl'ogen pruduced yielded est imat'"!s of ttle ,jlilounL of 

zir'caloy oxieJizeu. Alu10ugh oxiJation of fuel and oUler C0t-e components 

couleJ also generate hydt'oyen, tne expected amount is sillall compared to that 

from oxidation of zircaloy. Estimates were based on ~tle hydrogen and 

uxygen content of st'veral postaccident containment building air samples, 

tile pressure inCt'ease in the containment building signifying the aillount of 

hydrogen LJurneu, and est imates of the tljclt-ogen present in the primal"y 

system, both free and in solution. About SOl of the zircaloy in the active 

core region is estimated to have been oxidized. 

The assessment of core damage based on analyses of fission product 

release is not as precise as the first two methods, but it generally is 

confinnatoq. Measured isotopic ratios of uranium and plutonium in tile 

'"eactor building sump indicate that the central region of COt'e, and perllaps 

the \",hole core, \Vas uniformly damaged. The estimates of temperature based 

on fission products found in ttle coolant vary greatly, from gross core 

average temperatures below 2000 K (3140°F) to doout 40% of the fuel greater 

than 2b75 K (4355°F). Tnere is general aqreement, however, that tne fuel 

n""'lined below tl,e melting point of U0
2 

because ver'y little strontium, 

. llurium, and ruthenium were present. 
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Factors of primary interest during reactor disassembly a~d removal of 

the core are the condition of the upper plenum, the amount of C!,:l.dding 

oxidized, the presence of once molten materials suCh as liquified t~el anG 

control rods, and the conditiQiI Gf t!1e in<;trument and guide tubes. SOll,2 

components of the upper plenum structure may have melted or fused together 

during the course of the accident necessitating the development of tooling 

and procedures for this continyency. It is evident that a bed of 

fragmented fuel and cladding has formed, perhaps extending to the core 

periphery. A few of the upper plenum components may rest on top of tne 

debris. The amount of cladrling oxidized, approximately SO%, is inaicative 

of tne frdction of the core which is orittle or fragmented. The presence 

of liquified fuel, or any once molten material, is enough to ensure that 

some areas of the debris will De fused together and that separation 

techniques and tools must De designed accordingly. The total weight at 

potential debris and embrittlea cladding IS 64,OUO to 8~,OUO kg (140,000 to 

184, UOOI b ) . 
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1. INTRODUCTION 

Following the accident at the Three Mile Island Unit-2 (TMI-~) Nuclear 

Power Station on March 28,1979, examination planning groups were formed to 

make recommendations for core damage assessment and core removal, and for 

fuel experiments and examination. These are Planning Groups 7.~ and 7.4, 

respectively. In their recommendations contained in tne GEND Planning 

RePort,l eacl1 group recogni zed the need to thorougt1ly understand tile 

nature of the present configuration of tne TMI-2 core and related 

components. The planning reports addressed se~02ral types of ex~ninations 

for a range of core damage, but only cursorily reported on the expecteu 

core damage. A review of the detai led core dalllaye assessments is needed to 

help narrow tne scope of the planning. 

ThUS, the purpose of this report is to revie~" and summarize the c'Jre 

damage assessments \oJhicn have oeen made, identify the mini!lllJln and maximum 

bounds of damage, and establisn a "reference" description for tne current 

status of the core. The different degrees of damage present in the 

refer~nce core will be considered during plannlng of contingency tooling 

and procedures for reactor disassembly, fuel remova-i, core inspection, and 

fuel sample acquisition. 

Possible d~nage to the reactor core has been analyzed. Tne core 

damage assessments were generally of three types: 

1. Reconstruction of the transient thennal-hydraulic behavior of tne 

system by using interpretations of data available from in-core 

and outside-of-core instrumentation and computer code analyses; 

2. Analyses of the amount of hydrogen produced; and 

3. Evaluation of the amount of fission products released. 
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Numerous uncertainties exist in each type uf assessment due to the 

equivocal nature of the available data. 

Section 2 of this report describes the thermal-hydraulic ctnalyses of 

core damag2. Analyses of the core damage using data on hyorogen generation 

and fission product release are discussed in Sections 3 and 4, 

respectively. Section S summarizes the best estimate ddlliage to tfle cure 

components and defines a "reference" core. Appendix A outlines some 

relevant design parameters of tne TMI-2 reactor core. Appendi~ S specifies 

the equations to determine the amount of zircaloy oxidized frum the total 

hydrogen produced. The inventory and distrioution of zircaloy in the core 

are presented in Appendix C. Appendix D describes the method of 

constructing illustrations of ttle core dalilage limits. 

2 



--------........ -----------
2. THERMAL-HYDRAULIC EVENTS 

Several investigo:ors (see References 2 through 8) have attempted tu 

reconstruct the sequence of thermal-hydraulic events in the TMI-2 core and 

primary system as one method of assessing core damage. They have used 

known events from log books and reactimeter data, information deduced from 

instrumentation that was often used for measuring parameters other tnan the 

ones originally interded (such as obtaining liquid level data from neutron 

detectors), and thermal-hydraulic principles and computer models to arrive 

at a consis~ent set of events. 

The investigators agree that the core experienced no damage during tne 

first lOG minutes into the accident. The reactor was shut down and 

produced energy at decay heat levels that was being removed by tne pri,r J.(j 

coolant pumps. Although the core remained fully covered by water, tn~ 

pilot operated relief valve (PORV) on the pressurizer aischarge piping 

remained open, causing a decrease in pressure and a loss of coolant 

inventory from the primary coolant system. At 73 minutes into tne 

accident, the primary coolant pumps in the B loop were stopped and at 

100 minutes, the A loop pumps were stopped. As a result of the loss in 

primary coolant flow and the continued loss of coolant through the PORV, 

the core began to uncover. The core did rut become covered again until 

about 210 minutes. 

Most, if not all, of the dam~ge to the core is believed to have 

occurred between 100 minutes and 210 minutes. This section briefly 

summarizes the results of the thermal-hydraulic studies as they relate to 

the behavior of the core materials during this period and to the core 

status at present. 

3 ------------......... 



2.1 Transient Water-Steam Mixture Level 

During core u71covery, the two-phase steam anJ l'later' lillxture, wllich had 

been homogeneous during forced flow, separated. Steam collected in tile 

hig~l regions of tile ~)l'imary syslem. Helol'" tne water-steam mixture l<::>vel, 

the coolant was n':ar or at saturation, ana Ileat transter from tile fuel rods 

to the coolant kept tne rods near the saturateL1 coolant temper'atures. 

Relatively inefficient heat transfer occurTed above the mixture level ana 

fuel rod temperatures increased dralflatically. Thus, the transient mixtut'e 

level ,is significa!lt i,l defining the extent of damage. oelol'l an elevation 

Ulat is a snort clistance aDove tne mixture level, tile zin:aloy wi 11 t'emain 

relatively cool ana retain its mechanical properties. At hiyner 

elevations, ttle zircaloy wi II become hot enougn [0 react I'nth steam, 

becoming oxidized and embrittleo. Figure 1 surrunar'izes the time-dependent 

water-steam rnixtur'e level in the cor'e as determined by sever'al 

investigator's. Information obtained bJ these investigators is discussed in 

the following sections by or'gdnization. 

2.1. 1 Nuclear Safety Analysis Center 

According to the Nuclear Safety Analysis Center {NSAc),~,3 the 

init~ation of core uncovery occurred at about 113 minutes. The calculatea 

Itldter-steam mixture level in tIle cOr'e au~':n<; this period, shown ill 

Figure 1, was derived fr'OIll calculated heat and 'flass balances dnd a variety 

of data from su01 instr'uments as the outsiL~e-of-cor'e SOUI'ce range detectors 

and in-core self-powered neutron detectors (SPNOs). Althougll tne block 

valve on the PORV piping was closed at 140 minutes, tne decrease in the 

core mixture level was still expected to continue. ,'he mixture was 

expected to drop to the 1 metre (3.3 ft) elevation at 174 minutes and then 

begin to increase. However, after 174 minutes the mixture level was not 

well characterized. 

4 
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2.1.2 Nuclear Regulatory Commission Special Inquiry Group 

A slightly different mixture level history was outlined by tile Nuclear 

Regulatory Cornmission (NRC) Special Inquil'y Group,4 although it is not 

specified in enough detail to be included in Figure 1. Core uncovery is 

believed to have started between 102 minutes and 112 minutes. An 

engineering code, TMIBOIL,9 was used to calculate tne fuel rod 

temperatures and core damage parametrically. The studies were performea 

varying the minimum core mixture level, Doiloff rdte, radial peaking 

factors, and conduction heat transfer coefficients. The damage calculdted 

for each scenari 0 was compared wi th the amount of hydrogen genel'atea, 

fission product release, and maximum recorded temperatures. Based on tnese 

analyses, a scenario in which the core mixture level dropped to 

1.2 ± O.IS m (4.0 ± 0.5 ft) above the bottom of the core, and aChieveu 

a steady-state level after 120 minutes correlated well witn the availaole 

data. At 130 minutes, the priwary system pressure began to rise, and at 

aoout 140 minutes, the block valve to the open PORV was closed, stopping 

the loss of primary coolant. The primal'y system pressure continueo to 

increase and the coolant mixtur· ' level in the core began to rise. 

2.1.3 Los Alamos Scientific Laboratory 

The Los Alamos Scientific Laboratory (LASL) performed Tl'ansient 

Reactor Analysis Code ~TRAC) analyses of the thermal-nydraulic 
5 8 events.' Estimated values for tligh pressure injection, letdmoJn, and 

PORV flows were input to the code. Heat from fission procuct decay and the 

oxidation of zirconium were moJeled. TKAC calculated core uncovery at 

100 minutes. The coolant mixture level dropped to 1 m (3.3 ft) at 

140 minutes, the time at whlcn the block valve to tne PORV was closea. The 
mixture level gradually stabilized at about 1.2 m (4.U ft) where it 

remained until about 185 minutes, the time at which the calculation was 

terminated. 

6 



2.1.4 Battelle Columbus Laboratories 

The n~I-2 accident was also analyzed by Battelle Columbus LdDoraturies 

using MARCH, a code which predicts thermal and hydraulic conditions 1n the 

primary coolant system and containment building for hypotlletical cor'e melt 

accident senarios. 6 Boundary conaitions input to MARCH wer~ varie~ 
within their uncertainties to yield approximately 20% of the core at 
temperaturpo; greater than 2550 K (413UOF). Thi s represents an upper' bound 
on the fuel ~emperatures based on examination of the data on radioactivity 

release to the containment, and maximizes the senSitivity of the core 

response to variations in alternative event sequences. Initiation of core 

uncovery was calculatea to occur at 101 minutes. At about 135 minutes, a 

minimum collapsed liquid level of 1.7 m (5.5 ft) was calculated. The 

mixture level decreased at a rate approximately 50% faster than expecteu by 

boiloff due to decay heat because steam condensation in the steam generator 

was depressurizing the primary system and causing additional flashing. 

After 142 minutes, corresponding to block valve closure, the mixture level 
increased, rising to 2.4 m (8 ft) at 160 minutes. 

2.1.5 Westinghouse-Nuclear Energy Systems 

West inghousr: ,~uc l\...:;r Energy Systems (W-i~ES) performed calculat ions of 

the lrlI-2 accide;'t for ::!,e President's Commission to evaluate degraded core 
7 cooling for four different degrees of core damage. One set of analyses 

treated an originally intact core representative of TMI-2. Core and system 

conditions at 100 minutes were obtained from NSAC. 10 A best-estimate, 

net makeup flow of 2.6 kg/s (41 gpm) was assumed. For the purposes of the 

analyses, closure of the block valve, operation of the high-pressure 

injection system after 100 minutes, and restart of the primary coolant pump 

after 100 minutes were assumed not to occur, although all three of these 

assumptions were inconsistent with the actual TMI-2 transient. The 

calculated time-dependent core mixture level was in close agreement with 

the original NSAC estimate;lO the predicted minimum level was about 0.9 m 
(3 tt). 

7 



2. 1. 6 Summary 

The variablility of the Ivater-steam mlxture level results sununarizeo 

in Figure 1 may, in part, be E~plained by parametric analyses using MARCH 

which indicated that the calculated results were sensitive to the net 

makeup/letdown flow rate due to uncertainties in the high pressure 

injection and letdown line flow rates. The net inlet flow rates used in 

some of the analyses and tile fuel rod behavior parameters which are 

affected by the flow rate are summarized in Table 1. As might oe expected, 

as the net inlet flow decreases, the minimum mixture level generally 

decreases, fuel temperatures increase, and the alllount of zircaloy oxidized 
increases. 

2.2 Core Damage 

During the period of core uncovery from about 100 minutes to 

174 minutes, the fuel rods were heating up. As cladding temperatures 

reached a range of about 1030 K (1395°F) to 11~U K (1610°F), rupture of the 
? 4 

rods began to occur.L, Since virtually all the rods reached 

temperatures of this magnitude, greater than ~O% of the rods are expected 

to have failed. 2,4 The best estimate of the time of failure ranges from 

137 to 142 minutes after the start of the accident. 2 This coincides well 

with an estimated three-Illinute transport time of the fission products to 
the containr 1t radiation monitors which responded at 145 minutes. 2 

The cladding continued to heat uP. becoming oxidized ana embrittled. 

This exothermic reaction contributed to the rapid heatup of the core. Hot 

zircaloy in the upper regions of the core may have become fully oxidized. 

As the heat source from oxidation decreased, the oxidi~ed cladding would 

have cooled. Steam rising from the lower regions of the cor'e carried 

€ilergy from the peak power locations to the upper region of the core, thus 

smearing the fuel rod temperatures and the axial extent of cladding 

oxidation. ll Approximately the upper half of the core was embrittled. 

Detailed estimates of the amount of zircaloy oxidized are discussed in 

Section 3. 
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T Jl.t3LE l. VAKIATION IN ESTlIv1ATED NET INLET FLOW KATeS BETWEEN IOU AND 
200 MIN. 

Minimum F ue 1 Fract ion of 
Net Inlet Mixture Rod PeaK Core Fraction of 
F low Ra~e LeveJ Temperature >2550 K Cladding 

(Kg/S) ( m) (K) (>4130°F) Oxidized 
BCL-MARCH6 6.9 ",2550 0.01 0.02 
(nign ECC) 

gCL-MARCH6 5.7 1.8 >2550 0.24 0.15 
(base case) 

3CL-MAKCH6 4.4 >2550 0.42 0.24 
(low ECC) 

W-NES 7 2.6 "-0. gc 2880 >O.33d 

Nr{C 1.6e 

NSAC2 f 0.97 

LASL- - 12. 89, "'I "'1800"n <0. 13 i 
TRACS,12 -4.59, 2500 

Og 

a. 1 Kg/S = 15.87 gpm, assuming tnat tne density of water is 1 g/mL 
(8.35 lb/gal). 

b. m = 3.28 ft. 

c. Based on close agreement ~ith Reference 10. 

d. Top 1.2 m (4 ft) of core was 100% oxidized. 

e. Letter, L. S. Tong to M. Cunningnam, Attachment III, "Best Estimate 
Initial and 80undary Conditions for TMI-2 Analyses," USNRC. July 26. 1979 
(see Reference 6). 

f. May be negative (see Reference 6 pp. 4-2). 

g. Assumed net inlet flow rate for 101 min < t < 120 min = -12.8 kg/s 
(-203 gpm); 120 min < t < 138 min = -4.5 kg/s (-71.4 gpm); 
t > 138 min = O. 

n. About 1800 K (2780°F) was calculated by T~AC at 180 min; extrapolation 
of the TRAC results to 200 min yields about 2500 K (4040°F) in the hottest 
core regions. 

i. Calculated maximum oxidation at hottest axial location extrapolated to 
the total core yields 130 kg (287 lbm) of hydrogen at 185 min. which is 
equivalent to oxidizing about 13% of the cladding (Reference 26). 
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A r~nge of peak fuel rod temperatures has been estimated. Hased on 

TRAC calculations, peak temperatures were estimated to be 2400 K8 

(3860°F) to 2600 K12 (4220°F) before resumption of high pressure 

injection flow. Fuel rod plenum temperatures were estimated to be about 

1700 K12 (26LJUOF). NRC's Special Inquiry Group and W-NES estimated 

slightly higher peak fuel temperatures of 2700 K4 (4400°F) and 2900 K7 

(4760°F), respectiv~ly. The PresiJent's Commission cuncluded t/lat tne fuel 

temperatures may have exceeded 2475 K (4000°F) throughout 3U to 40% of the 
core volume, and 2200K (3500°F) throughout tne upper 40 to 5u% of the 

13 T .' . N-A- 14 t core. hese est 1I11ates are hlgher tllan tne est lmate Oy ~ L. tha 

the gross core ~~erage temperatures did not exceed 2000 K l3140°F). 

However, a quantitative comparison cannot specifically De made since NSAC 

specified neither t~e size of the damaged region nor the peak temperatures. 

At temperatures above 2175 K (3455°F) , it has been experimentally 

observed 15 that the UO
Z 

fuel pellets, in contact with toe cladding, can 

be dissolv2d by the zircaloy, forming a liquid phase of Zl'-U-O termed 

"liquified fuel." Essentially all investigators expected that liquifiea 

fuel would have Deen produced in small quantities, but that little or no 
. 13 14 fuel meltlng occurred.' NRC's eVlluat~on is somewhat more 

pessimistic, suggesting that no less than 32% of the fuel assemblies have 

fingers of previously liquified fuel extending belm-; the region ot primary 
4 damage. 

Estimates of the damage to other core components, whose materials and 

melting points are tabulated in Appendix A, can be made from these 

temperatures. Calculations performed using radiative and convective heat 

transfer between fuel rods, steam, and nonfueled rods such as control rod 

guide tubes and burnable poison rods indicate that the temperature of tile 

non-fueled rods may only have been about 10 K (18°F) less than that of the 
16 fuel rods. However, for the period up to 174 minutes in the accident, 

17 
the NRC Special Inquiry Group suggested that "percolation" may have 

occurred in the instrument and control rod guide tubes: 

10 



"Instrumentation tubes and control rod guide tUDes survive.:1 longer 
than the neighboring fuel rods because they were not significant heat 
sources and because they served as 'percolator tUDes' during 
depressurization, in which steam bubbles, formea in the annuli, caused 
liquia water to percolate above the average level in the core to reach 
higher temperature regions before evaporating. The net effect was to 
produce a much higt1er mass flol" of steam, as well as velocity of steam 
flow, through the annuli between the guide tubes and the contl'ol rods 
(and in the double annuli of the instrumentation tubes) tnan occurred 
in the subchannels between neighboring fuel rods. Thus, the guide 
tubes, control rods, and instrumentation tubes stayed much cooler than 
otherwise expected during depres;urization and, consequently, lagged 
significantly in temperature rise compared witl) their surroundings. 
Their heatup started later, and the heat absorbed by them was 
transferred by radiation from neighboring fuel rods and by 
conduction-convection interaction with the stearn in the fuel 
sUbchannels." 

Recent evidence suggests that the instrument tubes may not have 

survived. Figure 2 is a cross section of tne instrument string comprised 

of seven SPNDs, one thermocouple, and one background detector. The In~onel 

oversheath is the primary pressure boundary and the Inconel center tube is 

the secondary pressure boundary. A swagelock fitting on the instrument 

string acts as a third pressure boundary. After removing the swage lock 

fitting on one instrument string, a traveling in-core prObe (TIP) was 

inserted into the central hole of the instrument string that was located in 

the center of the N-8 assembly at about tne mid-radius of the core, four 

rows from the center assembly as shown in Figure 3 (based on Reference 3). 

The TIP was partial~y inserted, perhaps as high as 1 m (3.3 ft) above the 

bottom of the core, with great difficulty before being withdrawn. 18,19 

During removal, the detector stuck several feet below the core and is 
currently immovable. r"lagnesium oxide insulation in the TIP is known to 

swell when in contact with water. Tne inner tube of the instrument string 

is the last pressure boundary for the assembly with the TIP inserted. 

White boric acid crystals are present on the concrete floor where the 

in-core detectors originate. Although the boric acid crystals cannot be 

confirmed as being deposited from \'later emanating from the instrument 

string with the TIP, this observation is consistent with the postulation 

11 
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tnat tnat particular instrument string has f8iled. If this is in fact tne 
case for an assembly at the midradius of the core, tllen it is very possible 

that a large majority of the instrument strings in the central region of 

the core have failed. 

The axial power shaping rods, control rods, and burnaole poison rods 

O"Iere also Llamaged. Slnce tne melting points of the silver-i:-:jium-cadmiulII 

alloy dnd tile 304 stainless steel are about 107~ K (147S0F) drlJ loIS K 

\2555°;:-), Y-espectiv2ly, ttlese rods melted over mUCh of the sallle voluille of 

the core in \-Ihicn the fllel rods were oxidized. The Ag-In-Cd alloy prooaDly 

remained in tne core region since it is irlsoluole in water-. Bottl llIaterials 
con[riouted to fonnation of the debris bed and fusing of portions of the 

rUbble. The zircaloy cladding of the burnaDle poison rods QxidizeLl over 

the same reyijn as ttle cladLling on the fuel rods so tnese rodS are in tne 

same fraymented condition. The rods are proba!Jly in ,:Jlace, ~}lJt the Doran 

absorber is known to leactl out in the presence ot wateY- 111 J rduiat ion 

environment. Gadolinia burnaole poison rods (UO -Gd 0.) in two test 
{ ~ J 

assemblies are also oxidized and fraymen~ed. Since tile melting point or 

Inconel 71S is about 155U K (233uOF), tne qrius ... JLiuIJ have mt:lted OVer' most 

or all of the region of the core in which ~he fu~l rous wl::rt' oxiJized. The 

zircaloy guide tubes rnay hale oxidizeo ov~r a region some\'JI1at smaller than 

that of the fuel rod cladding due to the early percolation effect, however, 

they are expected to hdve contributed to the material ill tnt~ debris be(]. 

Temperatures of the upper plenum assemoly \ .. ere caleu lated Uy TRA'~':l 
to have reached 1100 K (l520°F) at 185 minutes into the tr-ar1sient, a t illle 

when peak fuel 
(2780 0 F). 5,12 

temperatures were calculated by TRAC to be 1800 K 

Calculated fuel rod plenum temperatures were 1200 K 

(17000F) .12 The fuel rod plenum and peak fuel temperatures were 

extrapolated to about 1900 K (2960°F) and 260U K (4220°F),12 

respectively, before resumption of high pressure injection flo~ at aDout 

200 minutes. Although these investigators did not extrapolate their 

analyses of the upper plenum assemo1y, in view of their estimates for the 

other temperatures, it is possible that the temperatures of the upper 

Pl~ .~ could have risen to between 1500 K (L240°F) and 1800 K (2780°F). 
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Temperatures in this range would imply, first, that brazements of 

Beryllium-Nickel 5 that hold the control rod guides to structural support 

plates in the upper plenum would have melted since they have a melting 

~ange of 1365 to 1420 K (2000 to 2100°F). Second, stainless steel 

components, such as the fuel assembly upper end fittings wniCh have a 

melting range of 1670 to 1695 K (2550 to 2590°F), would have melted or 

fused at their contact points with the plenum. Spider failure and 

leadscrew distortion would be likely. 

At 174 minutes, with the coolant mixture level at about loS m (q.9 ft) 

above the bottom of the core, one primary coolant pump in the B loop was 

turned on for 19 minutes. This produced a sudden influx of wdter to the 

core from the once-through steam generator (OTS6) B. Since the cladding 

was embrittled due to oxidation, the entering water would haVE produced a 

thermal shock to the cladding, causing fragmentation of the ZrO and 

U02. 20 This would have eitner fonnea a debris bed above the ax~al 
midplane of the core or increased the size of one already present. 

Although substantial quenching of the rods occurred, the deoris bed it~elf 

remained hot and in steam. 

The next major change in core :ondition occurred between 222 minutes 

and 226 minutes i~to the accident. The source range monitors snowed a 

sharp increase in activity, the primary system pressure increased even 

though the block valve was open, and the cold leg temperatures of both the 

A and B loops increased. Temperature estimates from thermocouple and SPND 

data indicate that temperatures of 800 K (980°F) were reached at locatiuns 

25 to 75 cm (10 to 30 in.) above the bottom of tne fuel rods. 

Although it is educated speculation, additional core damage apparently 

occurred during this time. Given the oxidized and embrittled cladding 

before about 225 minutes, it is possiole that "unstable thermal-hydraulic 

conditions,,3 developed to fracture additional cladding, resulting in some 

additional slumping of the core and densification of the debris bed. 3,4 

A steam blanket may have formed below a crust in the bed, blocking coolant 
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and permitting additional zircaloy oxidation and hydrogen formation. dased 

on available instrumentation, nc apparent change in the conaition of the 

core occurred after the event at about 226 minutes. 

Indeppndent assessments of the core flow resistance following the 

accident were made by Babcock and Wilcox (B&W) and Battelle Pacific 
'g 

Northwest Laboratories (PNL). 1- The assessments indicated that a large 

portion of the core was blocked. B&W made two estimates by comparing 

reactor coolant system flol"l meter readings, with one pump operation, before 

and after the accident and performing a core heat balance after tile 

accident. The estimated decay heat and measured core coolant temperature 

change determined the flow. An effective blockage area of about 90% was 

inuicdted. PNL perfonned COBRA calculations to reproduce the TMI-2 core 
exit temperature distrioution during single loop operation, as well as a 

siillple heat balance using the average of rneaSUI'ellients fl-om tne core exit 

thennocouples located at the top of the instrument tuoes. They estimated 

11l'Jckages of 6U to 80%, I·,ith local olockages of gjlo. An etfective core 

blockage area of 9U% was also estimated by pel'fonning a simple core tleat 

~alance using the average core exit tnennocouple readings on the periphery 

of the core. From these three assessments, it was concluded that an 

effective core flow area blOCkage of approxiffiately YU~ had occurred. 

Temperatures in tt1e peripheral assemblies indicateo tl1at the minilllum 

blockage occurred in the peripheral assemblies. Howe~er, since more than 

20% of the core flO\'I1 area is made up by the peripheral assemblies, some 
olocKage at tne edge of the core is expected. 

Damage parJmeters from the three primary assesslnents are summari zed in 

Table 2. With the exception of the estimated fuel temperature, !he 

expected damage is quite consistent. 

Based on the foregojng review, the core condition can be descrioed in 

the following manner. A debris bed of fractured, oxidized zircaloy 

cladding and fragmented fuel pellets rests on fuel rod stubs and Inconel 

spacer grids. The debris bed extends downward to between 0.9 and 1.8 m 

16 
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TAHLE 2. SUMMARY OF CORE DAMAGE ESTIMATES BASED ON RECONSTRUCTION OF THE 
ACCIDENT 

Damage 
Par~meter 

Numb~r of 
f ai led rods 

( r.) 

"uel 
temp"rature 

Liouifiet1 
flJ~1 

'·101 ten 
fll~l 

Core slumping 
at 221) min 

Fuel rod 
fraQmentation 

Damage 1 eve 1 

NSAC 14 

Gross aVf>rag" in 
t1am,lged reQ i on 
<2000 K 
( <31"O°F) 

Locally possible 

Locally possible. 
very 1 imi tet1 

Probable 

Yes 

Embrittlement 
ex tends do~m to 
0.9 to I.R m 

President's 

C . . 13 
0lTl111SS10n 

Distribution: 
a. >2200 K 
( > 3500°F) 
in 40 to 50~ of 
corp 

b. >2475 K 
( >3995°F) 
in 30 to 40% of 
core 

Yes 

Probable 

Yes 

Debris extends down 
to 1.4 to 1.5 m 
(4.11 to 4.9ft) 

(3.0 to 1).9 ft) 
bot tom of core 

from from hot tom of 

at centerline. 
Peripheral rods 
relatively intact. 

core at centerline. 
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NRC Special 4 
Inouiry Group 

100 

Peak 
vlOO K 

( -v1400°F) 

Yes. over most of 
core radius 

Yes 

Yes 

EIJ,bri'.t1ement 
~xtends down to 
1.2 to 1. 5 m 
(3.9 to 4.9 ft) 
from bottom of 
core at centerline. 

L{\SL 12 

100 

Peak 
-.2600 r. 

( 'l<4220°F) 

Yes, over most 
of core radius 

Yes 

Embrittlement 
extends down 
to 1.0 '11 

(3.3 ft) 
frOiTl bottom of 
core at 
centerline. 



(3 and 6 ft) above the bottom of tne core at its center. The aebris 

boundary extends outward and upward from its lowest point near the core 

centerline, encompassing a volume in the snape of jn inverted D~ll. O~nage 

to the rods near the periphery ranges from modera~ely intact (not fully 

ernbrittled) to partially liquified and oxidizeo. Liquified fuel formed, 

fusing core components and deoris in several areas. Some of the upper 

plenum components could have partially melted or fused togetner at tneir 

contact points. 
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3. HYDROGEN GENERATION 

A number of mechanisms in light water reactors may result in the 

generation of hydrogen. One mechanism is radiolysis, ill \\'11ici1 water 

decomposes into hydrogen and oxygen as a result of the absorption of energy 
from ionizing rddiation. Oxidation of U02 fuel and structures within the 

core is also a potential source. However, for the TMI-2 accident, the 

generation of hydrogen by tnese processes is expected to have been SlIIlll 

when compared with the volume of hydrogen that was produced by oxiaation ot 

the zirconium in the fuel rod cladding by the steam in the reactor 

vesse 1. 4 Assessment of the amount of hydrogen generated yields an 

additional estimate of the amount of zircaloy oxidized, and hence 

embrittled, in the reactor core. This section dicusses the hjdrogen 

inventory analyses, zircaloy oxidation, and computer code calculations of 

this aspect of the TMI-2 accident. 

3. 1 Hydrogen Inventory 

Material balances were used by several investigators to detennine the 

amount of zircaloy oxidized based on the amount of hydrogen produced. 

These balances are summarized in Table 3. EPRI 21 indicated that the 

material balances were performed using the reactor building as the 

boundary. Any hydrogen escaping the building would not be included. Since 
a maximum of 8%22 to 10%21 of the inventory of noble gases escaped from 

the reactor building during the first few days of the accident, at least 

8 to 10% of the hydrogen might also be expected to have escaped. This 

would make estimates of the amount of zircaloy oxidized too low by the same 
21 amount. However, if oxygen were depleted by oxidation of materials 

other than zircaloy, less oxidation of the zircaloy would result. 

Table 421 ,23,24 identifies the components of the containment 

atmosphere which was sampled twice on March 31. lY79 at about 0600 hours. 

The amount of hydrogen in the second samp1e is in question. As noted in 

the table. two different compositions were used by the various 
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TABLE 3. HYDROGEN AND CLADDING INVENTORIES AND CLADDING OXIDATION 
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conta inment 
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n. I n ,alII! inn 11 
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TABL~ 4. CONTAINMENT ATMOSPHERE SAMPLES, MARCH 31, 1979 AT 0600 HOURS 

Component 

HZ 
02 
NZ 

a. Reference 24. 

Sample 1 

1.7 a,b 
15.7°,c 
3Z.6 

Atmosphere Composition (at. %) 

Sample Za 

1. 7b 

16.5b ,c 
81.8 

SafTIple 2b 

1. 9a 
16.5°,c 
81.6 

b. Letter, Lavallee to Zebroski, NSA~. June 5, 1979 (in Reference 21). 

c. Personal cornrnunict..tion from A. D. "'liller, NSAC, undated, to 
R. E. English, President's Commission (in Reference Z3). 

Note: In analyses of the containment atmosphere, the following were used-­
References 3, 5, and 21: Average of ~Jmples 1 and 2a; Reference 23: 
Average of Samoles 1 and 2h. 
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investigators. Since the variability in hydrogen content of subsequent 
samples taken in April Zl was of the magnituae of these two samples, O.2~, 

25 tnese results were judged to be the same. These and other containment 

atmosphere samples were used to calculate the amount of hydrogen remaining 

in the containment building and the amount burned by considering the oxygen 
depletion. 

The preburn hydrogen inventory snown in Table J was calculateu USlflY 

the O. b t'lPag (28 psig) pressure pulse in the contalnment lJui Iding sllo\'In in 
F · 421 T 19ure an(J tne containment atmosphere composition. ne dillount ot 

free hydrogen in the primary system was calculated based un estimates ot 
1 · MI' E' ~4 d t t Dllbo e Slze by etropo ltan dlson, an the empera ure, pressure, and 

fr'ee volume of the containment building. Hydrogen in solution in the 

primary system was estimated based on the primary coolant temperature and 

tIle hydrogen overpressure. 

Table 3, Section A, shows that, except for the calculated inventory 

based on the April 1 and 2 samples, estimates of the total illnount of 

hydrogen produced are fairly consistent, averaging 510 kg (Ilh lorn) and 

ranging between 450 and 5Se! kg (992 ana 1283 10m). The individua'l values 

cowprising the total amount of hydrogen on April I and 2 that are luw 

r~lative to the March 31 data are the hydrogen content in the uuoole and 

amount of hydrogen burned. These lo~'I values result in a comparative'ly 

lower estimate of the percent of cladding oxidized. Note that a large 

uncertainty arises due to the methods of calculating tile amount of hydrogen 

burned, namely, by using the remaining hydrogen concentration, or the 

oxygen depleted. 

Section B in Table 3 sumrnarizes the cladding inventory and tne amount 

of cladding oxidized as reported by the investigators. To place these 

results on a consistent basis in this work, the kilograms of zircaloy 

oxidized were calculated directly from the total amount of hydrogen 

produced using the equation in Appendix B. The percent of zircaloy 

oxidation was obtained by dividing the amount oxidized by the inventory, 

23 922 kg (52 470 Ibm), from Appendix C. 
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Since Sections Band C of Table 3 are not significantly different, it 

is concluded tnat about 5010 of the zircaloy, 11 ~61 kg (2b 235 lorn), in the 

core is oxidized. About 10% of the zircaloy inventory, 2288 kg (4767 lbm), 

is ill tne plenum region of the fuel rods, as calculated in Appenoix C. If 

it 1S assumea that none of the zircaloy in the plenum was oxidizea, the 

'~-Gcti0n of tne zircaloy in tne active .'egion of the core tnat was oxidized 

lS Jetermined by dividing 11 961 kg (26 23S Ibm) Dy 21 634 kg 
.:- 7J,) lDill;. Tnus, a maximum of 55% of the zirca10y in the actlve core 

~e:lcn ~as 0X1d1zed. Since the rod plenum was estimated to have su~tainea 

~e:lpel·oL.l·es :JP tJ 1900 K (,:'600°F) 12 some oxidation is expected; thus, 

:ne~ct.Jcl a:no,,,nt of zircaloy oxidation in the active region ot the core 

,:>r'JJc:,ly iies Detl'leen 50% and 55%. The accuracy of this value i~ estimated 

tJ be TllJ~~ of the inventory. 

The amount of hydrogen generated was also calculated as part of 

several thermal-hydraulic analyses performed using TRAC
j 

dna r'IARCH. b 

Althougn the estimates of the hydrogen genet'ated were generally well oelOl'J 

the range of values in TaD1e 3, they are presented for completeness. 

TRAC detennined tnat melting of unoxidized c1addiny would beyin to 

occur at 185 minutes into the transient, so the calculation was stop~ed. 

At that time, the outer third of the cladding thickness at the hottest 

axial node, located at a fractional core height of 0.75, had Deen 

oxidized. If this amount of oxidation was extended on a curewide basis, 

130 kg of hydrogen would hav~ Deen generated. 26 Without extending this 

value on a corewide basis, T~i\C predicted generation of approximately 40 kg 

of hydrogen. 27 Hydrogen generation continued during the accident at 

least until the core was recovered by coolant at around 210 minutes. 

Since the MARCH code is designed to calculate thermal-hydraulic 

conditions in the primary 5ystem and containment building during a core 

meltdown accident, it was aule to continue running for the full course of 
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the accident. Une assumption of the calculation was that 20% of the core 

was at a temperature greater than 2550 K (4l30°F). At lB~ minutes, tne 

total hydrogen generated was calculated to be about 9U kg compared to 40 kg 
with TRAC. During the core uncovery period from 101 to 210 minutes, d 

total hydrogen production of 160 kg was calculated, corresponding to 

oxidation of 15.4% of the cladding. 

The hydrugen production calculated by TRAC and MARCH is 'lot considered 

to be accurate in view of the consistency of the hydrogen production 

deduced from the experimental measurements discussed in Section 3.1. One 

possible reason is that there is little or no data on zircaloy oxiuation 

rates above 1700 to 1800 K (2600 to 2780°F). This would in~act the 

hydrogen generation rate. 
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4. FISSION PRODUCT RELEA~E 

Assessments of the damage to the TMI-2 core based on analyses of 

fission product release are not as precise as those detennined from tllermal 

hydraulic calculations or from ana~jses based on hydrogen assays. However, 

the fission product release analyses are significant since they generally 

confirm the findings of the two other damage assessment methods. 

The foundation of the fission product release damage assessments rests 

on: (a) calculated i~ventories of the various fission products and 

actinides; (b) samples of the primary coolant; (c) a sample of the 

containment building atmosphere; and, (d) a sample of water from the 

conta i nment bu i ld i ng sum~. Ana lyses of the f i ss ion product inventory were 

performed by LASL28 using CINDER and EPRI-CINDER, and by B&W~2 using 

their version of ORIGEN. Samples of primary coolant were taken from the 

letdown line on March 29 and April 10, lY7Y and sent to Bettis Atomic Power 

Laboratories (~APL), Savannah River Laboratory (SRL), Oak Ridge National 

Labordtory (ORNL), and B&W for analysis; the results are presented in 

Table 5.23 In addition, a gas sample was Obtained from the containment 
building atmosphere on fYlarch 31, lY79; the results from I3APL's analysis are 

in Table 6.
29 

A more complete accounting of the t'ddioactivity inventory 

was achieved when a water sample from the containment building sump was 

obtained on August 28, lS/9. 

This section discusses the estimates derived from the above 

information regarding the location of core damage, the range of fuel 

temperatures achieved during the accident, the occurrence of UO
Z 

fuel 

melting, and fuel particle size distributions. 

4.1 Location of Core D~nage 

The location of core damage may be estimated by comparing the isotopic 

ratios of uranium and plutonium observed in the reactor sump to those 

expected for various regions of the core. Three 235u fuel enrichments 
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TABLE 5. FISSION PRODUCTS IN THE REACTOR COOLANT FROM SAMPLES TAKEN ON MARCH 29 AND APRIL 10, 1979 
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TABLE 6. RADIOACTIVITY OF GAS SAMPLE FROM CONTAINMENT BUILDING AIR, 
MARCH 31, 1979 

Isotope 

133Xe 
133mXe 
135Xe 
131 I 
133 1 

28 

Concentration 
(IlCi/mL) 

676.0 
16.0 
8. 1 
0.063 

<0.03 



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 

65 

65 

58 

5Gh 

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

ANA-CO-0015). 
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• 

67 

.. 



• . - • _ 'l 

, ' • - < (; • ~ - ~ •• ~ - -'" = .. .. . 

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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