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FOREWORD 

PROJECT DESCRIPTION 

Much of what happened at TMI-2 is known from parameters that were monitored and 

recorded. However, there are aspects for which direct indications of plant 

conditions were fragmentary or unavailable. This is the case for the reactor core 

conditions, e.g., coolant levels, flows, and fuel temperatures. Although the 

damage sustained by the core will become known during plant recovery, analysis is 

required to establish the thermal path by which this condition might have been 

reached. 

This report presents results of an analysis to determine what happened in the 

reactor core during the critical phase of the accident between 113 and 208 minutes 

after the reactor tripped. It is during this period that most of the fuel damage 

is believed to have occurred. Much of the present work is the product of in-house 

NSAC efforts that are based on a comprehensive study of the TMI-2 accident. Sub

stantial contributions to the analysis were made by contractors assigned to 

specific problem areas (see references). 

PROJECT OBJECTIVES 

The objective of this effort was to develop a "best-estimate" thermal-hydraulic 

analysis of the TMI-2 core heat-up transient. This analysis made use of known 

boundary conditions, indirect supporting information, and gross indicators of core 

damage (such as hydrogen production and fission-product release). Many boundary 

conditions used in the analysis themselves bear uncertainties and require some 

measure of interpretation. Nevertheless, an effort was made to include all 

relevant information and subject it to technical evaluations to achieve a 

consistent whole. 

PROJECT RESULTS 

A good characterization of TMI-2 core conditions has been achieved for the period 

from 113 minutes after the reactor trip to 208 minutes. The results are con

sistent with present estimates of net coolant mass addition to the system, heat 
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production, and present best interpretations of core instrument responses. Core 

damage estimates are in reasonable agreement with projections of damage that are 

based upon hydrogen and fission-product release data. Thus it has been possible 

to render an accounting of the bulk thermal damage to the core during the TMI-2 

accident. 

This assessment of core damage does not significantly depart from the range of 

estimates developed by other, independent studies. However, this work does lend 

credibility to the position that the core did not experience the high levels of 

degradation that some have supposed, nor the modest increments of damage which 

have also been postulated. That appreciable core damage which did occur appears 

to have been caused by the sustained core uncovery and heat-up, such as described 

by this analysis. 

For this analysis it was necessary to build a calculational model from first 

principles, tailored specifically to the TMI-2 event. Existing general purpose 

codes suffered from the following limitations: (1) were unable to handle thermal-

hydraulic aspects of boil-down which include a closely coupled core-downcomer 

configuration, (2) were incapable of being generalized to multiregion, core-wide 

analysis, (3) could not be run efficiently over times that extend over hundreds of 

minutes for slowly-developing transients, (4) did not feature materials proper

ties, or models of fuel-degradation phenomena, which are important at temperatures 

in excess of those considered in licensing calculations (1232°C), and (5) tended 

to use simplifying assumptions which are oriented to worst-case, rather than 

realistic or best estimate results. 

The analysis of TMI-2 core conditions is difficult given the gaps in parts of the 

data and the limited knowledge of fuel degradation at high temperatures. There 

are a number of areas which could benefit from further study, and from benchmark 

observations to be made from the TMI-2 core during plant recovery. This addi

tional information may bear significantly on the present results. 

Ongoing work at NSAC and elsewhere is directed at developing the general capa

bility to analyze event sequences which are accompanied by significant core 

degradation. 

D. Cain 
K. Ardron 
NSAC 
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ABSTRACT 

This report summarizes NSAC study of reactor core thermal conditions during the 

accident at Three Mile Island, Unit 2. The study focuses primarily on the time 

period from core uncovery (approximately 113 minutes after turbine trip) through 

the initiation of sustained high pressure injection (after 202 minutes). The 

transient analysis is based upon established sequences of events; plant data; 

post-accident measurements; interpretation or indirect use of instrument responses 

to accident conditions. 
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Notation 

a^ Wall area associated with unit subchannel volume 

A Flow area 

Cp Constants in eq (11) 

Cj^ Specific heat of water 

Cp Specific heat of gas at constant pressure 

C^ Specific heat of fuel element material 

d Subchannel hydraulic diameter 

f Mass fraction of steam in steam/hydrogen mixture 

g Accleration due to gravity 

h Enthalpy 

hj, Convective heat transfer coefficient 

'^COND Condensation heat transfer coefficient at liquid steam surface 

j|^ Volumetric flux of phase k 

KUq Kutadeladze number, defined after (11) 

K Rate constant in parabolic rate law 

k Thermal conductivity 

M Mass content 

Nu Nusselt number for subchannel (=h(,d/kq) 

p Width of stream (see Fig. Bl) 

P Pressure 

Prg Prandtl number ( =PgCpgVg/kg) 

q(z) Average core rat ing at elevation z 

q^y^ Heating ra te /un i t subchannel volume due to zirconium oxidation 

q^ Heating ra te /un i t subchannel volume due to f i ss ion product decay 

QQJ^ Heat released by oxidation of unit mass of Zircaloy-4 

Re Subchannel Reynolds number (=Uqd/Vq) 

R Pipe radius 

r A^/A^j^ 

T Temperature 

t Time 

U Velocity 

V Volume 

W Flow 

X Distance between injection nozzle and downcomer (Fig. Bl) 

z Height above base of active core 

Zj^ Height of mixture level in core 

a|̂  Volume fraction of phase k 
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3(, Cooler conductance 
r|̂  Rate of absorption of phase k per unit mixture volume 
ATsuB Subcooling (TJAT - T^) 

P|̂  Density of phase k 

T Time from reactor trip 

a Liquid surface tension 

n Condensation efficiency 

V Kinematic viscosity 

\i Mass of wall material associated with unit subchannel volume 
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Subscripts 

BWST Berated water storage tank 

c Property of reactor core or core fluid 

ch Property of subchannel 

dc Property of downcomer 

e Fluid entering core 

EB Emergency boration 

g Gas phase or gas mixture 

gj^ Difference between gas and liquid properties 

H Property of hydrogen 

HPI Make-up to HPI nozzles 

i Property of subcooled flow entering HPI nozzles; also cooler inlet flow 

Ip Property of liquid in lower plenum 

i Liquid property 

LD Letdown 

0 Outlet property 

s Property of steam; also property of liquid on shell side of heat exchanger 

SAT Saturation property 

SI Pump seal injection 

SR Pump seal return 

t Property of turbulence field; also liquid property on tube side of heat 

exchanger 

TOT Total flow entering downcomer 





SUMMARY 

This report describes a best-estimate analysis of the initial core boil-down and 

heatup transient at Three Mile Island (2) on 28 March 1979. This transient began 

shortly after all reactor coolant pumps were secured (100 min. after reactor trip) 

and was terminated by a period of sustained high pressure injection of emergency 

cooling water, starting at 202 minutes. 

The analysis is primarily directed to understanding the progression of core 

damage, rather than providing a detailed characterization of the core end-state 

condition. The latter objective can be achieved only after vessel head removal 

and visual examination. 

The thrust of the present effort has been to: (1) develop a core coolant mixture 

level (dry-out level) calculation which satisfies the boundary conditions implied 

by various instrument responses and system operational characteristics; (2) 

couple the level calculation with a core heat-up model to simulate the accumula

tion of thermal damage in the exposed, upper regions of the core; (3) compare 

calculated gross damage to the core with measurements of hydrogen and fission 

product releases subsequent to the accident. 

This report provides the principal results from each area of investigation, backed 

up by sensitivity studies of key parameter variations. 

GENERAL CONCLUSIONS 

The analysis has shown that the bulk of the core damage at Three Mile Island (2) 

can be accounted for during the period between 113 min. and 202 min. after reactor 

trip. 

Results indicate that: 

(i) Observed containment hydrogen levels were due to Zirealoy/stainless 
steel corrosion that occurred during the period of core uncovering 
between the de-activation of the loop A reactor coolant pump (100 
mins after trip) and sustained operation of the high pressure 
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injection system 100 mins later. Appreciable zircaloy oxidation 
probably commenced at 150 mins after trip, and continued at a high 
rate until the sustained high pressure injection at 202 mins caused a 
major core quench. 

(ii) There was some potential for fuel liquification. Calculations imply 
that peak fuel temperatures did not exceed the UO2 pellet melting 
temperature, but 30% of the fuel was exposed to temperatures where 
liquid U-Zr-0 alloys could have formed. 

(iii) A substantial fission product release was obtained from fuel over
heating; however, an apparent disparity between the expected fission 
product release by calculation and the high range of fission product 
estimates obtained from plant measurements suggests that a signifi
cant release fraction may have originated from powdered or rubbilized 
fuel during cooldown. Additional gas releases may have developed 
from hot spots which persisted after core quench. 

(iv) Steam temperatures in the upper plenum, at the outlet nozzle eleva
tion, were generally below 900°C (1650°F) although this value was 
probably exceeded for a few minutes during the partial fuel quench 
caused by activation of the loop 2B reactor coolant pump, at 174 min 
after trip. The metal-work in the upper plenum, above the upper tie-
plate did not experience appreciable heating. 

Thermal damage to the fuel and consequential weakening and mechanical disruption 

of the core was essentially complete 230 mins after turbine trip. 
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Section 1 

INTRODUCTION 

Core damage at the TMI-2 reactor occurred when the core became uncovered because 

make-up flow was insufficient to compensate for mass loss due to boiling. A pro

longed period of uncovering is believed to have taken place during the first 3 V2 

hrs. of the accident [1,2,3]. Because of the subsequent response of radiation 

monitors inside the reactor containment building it is generally thought that the 

major part of fuel damage occurred during this period. 

Several studies have already been carried out to predict likely peak fuel temper

atures and fuel damage in the early period of core uncovering [2,3,4]. However 

none of the work done so far has attempted to allow for the sequence of actual 

plant operations that took place over this time. Because of this, no well founded 

estimates are presently available of the probable extent, and time sequence, of 

damage sustained by the core and vessel internals during the course of the 

accident. 

The present report is aimed at providing a best estimate of the thermal transient 

experienced by the reactor core and vessel internals in the early period of 

uncovering and a general assessment of damage. Such an analysis is desirable at 

this time to assist recovery and recomissioning efforts at the damaged plant. In 

addition a calculation of this type provides a useful test of the ability of 

available analytic methods to describe a reactor accident in which severe core 

damage occurred. 

The work was carried out as part of a NSAC assessment of plant and instrumentation 

behavior during the accident at TMI-2. 
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Section 2 

MODELLING OF THE LIQUID LEVEL DURING UNCOVERING 

The time variation of the boiling mixture level (dry out level) in the core was 

found to be the most important boundary condition for the core heat up analysis. 

In this section we outline the arguments that we have used to calculate a best 

estimate of the level trajectory during the uncovering of the core. 

The calculation proceeds in two stages. Firstly a simple loop model is developed 

to relate the core water level to the make-up flow entering the downcomer. This 

model is then combined with a best-estimate make-up flow history (developed in 

Section 2.2) to predict the actual level trajectory at TMI-2. The analysis is an 

extension of the work presented in [5]. 

2.1 Model for Predicting Liquid Level in Core 

2.1.1 Calculation of Core Inlet Conditions 

To calculate the core inlet conditions, the reactor pressure vessel is represented 

as a simple manometric system divided into three control volumes V̂ ,, V̂ p̂, V^^ (see 

Fig. 1). V(, and V^p represent the core volume, and the volume of the lower plenum 

and downcomer below the elevation of the core base-line, respectively. V̂ ,̂ is the 

downcomer volume above the core base-line elevation. The core radial reflector 

region was treated as an integral part of the core, with the same coolant mixture 

level. 

The subcooled makeup flow (W.j) will condense some steam on entering the RCS cold 

legs. It is not known in general how efficient the condensation will be. How

ever, assuming locally saturated steam, a simple energy balance shows that the 

total flow of water to the downcomer (injected flow plus condensed steam) can be 

bounded using the expression: 

WTOT = Wi ^ ' ' ^ ' i ^hl^J-'^^ / V ^'^ 
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Steam Make-up + condensed steam 

W TOT 

I 
V. 

I I 

1 
I I 

V, dc 

_1_ Base of core 

C. V. boundary 

Figure 1. Schematic diagram of core/downcomer system. 
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Where 0< n <1 is the condensation efficiency. For an equilibrium calculation we 

would take n = 1. The lower limit ri = 0 describes the limit of complete thermal 

disequilibrium. 

Because of the presence of vent valves between the vessel upper plenum and the 

downcomer in TMI-2, the steam pressure is assumed to be the same above the fluid 

columns in V̂ , and M^^. Balancing the hydrostatic head in these volumes, and 

neglecting pressure losses due to friction and inertia (which are very small in 

the slow transient of interest), it follows that: 

Vc - d̂c/'̂ dc (2) 

Use of (2) and mass conservation gives the following equation for the liquid flow 

to the base of the core: 

Wg = (1 + r)-^ (W^Q^ "̂  "" ̂  - '"'̂ Ip) (̂^ 

The third term on the right hand side of (3) is included to allow for changes in 

core flow caused by thermal contraction of the lower plenum water. M-, is 

related to the cooling rate by: 

^Ip = Vip 0P,/3T)i^ (4) 

It is assumed that the injection flow mixes instantly with the water already resi

dent in the downcomer/lower plenum volume.* Application of a thermal energy bal

ance to the water in the downcomer and lower plenum then shows that for the limits 

n = 0 or n = 1 the temperature of water entering the core satisfies the differ

ential equation: 

*Nominally, some tendency towards thermal stratification can be expected in the 
lower plenum region; saturated conditions in the lower plenum during the initial 
boildown period (through 140 min.) and mixing produced when the 2B coolant pump 
was activated (174 min.) minimizes the importance of this effect. 
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The mass of water in the downcomer and lower plenum M. (=Mip, + M, ) is given by: 

^t = W-roT - We = (1 + r)-l (W.^, - W^ + rM^p) (6) 

which is obtained by eliminating Wg using (3). 

Coolant flashing in the lower plenum during depressurization was considered as 

part of a scoping analysis, but rejected in comparison to uncertainties attributed 

to other effects (e.g., condensation/recirculation). Boil-off due to downward 

radiative heat transfer and axial heat conduction, were excluded on a similar 

basis. 

2.1.2 Calculation of Two-Phase Mixture Level 

The mixture height can be calculated if the mass and density of fluid below the 

mixture level in the core are known. 

It follows from (2) and (3) that the mass of fluid in the core below the mixture 

level satisfies: 

\ = W^ - Wg = r(l + r)-l (W^o^ - W^ - M^p) (7) 

Assuming a l l decay heat released below the two-phase level enters the coolant, the 

core steam production rate can be obtained from a simple energy balance as: 

Wg = ^'' q(z)dz/hg, - WgC,(T3^,- T^)/hg^ (8) 
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The second term on the right hand side of (8) represents the energy needed to heat 

the inlet flow to saturation temperature. Eliminating Wg between (8) and (3) 

gives the following explicit equation for W^: 

Wg = li(Zj)-Br(l+r)"^(W^Q-^-Mjp)}/{l+B(l+r)-^} (8a) 

H 
where i(z^) = ̂  q(z)dz/hg^; 3 < , {\^r\'^^''^i 

To calculate the core mixture level, we first note that 

where p^ is the fluid density at elevation z above the base of the core. 

Differentiating with respect to time, we have 

V^c-H\ ^H^H^^'^c^^ (5) 

For the slow transients of present interest, the second term on the right hand 

side of (9) is found to be very small compared with the first term and is thus 

neglected. The mixture height ẑ  then satisfies the first-order differential 

equation. 

H - VK (̂ .) \^ (1°) 

Several d r i f t f l ux models are available to relate the two-phase mixture density 

p^ (z^) to the steam f low-rate at the mixture level (see for example the review in 

[ 6 ] ) . For the present ca lcu la t ions, we used the corre lat ion proposed by 
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Cunningham and Yeh [ 7 ] , which was obtained by analyzing void fraction data from a 

bundle of 480 PWR rods over a wide pressure range. The correlation has the form 

', • h '»,/',)'' % ' (Jg«9 * h)'-' ("' 

where Cj = 0.70 (0.76), C2 = 0.24 (0.24), C3 = 0.67 (0.47) 

for KUq < 1.53 (>_1.53). KUg is the non-dimensional steam velocity defined by 

KUg = Jg / {agP,g/p',}°-'' . 

In the present case, the steam volumetric flux at the mixture level elevation is 

related to the core steam production rate by 

jg = Wg / PgA^ (12) 

The mixture density is related to voidage as usual by 

Pc = V g ^ (^-«g) 'i (1^) 

2.1.3 Numerical Solution 

The system of three coupled first order ordinary differential equations ( 5 ) , ( 6 ) , 

and (10) are integrated numerically by a simple explicit finite difference proce-

dure in a FORTRAN program, LEVEL. Values of M and P_(Zj,) at the current time-

step are obtained from conditions at the previous time-step using equations ( 7 ) , 

( 1 ) , (8a), ( 4 ) , and (13), (11), and (12) respectively. The power integral i(zj^) 

is obtained by numerically integrating the given power distribution using the 

trapezoidal rule. Thermodynamic properties of water and steam for the LEVEL 

calculation are obtained by interpolation from Keenan Keyes steam tables. 

2.1.4 Experimental Comparison 

There is little data available at present against which to test the two-phase 

level calculation procedure outlined above. However, some TMI-2 simulation tests 

have been carried out at the Semi-scale facility in which the core was allowed to 
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boil down in the absence of make-up flow [8].* Unfortunately, because of the high 

surface area/volume ratio in Semi-scale, about 80% of the core input power in 

these tests is dissipated in wall heat losses (this compares with ~4% for TMI-2 in 

the same time period). Thus, a large fraction of the steam generated in Semi-

scale tests recondenses in the system pipe-work, and runs back into the core 

vessel and downcomer. In test TMI-3I the core uncovered in the period 6400-

6900s. The core power was maintained at 125kW up to 6734s and the pressure during 

uncovering was steady up to this time. Best estimate wall losses for this period 

are ~100kW of which 80% is from the vessel upper head and external loop pipework 

[9]. Thus ~80kW of steam generated in the core presumably recondenses and returns 

to the core/downcomer system. 

Figure 2 shows a comparison between the mixture height calculated using LEVEL, and 

observations for this test, assuming steam re-condensation flows corresponding to 

heat losses between 75-85kW. Agreement is reasonable, within the uncertainties 

involved. 

2.2 Coolant Addition to the TMI-2 Core During Uncovering 

Uncovering of the TMI-2 core is thought to have commenced at about T = 113 mins. 

when reactimeter records showed a sudden increase in steam super-heat in the loop-

A hot leg. Calculations of the subsequent heat-up transient (see Sections 3 and 

4) indicate that the core temperature excursion lasted until about 203 mins., when 

sustained operation of the high pressure injection (HPI) system caused a major 

quench of the hot dry fuel. 

During the period T = 110-203 mins. approximately 2.10^ kg (5300 gals) water is 

thought to have entered the reactor core from the make-up/letdown system. An 

approximately equal mass of water is believed to have been blown into the down

comer annul us over a 10 sec. period by operation of the reactor coolant pump (RCP-

2B) at T = 174 mins. Both of these factors must be included in an estimate of the 

time varying core water level during the period of uncovering. 

2.2.1 Make-up/Letdown System Operation 

The makeup flow to the reactor primary system was not measured directly in the 

TMI-2 plant. However, sufficient data is available on the operation of the 

*The small amount of make-up provided to compensate for pump seal leakage rates 
was ignored in the theoretical comparisons. 
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makeup/letdown system during the accident to allow the makeup history to be 

estimated provided reasonable assumptions are made on valve and pump operation.[5, 

10] 

Figure 3 shows a schematic diagram of the makeup/letdown system, illustrating the 

flow paths of interest. (A more detailed account is given in [1].) 

Letdown flow is drawn from the base of the reactor A-coolant loop and is directed 

into either the makeup tank (MUT) or the bleed tank after cooling and throttling 

to ambient pressure. Additional flow can enter the MUT from the emergency bora-

tion tank, pump seal return line, or high pressure pump recirculation line, as 

shown. 

In the manual operating mode, a fixed flow-rate from the outlet of each pump is 

returned to the MUT via the recirculation line. The remainder is directed back to 

the RCS as pump seal flow or normal makeup flow. The location of the HPI injec

tion nozzles is shown in Fig. 4. 

The flow to the high pressure injection nozzles can be obtained by performing a 

simple mass balance on the MUT. For conditions where the three way valve, MU-V-8, 

is positioned to direct letdown flow to the MUT we have (c.f. Fig. 3): 

WHPI =\D ' WsR+ Ŵ B"̂  Wg,3,- W3J- dM,^j,/dt (14) 

For conditions where MU-V-8 is positioned to divert letdown flow to the reactor 

coolant bleed hold-up tanks the pertinent equation is: 

WHPI = WsR + W^B ^ WBWST - Wsi- dM^uj/dt (14-a) 

Estimates of the contributions on the right hand side of these equations are made 

below. 

(i) Letdown Flows 

Although the letdown flow-rate (W^p) was monitored at TMI-2, no continuous 

record was made for the accident period. However, instantaneous values are 

available at hourly intervals from the output of the plant log printer 

[10]. Between these times, variations in letdown flow can be inferred from 

changes in the temperature of the reactor water downstream of the two 
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letdown coolers, which were recorded continuously on a multipoint recorder 

[11]. A method of calculating cooler flows from these data is described in 

[1], and is outlined again in Appendix A. Results of calculations for the 

period 100-210 mins. are shown in Fig. 5. 

Flow from the Borated Water Storage Tank (BWST) 

The BWST (capacity 1790 m^, [4.73'10^ gals]) provides the water source for 

the makeup system in the engineering safeguards (ESF) mode. During the 

period of the accident between 0<T<209 mins, S.S'lO^kg (14,800 gals) of 

water is thought to have entered the RCS from the BWST [12]. Output from 

the alarm printer indicates that the makeup system operated in the ESF mode 

for a total of 10.2 mins. during this period [10, 12]. Assuming the safety 

injection system operated at its full design capacity of 63 kg/s (lOOOgpm), 

this implies a total injection from the BWST of 3.8'lo4kg (10,000 gals) 

during this period of recorded operation. The remaining 1.8*10 kg (4800 

gals) was presumably injected in the period 73-166 mins. when the alarm 

printer was out of action. The manner in which this coolant addition 

occurred is one of main uncertainties in the present analysis. 

A likely mode of operation can be inferred as follows. Operator 

interviews, and available sequence of events records from the plant 

computer, indicate that make-up pump MU-P-IC was manually activated soon 

after T = 101 mins., and tripped between T = 134-168 mins. [12,13,14]. 

This action was taken to provide additional borated water to the reactor to 

prevent a supposed re-criticality incident [15] (with the known valve line

up MU-P-IC could only draw suction direct from the BWST). Now when a make

up pump is operated manually at low flows a recirculation flow of about 6 

kg/s (95gpm) is automatically returned to the MUT [16]. MUT inventory 

records see Fig. 5 show that changes in dM^^yj/dt of almost exactly this 

magnitude occurred at T = 112 and 160 mins., which are not obviously 

traceable to other actions. Assuming these perturbations were caused by 

activation and trip of MU-P-IC, and assuming a constant suction flow, this 

implies Wgj^^j = 6.3 kg/s (100 gpm) over the period 112<T<160 mins. This 

value is adopted for the calculations, and is included in Fig. 5. 

Makeup Tank Inventory 

The makeup tank level was recorded at 3 sec intervals during the accident 

on the reactimeter. The implied rate of change of MUT mass inventory is 

shown in Fig. 5. 
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(iv) Pump Seal Flow 

Pump seal flow is maintained at a constant level W3j=2.3+0.3 kg/s (36+4gpm) 

during plant operation. Seal return flow is W5fj=0.3 kg/s (4gpm). 

(v) Emergency Boration 

Flow from the emergency boration tank is 1.3kg/s (20gpm) with two emergency 

boration pumps in operation. Operator interviews show that emergency 

boration was carried out intermittently in period T=l-3hrs. to prevent a 

supposed re-criticality incident [10]. Fig. 5 indicates that surges in 

dM̂ /iyj/dt of about 1 kg/s occurred in the periods 134-138 mins. and 141-143 

mins. We assume that W^g = 1.3 kg/s in these intervals and W^g = 0 at 

other times. 

2.2.2 Total Make-up Flow Entering Core 

Before the total flow to the HPI nozzles can be estimated judgement must be made 

on which of Eq. (14) or (14a) is applicable during the period of core uncovering. 

Operator testimony [17] suggests that the bleed tanks remained isolated throughout 

this time and the letdown flow was directed back to the MUT, which indicates that 

Eq. (14) applies. Up to T = 160 mins. this is independently confirmed by the 

observation (see Fig. 5) that each change in letdown flow produces the expected 

change in the rate of filling of the MUT. However for the period after x = 160 

mins. there is no direct evidence to support the use of either equation. When 

assessing system behavior to try to establish if Eq. (14a) (letdown diversion) or 

Eq. (14) (no letdown diversion) were applicable after T = 160 mins., we found 

that: 

(i) the high make-up flows implied by (14) are too great to explain the 
size of fluctuations in injection flow linked to RCS pressure 
variations after 160 mins. [18]. 

(ii) Eq. (14) implies a minimum core liquid level of -1.5 m, which is 50 cm 
too high to be reconciled with the observed response of core 
instrumentation (see 2.3 below). 

Also no explanation could be found for the operators to simultaneously increase 

make-up and letdown at T = 160 mins., as implied by (14). On the other hand the 

action to increase letdown and reduce makeup, implied by (14a), is consistent with 

earlier actions taken by the operators in response to an indication of increasing 
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pressurizer level*. In view of these arguments we have been led to assume that 

Eq.(14) applies up to T = 160 mins. and Eq. (14a) applies thereafter. 

The total makeup flow to the HPI nozzles calculated from Eq. (14) and (14a) using 

the above assumptions for letdown etc., is shown in Fig. 5. The temperature of 

this feed water is believed to be 32°C (90°F) [17]. Since the HPI nozzles are 

located below the pump elevation (see Fig. 4 ) , it is assumed that all flow through 

these nozzles enters the downcomer. However, pump seal flow injection will only 

spill into the downcomer annulus if the liquid level in the steam generator loops 

is at the pump elevation. Now the cold leg thermocouples, located upstream of the 

RCS pumps (see Fig. 4 ) , show a steady temperature decay and indicate substantial 

temperature noise in both the A- and B-loops in the period T>120 mins. [1]. An 

obvious explanation for this behavior is that thermocouples are positioned in a 

steam environment, while being bathed continuously in a stream of subcooled water 

from the pump seals. Because of this, it is assumed that no pump seal flow enters 

the reactor vessel over the period of interest. 

2.2.3 Operation of the 2B Reactor Coolant Pump at 174 min. 

At T = 174 mins. RCP-2B was activated for a 13 minute period, in an attempt to re

establish forced circulation in the primary circuit. During this time the loop-B 

flowmeter (located in the hot leg, as shown in Figure 4 ) , indicated that forward 

flow took place for a maximum of 9 sec, commencing at 174.5 mins. The flowmeter 

response is believed to have been due to the steam displacement caused by the 

expulsion of a liquid slug from the base of the B loop. If this is so, reacti

meter records of the flowrate indicate that the maximum total mass of liquid 

injected into the downcomer was ~2.3«104 kg (5*10'^ lbs.). A similar estimate was 

made in [3]. 

The sudden quenching of the hot fuel at x = 174 mins. had a dramatic effect on 

primary system parameters. Over a five minute period RCS pressure increased from 

8.2 MPa to 14.1 MPa (1200-2050 psi) and the pressurizer liquid inventory increased 

by about 6.5 m^ (230 ft.-^). At the same time the loop A and B cold leg thermo

couples showed a sudden temperature undershoot, indicating that some fraction of 

the injected water had bypassed the core, and either entered the A-loop or 

returned to the B-loop via the RCP-IB. 

*The pressurizer level began to rise at x = 147 mins. after falling fairly 
steadily from x = 93 mins. 
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In modelling the reflood, the assumption was made that the sudden injection of 

coolant had the effect of filling the downcomer annulus to the elevation of the 

cold leg nozzles (see Fig. 6); penetration of water into the core over the 10s. 

injection period was assumed to be negligible (penetration would be inhibited by 

the greatly accelerated steam generation due to quenching of the over-heated 

fuel). These assumptions imply that == 12 m^ of water was added to the 

core/downcomer system and = 16 m^ was returned to the loops. To model the subse

quent reflood, it was assumed that the liquid levels in the core and downcomer 

equilibrated over a 5 min. period, in line with indications of RCS pressure 

records. At the end of the quench period the new core liquid level was estimated 

by subtracting a coolant boil-off fraction from the core water inventory. The 

boil-off fraction was calculated by assuming that all the stored energy removed 

from the newly wetted fuel was converted to heat of vaporization*. The stored 

energy was calculated in turn from a core heat-up analysis (see Section 3). 

Effects of entrainment of injected liquid by the steam flow were neglected. 

2.3 Calculated Liquid Level in Core During Uncovering: Comparison With 
Instrument Response. 

The subroutine LEVEL was used to calculate the two-phase mixture level in the TMI-

2 core for the period of core uncovering out to x = 208 mins. The mixture level 

was assumed to reach the core top at x=113 mins. (corresponding to the indication 

on reactimeter records of a sudden increase in steam super-heat in the loop-A hot 

legs). The make-up flow to the downcomer was assumed to be equal to the HPI 

nozzle flow (W^pj) in Fig. 5 (c.f. 2.2.2) and the make-up flow temperature was 

taken as 32°C. The partial reflood at 174 mins. was represented using the 

assumptions described in 2.2.3. 

Decay power for the analysis was taken from calculations for the TMI-2 core pro

vided by B&W [19]. Core average axial power shape was obtained from measurements 

taken a few days prior to the accident [20]. 

Results of the LEVEL calculations are shown in Fig. 7, for extreme assumptions of 

complete thermal equilibrium (maximum condensation of steam on the subcooled make

up flow) and complete non-equilibrium (zero condensation). 

*The mass of water boiled off was calculated as 6400 kg (8.5 m"^). This is 
consistent with the steam production indicated by RCS pressurization and the 
observed increase in mass content of the pressurizer. 
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Appendix B contains some numerical estimates of steam condensation rates on the 

turbulent liquid stream downstream of the injection nozzles. Results suggest that 

in the early stages of uncovering the equilibrium (n = 1) curve should apply. 

However, the fuel heat-up calculation detailed in Section 3 indicates that after 

about X = 142 mins. significant amounts of permanent gas were released into the 

core, firstly from fuel pin failure, and subsequently from the zirconium/steam 

reaction. In the presence of appreciable concentrations of permanent gas, con

densation rates would be expected to fall to near zero.* A best estimate curve 

which allows for this transition is shown as the solid line in Fig. 7. 

2.3.1 Time to Fuel Failure 

TMI-2 containment monitors showed a sudden increase in radiation levels at x = 145 

mins. [22]. The calculated delay in transport of fission gases from the fuel to 

the monitors is ~3 mins [22], which indicates that progressive fuel cladding fail

ures and fission gas release from plenum and gas regions commenced at about x = 

142 min., (which by coincidence is the approximate time of closure of a block 

valve downstream of the stuck open electromatic relief valve). The analysis by L. 

Oakes [22] indicates that fuel failure could not have occurred more than one or 

two minutes prior to this time, since with the block valve in the open position, 

containment radiation monitors ought to have been responsive to the failure of 

just a few tens of fuel pins. 

To calculate the fuel failure time implied by the best estimate level transient 

shown in Fig. 7, this curve was used as an input condition in a full core heat-up 

analysis. In the calculation, which is described in greater detail in Section 3, 

the dry fuel is assumed to be cooled by convection to steam released in boiling in 

the core region below the two phase mixture level. Since steam velocities in the 

boil down are less than 10 cm sec"''̂  (subchannel Reynolds numbers <10^) a laminar 

flow subchannel Nusselt number of four is used to calculate the convective cooling 

rate. 

Fuel failure analyses indicate that the TMI-2 fuel rods would have failed by clad 

perforation at temperatures between 760°C-870°C (1250°F-1700°F) [23,24]. The fuel 

*Permanent gas concentrations in excess of a few volume percent can be expected to 
have an inhibiting effect on the condensation process. Experimental tests [21] 
have shown a tendency of steam to "sweep" non-condensables to the point of 
condensation, causing a localized concentration build-up. 
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heat-up calculation (Section 3) predicts that temperatures in this range (787°C) 

are first attained at x = 140 mins. for the peak rated rod, and x = 150 mins. for 

the average rod, which agrees with the radiation release observations fairly 

well.* 

2.3.2 In-Core Self Powered Neutron Detectors (SPNDs) 

In-core neutron flux levels in the TMI-2 reactor were measured using 364 SPNDs 

arranged at 7 elevations in 52 instrument strings in the core. The locations of 

instrumented fuel assemblies in the core are shown in Fig. 14. (Specific details 

of design and positioning of the instruments are given in [1]). During the period 

of the accident after x = 110 mins. the output of many SPNDs became highly anoma

lous, with output signals going off-scale. It has been found that the off-scale 

signals are obtained by overheating of instruments and leads above 480°C (900°F) 

[25, 26].** 

The plant alarm printer was out of action for the period x=73-166 mins. When 

operation was resumed many alarm signals were received from off-scale SPNDs 

(i.e., detector currents greater than 2,000 na. or less than -20 na). Results of 

a statistical analysis of these signals (detailed in [27]) are shown in Fig. 8, 

for the period x = 166-180 mins. These data provide convincing evidence that core 

overheating was confined to elevations above the 0.77 m level, and indicate a 

probable minimum two phase mixture level of between Zĵ  = 0.77-1.30 m. in this time 

period. 

Some SPND signals were displayed on multipoint recorders during the period of 

uncovering. An analysis of these records can be used to indicate the time 

variation of the elevation {z/^QQOQ) in the core above which the fuel temperature 

exceeded 480°C, the threshold temperature for the off-scale signals (see ref. 

•Sensitivity studies show that because of the effect of compensating reductions in 
the clad/steam temperature difference at the hot spot, the calculated failure 
times are changed by less than 0.6% as the Nusselt number is increased from 4 to 
20; a representative failure temperature 760°C (1400°F) was used. 

**The nature of large positive current signal behavior observed for some SPND's 
has not been definitively established. A probable explanation has been put 
forward by Roberts [73], having to do with dielectric thermal relaxation of AIO2 
instrument lead wire insulation above the Curie temperature. The relaxation 
process releases electrical energy stored in the AIO2 matrix during normal plant 
operations, which may result in a positive, if temporary current characteristic 
during the core heat-up. 
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[27]). The points in Fig. 9 show the indicated path of 2/^QQ°Q based on SPND 

signals from both the strip-chart and the alarm printer; the curves show the 

calculated variation of Z4gQOQ obtained from the core heat-up analysis, using the 

level trajectory shown in Fig. 7. Again the calculated level path is seen to be 

reasonably consistent with the data. 

2.3.3 Ex-core Neutron Detector Response 

The source range ex-core neutron detector responded to variations in the core 

water inventory because of competing effects of changes in the core photo-neutron 

(Y,n) source, and shielding due to the downcomer water [1,29]. 

A two dimensional (r-Z) neutron transport code DOT-IV has been used to predict the 

core level implied by the ex-core detector signal. The main assumptions in the 

analysis (which is detailed in [29]) are that: 

(i) The core is homogenous with a time varying voidage and boron concen
tration implied by the level history in Fig 7; 

(ii) The normalization constant relating detector response to flux has the 
unique value required to predict a monotonically decreasing water 
level. 

Results of the calculations are compared with predictions of the thermal hydraulic 

analysis in Fig. 10. Agreement is very good and is well within the error margin 

in the transport calculations caused by uncertainties in the detector normaliz

ation constant, and the void distribution in the core and downcomer reflector 

region. 
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Section 3 

MODELLING OF THE THERMAL TRANSIENT 

The two phase level trajectory calculated in Section 2 was used as a boundary 

condition in a fuel heat-up analysis. The model used, which is similar to that 

incorporated into the BOIL code [30] and the TMI Heat-up Code [31], is described 

below. 

3.1 Thermal Hydraulic Analysis 

The fuel and metal-structure in the dry region above the mixture level is assumed 

to be cooled by forced convection to steam/hydrogen mixture derived from bulk 

boiling in the core below the mixture level. A one-dimensional approximation (no 

cross-flows) is adopted, so that the flow in each subchannel is assumed to be 

derived entirely from boiling in the wetted part of the subchannel. In practice, 

at the low steam velocities characteristic of the boil down (typically 5 cm/s), 

natural circulation may cause velocity perturbations of magnitude comparable to 

the bulk flows, in a large open PWR core. The one-dimensional assumption is a 

simplification adopted in the absence of a detailed description of such three-

dimensional flow patterns. 

In the dry region, material temperatures are calculated by performing a simple 

energy balance on the mass of material associated with unit volume of a represen

tative subchannel. This leads to the equation: 

C w ^ -%'%.-'^K (T^-Tg) (15) 

Here q^j, and q^^ are the local heating rates per unit subchannel volume that may 

arise from fission product decay or the zirconium-steam reaction, respectively. 

The third term on the right hand side is the rate of heat transfer to the steam -

hydrogen mixture flowing in the subchannel. (The subscript g here is understood 

to represent a gas mixture). Eq. 15 neglects property or temperature variations 

within the fuel, or metal-work (thus no account is taken for example, of possible 

temperature differences between fuel pellets and cladding in fuel nodes). Axial 

conduction heat transfer is also neglected since numerical estimates showed that 
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this is small in the problem of present interest. Heat transfer and bulk fuel 

heat capacity variations with temperature were included in the analysis. 

Radiative heat transfer to steam has been neglected in this analysis since at pre

vailing low mass flow rates and the enhanced convective heat transfer at high tem

peratures, steam/gas mixtures readily achieve thermal equilibrium with the fuel. 

Radiative heat transfer between radial core regions and between the outer-most 

region and core barrel was not modelled. However, a separate analysis with a 

modified version of the BOIL code [33] has shown this heat transfer mechanism to 

have no appreciable effect. 

In the wetted region it is assumed that the fuel rods remain at the saturation 

temperature. The gas temperature in the dry region is obtained by solving one-

dimensional equations for mass and energy conservation. (Momentum losses are 

ignored since flow velocities in boil-down are generally very small). Considering 

an individual subchannel, the pertinent equations are: 

fe ( V g ^ ^ ^ ^^g = o (16̂ ) 

Where r. is the rate of mass absorption per unit volume that arises because of 

possible chemical reaction between the steam and the Zircaloy-4 cladding of fuel 

rods, (see Section 3.2 below). 

The dominant heat tranfer mechanism in the present analysis is assumed to be 

forced convection. The heat transfer coefficient was taken from standard text 

book correlations for forced flow in tubes [34]: 

Nu = 4 Re <2000 

Nu = 0.023 Re ^'^ Pr ^'^ Re >2000 

Where Re is the subchannel Reynolds number. 
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The boundary conditions for Eq. 16 are, at z = z , T = T . and 

% = (Pghg.)"'[;//' ̂ d(^)d^ - V"^sub,e/\ ' ^w h ^\ ' ^sat^^ ^''^ 

The three contributions to steam generation below the mixture level shown in (17) 

are: (i) the decay power; (ii) the power required to raise the core inlet water to 

saturation temperature; and (iii) the rate of heat released in quenching the dry 

fuel. Contribution (iii) is set to zero in boil-down, but can be very large in 

refill. 

Properties of the steam-hydrogen mixture are expressed as mass weighted 

averages. Thus 

S g = % s " (l-f)CpH...etc. (18) 

where f is the local mass fraction of steam. Consideration of mass conservation 

for the steam component shows that f satisfies the differential equation: 

PgUg 3f/9z + Pg3f/3t = (fPg - F^) (19) 

which can be integrated along the subchannel. 

Property values for the steam and hydrogen components are obtained as a function 

of P and T- from tables [35]. 

3.2 Zircaloy Oxidation 

In high temperature steam the Zircaloy-4 fuel rod cladding is oxidized in an 

exothermic reaction [33]. 

Zr + 2H2O + Zr02 + 2H2+ + heat 

The heat released is QQ^^ = 6.45*10 Joule per kilogram of reacted zirconium. 

For the present analysis the heat of oxidation in Eq. (15) is calculated from the 

equation: 
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ox ox ,„„> 
q = 0 f=0 "̂̂ "̂  
^ox 

Where u is the zirconium mass per unit subchannel volume. Eq. (20) allows for the 

fact that oxidation cannot proceed once the steam flow in a subchannel is com

pletely reduced to hydrogen (steam starvation limit).[37] 

The rate of reaction is obtained from a standard parabolic rate law: 

W^ = Kp t + const. (21) 

Here W is the weight of reacted zirconium per unit surface area at time t. The 

rate constant 

[37, 38, 39] 

rate constant K is obtained from best-estimate empirical correlation of the form 

Kp = A e"̂ /""" (22) 

where 

A = 0.932 (kgZr)V4s"l B=1.38-lo4°K T<1090°K 

A = 294 (kgZr)V4s-l 8=2.01-lo4°K 1090<T<1850°K 

A =114 (kgZr)V^s-l B=1.67-10^°K 1850°K<T 

Fig. 11 shows that these correlations give a reasonable representation of typical 

data for the oxidation of Zircaloy specimens in steam. 

In our analysis only oxidation at the outer pin surfaces is considered. Estimates 

by Coleman [25] suggest that oxidation of inner cladding surfaces contributes only 

small fractional increases in heat production and H2 generation. 

3.3 Mechanical Behavior of Fuel 

There is very little experimental data on the mechanical performance of fuel 

assemblies under the extreme thermal transients of present interest. However an 

analysis has been performed using the FRAP-T5 code to estimate clad ballooning 
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behavior for the pressure and fuel temperature transients characteristic of the 

TMI-2 accident [25]. Results indicate that only limited clad deformation (strains 

less than 15%) occurs prior to pin rupture, which is estimated to take place at 

temperatures between 760-870° C (1400-1600°F). The relatively small calculated 

failure strains are a consequence of the fact that the differential pressure 

across the clad remains comparatively small while the clad is heated through the 

ductile a-phase. 

As the temperature continues to rise liquification of core materials would be 

expected to take place. The first material to melt would probably be the Ag-In-Cd 

alloy control rod material, which has a melting point of 810°C (1800°F). Release 

and flow of this liquified alloy would be expected to occur at about 1400°C, when 

oxidation and melting would cause failure of the stainless steel control rod 

cladding. Henry [42] has suggested that subchannel blockages (and hot-spots) 

might be caused by the refreezing of the alloy. However, since only 7% of the 

pins in each fuel assembly are in the form of control rods, the potential for 

core-wide heat transfer impairments is small. 

As temperatures begin to approach the melting point of Zircaloy (1850°C), pro

perties of the fuel rods will start the change. Tests at KFK have been carried 

out using electrically heated fuel pin simulators to examine clad pin-coolant 

interactions at temperatures up to and exceeding the clad melting point (1850°C) 

[41]. Results show that above the clad melt temperature liquified alloy 

"eutectic" mixtures can form between the zirconium and the UO2 fuel pellets. At the 

moderate clad heating rates calculated for the TMI-2 fuel (T ~0.5 - 2.0°C/sec) it 

was found in these tests that during heat-up the outer Zr02 layer on the fuel 

cladding is usually thick enough to be stable against penetration by the liquified 

eutectic, which remains confined within the fuel pin. (Our calculations indicate 

that prior to clad melting, typically 30% of the outer clad zirconium is 

oxidized).* However the tests also indicate widespread disruption of the oxide 

layers during cool-down. (Typical results are illustrated in Fig. 12). 

These considerations indicate that blockage effects due to flow of liquified 

materials was probably fairly small in the early uncovery phase. However, the 

quenching events at 174 and 202 mins would probably have caused some blockages 

*The oxidation fraction considered here is a local property that may have been 
significantly influenced by the presumption of a steam starvation effect. 
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(a) (b) (c) 

Figure 12. Results of KFK tests on U02/Zr-4 pin heat-up to above 2000''C. 
(a) T = 4''C/sec U02/Zr eutectic penetrates clad during heating; 
(b) T = 2°C/sec clad integrity maintained in heating but fracture 

occurs in cooling; 
(c) T = 0.25°C/sec clad integrity maintained in both heating 

and cooling. 
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through clad shattering and debris formation. Embrittlement data in (43) suggests 

that clad shattering due to mechanical or thermal shock is likely when the oxygen 

uptake of the Zircaloy exceeds 20 percent. Our calculations (4.1 below) indicate 

that at 174 mins, Zircaloy above this embrittlement limit was confined to the 

central fuel assemblies above the 3m. elevation (under 10 percent of the core 

volume) suggesting that debris formation due to the early quench was small. In 

contrast to this it is estimated that by 200 mins over 70 percent of the cladding 

had probably exceeded the embrittlement threshold. 

The implication is that flow blockage effects were probably small at TMI-2 up to 

200 mins after trip, but that a major rearrangement in core geometry occurrred 

after this time. Accordingly we have ignored heat transfer perturbations due to 

blockage in calculating the heating transient in the period 113-200 mins. 

3.4 Numerical Solution 

Equations (15) (16) (19) and (20) were integrated by an implicit finite difference 

procedure in a FORTRAN program to calculate temperatures during the core 

uncovering. The level trajectory, and the values of ATj^g g and Wg needed as a 

boundary condition for the calculations were obtained from the core liquid level 

analysis. 

For the numerical calculations the region between the base of active core and the 

elevation of the hot leg nozzles was divided axially into 40 nodes, each 11.4 cm 

(4.5 in) in length. The noding arrangement is shown in Fig. 13. Material proper

ties in the fuelled and non-fuelled regions of the rod assemblies (nodes 1-32, and 

33-36 respectively) were estimated from published data (see ref. [43]). Material 

properties and geometric data for the upper plenum region are based on unpublished 

data provided by B&W [41]. Code input data is summarized in Tables la and lb. 

The spatial distribution of decay power in the active core was allowed for by 

dividing the core into eight radial regions, such that the individual bundle power 

in each region differed from the region average by under 15%. Accurate represen

tation of the decay power distribution in the core has a significant bearing upon 

the temperature distribution above ~1100°C and the assessment of bulk core 

damage. The power distribution data were provided by Thomas [45], and are based 

on measurements made by B&W in the days prior to the TMI-2 accident [20], Fig. 14 

shows the boundaries of the radial zones (each grid square represents an indivi-
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Plenum 
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active core 
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upper tie plate/assembly end fittings 
upper plenum region 

Figure 13. Longitudual section of TMI-2 reactor vessel showing axial noding grid 
used for heat-up analysis. 
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Figure 14. Region boundaries for TMI-2 core heat-up model. 
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TABLE la 
TMI(2) core composition 

Region 
A x i a l 
E x t e n t 
(fiLHn base 
of ac±ive 
core) 

(m) 

0 - 3 . 6 6 

3.66-3.86 

3.86-4.01 

4.01-4,57 

Assumed type 
of m a t e r i a l 
occupy ing 

r e g i o n 

Zr-4/U02 
F u e l Rods 

Rod Plenum 
Region 

S t a i n l e s s 
S t e e l Assembly 
E n d - F i t t i n g s 
/Upper Core 
Tie P l a t e 

Upper Plenum 
R e g i o n / C o n t r o l 
Rod Guide 
Assembl ie s 

M a s s / u n i t subchanne l volume of 
m a t e r i a l s of d i f f e r e n t t y p e s (4) 

UO2 1 

(kg m"-^) 

6122 

-

Zr-4 

(kg m"-^) 

1240 

1240 

304-SS 

(kg m"^) 

-

776 

9450 

(3) 

TOTAL 

(kg m~^) 

7362 

2016 

9450 

(3) 

Heat (^) 
t r a n s f e r 
a r e a p e r 
u n i t s\ib-
channe l 
volume 
/ 2 , 3 , (m /m ) 

298 

298 

220 

(3) 

Heat c a p a 
c i t y p e r 
u n i t s u b 
c h a n n e l 
volume 

(J/m^ °C) 

(1) 

( 1 , 2) 

(2) 

(2) 

Reference 
for sourt^e 
ciata 

[43] 

[43] 

[43] 

[44] 1 

TABLE la - Material properties in the different axial regions assumed for calculations, 

NOTES; 
1. 
2. 
3. 
4. 

Calculated from temperature dependent properties of Zr-4 and U0„, 
Calculated from temperature dependent properties of type 304-SS. 
Data Proprietary to B&W. _. ^ 
Based on subchannel area at 1.15 x 10 m 



TABLE lb 

Core Flow Area (A ) 
(Includes reflector region) 

Downcomer Area (Â ĵ ,) 

Lower Plenvim Volume 

Subchannel Area 

Fuel pin o.d. 

Glad Mass/unit pin length 

UO2 mass/unit pin length 

5.94 m^ 

3.94 m2 

25.7 m3 

1.15 X 10"* m2 

1.092 cm 

0.142 kg/m 

0.704 kg/m 

Table lb Geometric and material parameters used 
in calculations. 
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• 

TABLE 

S. R a d : a l 
N ^ c T J o n 

Z(m) N . 

3 . JO 

2 . 8 7 

2 . 3 5 

1 . 8 3 

1 . 3 1 

0 . 7 8 5 

0 . 2 6 2 

1 

'^.3£ 

9 . 1 4 

1 0 . 2 4 

1 0 . 7 4 

1 1 . 0 0 

1 0 . 2 8 

6 . 7 2 

2 

4 . 7 8 

8 . 3 5 

9 . 2 0 

9 . 2 4 

9 . 1 6 

8 . 5 4 

5 . 6 6 

3 

4 . 7 8 

8 . 2 4 

8 . 9 3 

8 . 8 7 

8 . 6 9 

8 . 1 3 

5 . 4 8 

4 

4 . 4 9 

8 . 1 4 

8 . 4 6 

7 . 9 0 

7 . 9 4 

7 . 8 7 

5 . 2 7 

5 

4 . 1 0 

7 . 7 8 

7 . 6 7 

6 . 5 9 

6 . 7 0 

7 . 2 6 

5 . 0 9 

6 

4 . 2 4 

7 . 8 0 

7 . 9 6 

7 . 0 8 

7 . 2 0 

7 . 5 6 

5 . 1 9 

7 

3 . 5 0 

6 . 3 6 

6 . 7 5 

6 . 4 7 

6 . 5 1 

6 . 3 8 

4 . 2 4 

8 

2 . 1 8 

4 . 2 4 

4 . 6 9 

4 . 5 6 

4 . 5 6 

4 . 3 6 

2 . 8 1 

TABLE 2 - Axial and radial variations of fuel rod rating 
in TMI-2 core (in kw/ft) for 9 8% full power 
{2720 MW(th)} 

• 
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TABLE 3 

RADIAL REGION 

1 

2 

3 

4 

5 

6 

7 

8 

FRACTION OF 
TOTAL FUEL MASS 
IN REGION (%) 

0.565 

4.52 

6.78 

13.56 

13.56 

18.08 

27.12 

15.82 

TABLE 3 - Fraction of fuel mass in different 
radial regions. 
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dual fuel assembly), and Tables 2 and 3 give the power distribution data and fuel 

mass fractions for each zone. 

The absolute core power levels during uncovering were obtained from a decay curve 

calculated by B&W for the TMI-2 core (see Fig. 15). 

Total core damage in the fuelled region was computed by performing heat up calcu

lations for the eight regions individually, and then summing the results to give a 

weighted mean. Thus, if the calculated fraction of clad oxidized in the i^" 

radial zone is f„„ ' then the core average would be defined by 
ox 3 J 

— = I f (̂ ) W^ 
ox ., ox 

where W^ are the weight fractions given in Table 3. 
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Figure 15. Decay heat curve for TMI-2 during period 100-226 minutes from trip. 
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Section 4 

CALCULATION OF CORE THERMAL TRANSIENT 

The model outlined in Section 3 was used to calculate the core temperature distri

bution and assess fuel behavior for the period of core uncovering. The level 

trajectory for the base calculations is that shown in Fig. 7. The calculational 

results and implications with respect to core damage and end-state condition are 

described in this section. 

4.1 Predicted Fuel Temperatures Over the Periods T = 100-208 mins. 

The predicted failure times for the fuel in the different radial zones are listed 

in Table 4; these figures are based on the assumption failure occurs in the 

temperature range 760-870°C. 

Fig. 16 shows the calculated distribution of isotherms across the central core 

section H1-H15 (see Fig. 14) and the corresponding section of the upper plenum, 

prior to activation of RCP-2B at 174 mins. The region where embrittlement has 

occurred (i.e., the region where zircaloy oxidation exceeds 20%) is also shown in 

Fig. 16. The total core wide zircaloy oxidation at this time is calculated to be 

12%, and the peak fuel temperature in the center assembly is 2650°C (4800°F), 

which is close to the melting temperature of the fuel. Maximum fuel pin tempera

tures occurring during the transient are calculated to occur at this time. 

Temperature reductions of the dry fuel, due to forced convective cooling by the 

steam released in the refill at 174 mins, are calculated to be ~850°C. This 

cooling effect is transitory, and core heatup is resumed when the injected fluid 

has been substantially boiled off. Fig. 17 shows the new pattern of isotherms at 

200 mins, prior to initiation of high pressure injection. 

It is calculated that by 208 mins., fuel temperatures are falling rapidly, and the 

oxidation process is effectively terminated. The total zircaloy oxidation above 

the active core base at this time is estimated to be 39%; Fig. 18 shows the 

predicted distribution of oxidized material. The unexpected prediction of layers 

of different composition is a consequence of the assumption used in the analysis 
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TABLE 4 

CORE RADIAL REGION 

1 

2 

3 

4 

5 

6 

7 

8 

CALCULATED FUEL FAILURE 
TIME (mins) 

140 - 156 

147 - 157 

148 - 1S8 

149 - 157 

150 - 159 

151 - 159 

156 - 162 

162 - 168 

TABLE 4 - Calculated fuel failure time for assemblies in 
different core regions (based on assumotion that 
failure temperature is in ranae 760 - 87noC) 
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Plenum 

Upper 
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Figure 16. Calculated temperature distribution across core section H and 
upper plenum at r = 174 minutes. (Shaded area denotes region 
oif clad embrittlement). 
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Figure 17 Calculated temperature distribution across core section H and 
upper plenum at r = 200 minutes 
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Figure 18. Calculated distribution of oxidized Zircaloy in core section H 
at T = 208 minutes. Percentages refer to fraction of clad 
oxidized. 
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that oxidation rates can be limited by steam starvation. Oxidation commences near 

the top of the core because this region is uncovered first. Subsequently, 

enhanced oxidation in the high power region in the lower half of the core consumes 

the oxygen in the rising steam, and tends to limit the rate of reaction in the 

core center. 

Calculations indicate that over the entire period of uncovering, none of the fuel 

exceeded the UO2 pellet melting temperature (2790°C). Furthermore, less than 30% 

of the fuel in the core exceeded the clad melting temperature (1850°C), which is 

the minimum temperature needed for the formation of significant amounts of liquid 

U-Zr-0 alloys.* 

4.2 Sensitivity to Input Assumptions 

To estimate the sensitivity of the predicted core oxidation levels to the major 

modelling assumptions a series of parametric variations were carried out. 

Calculations were made with the following assumptions: 

(i) convective heat transfer coefficients increased by a factor of five; 

(ii) level time history in Fig. 7 changed by +15 cm; 

(iii) level time history calculated on basis of maximum steam condensation (n 
= 1) and zero condensation (n = 0) , on the incoming make-up flow (see 
Fig 7); 

(iv) adoption of the Baker-Just [47] correlation for oxidation rates; (as 
seen in Fig. 11 this equation tends to somewhat over-estimate measured 
oxidation rate data); 

(v) zirconium oxidation not limited when subchannel steam flow is 
calculated to be zero (no steam starvation limit); 

(vi) zirconium oxidation is terminated on inception of clad melting, as 
postulated in [3]. 

Results of these calculations, shown in Table 5, are expressed in terms of the 

core state at 202 mins., just prior to HPI initiation. The oxidation fractions 

given refer to zirconium within the fuelled region only (nodes 1-32). 

*U-Zr-0 alloy formation is dependent upon temperature (>1350°C), intimate pellet 
and cladding contact, and oxygen content. At 2000°C the ratio of pellet to 
cladding volumes contributing to alloy formation ranges from 0.25 to 2.0.[46] 
Given that 30% of the fuel reached the clad melt temperature at TMI and that 
(typically) 70% of the clad remained unoxidized by the time fuel had reached this 
temperature, the fractional core UO2 participation in alloy melt is of the order 
of 0.02 to 0.12. The dissolved oxygen in unoxidized cladding material is likely 
to bring the actual figure closer to 0.02. 
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TABLE 5 

CASE 

Reference case 

Level height increased by 15cm in 
boildown 

Level height reduced by 15 cm in 
boildown 

Level height calculated with n=l 

Level height calculated with n=C 

Nusseltnxomber increased by factor 
five in eg (15) and (16) 

Oxidation rate correlation of 
Baker-Just adopted in favor of (22) 

Zero steam-starvation 

Oxidation terminates on clad melt
ing 

% zirc. 
oxidation in 
active core 

28.0 

7.5 

37.1 

11.5 

30.5 

22.4 

30.7 

39.5 

24.3 

Peak clad 
temperature 
(°C) 

2670 

2330 

2780 

2270 

2680 

2415 

2540 

2790* 

2280 

TABLE 5 - Sensitivity of calculated core damage at 202 mins, to varia
tions in input assumptions. 

(*U02 pellet melting temperature) 



It is seen that the zirconium oxidation fraction is greatly reduced by a small 

increase in make-up flow. This is because of the unstable nature of the exo

thermic oxidation process, which can cause a runaway heating effect when clad 

temperatures exceed about 1500°C. For the cases in Table 5 in which widespread 

oxidation is calculated, the assumption of oxidation inhibition by steam starva

tion appears to have the greatest effect on calculated damage levels.* 

4.3 Calculated Temperature Transient in the Upper Plenum Region 

The model was used to estimate the mean temperature and flow rate of the gas, and 

the metal-work temperature, in the vessel upper plenum region, (thermal and geo

metric properties of the non-fuel regions are given in Table 1). Fig. 19 shows 

the calculated time variation of the mean gas temperature in the upper plenum, at 

the elevation of the hot leg nozzles (which are located 4.6 m above the base of 

the active core). The temperature is a cross-section area-mean value obtained by 

averaging over the eight radial zones. Also shown in Fig. 19 is the total calcu

lated gas flow at the same elevation. It is seen that the calculated gas tempera 

ture does not exceed 1300°C and is only briefly greater than 900°C. As would be 

expected the temperature time variation is strongly affected by the magnitude of 

the core exit flow. These findings are generally consistent with heat transfer 

studies of the A loop hot leg piping and instrument response [45]. 

As shown in Figs. 16 and 17, the calculations indicate that during the period of 

uncovering, metal-work in the upper plenum region is heated only a few degrees 

centigrade by the hot gases emanating from the core. However it is clear that 

this is unlikely to be true for the steel in the assembly end-fittings and upper 

core tie-plate, which is exposed to direct thermal radiation from the fuel rods, 

and would probably be very much hotter. Since radiative heat transfer is not 

included in the present analysis, a detailed estimate of the temperature in this 

region has not been attempted. 

4.4 Comparisons with Indicated Level of Core Damage 

Indications of the level of core damage can be obtained indirectly from 

instrumentation behavior, measured levels of fuel fission product release, and 

hydrogen generation. Present indications are as follows. 

*This is in reference to maximum damage; other assumpions such as n=l for the 
entire period have greater consequence relative to minimum damage predictions. 
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Figure 19. Calculated time variation of mean gas temperature, flow rate and 
steam fraction in the upper plenum at the elevation of the hot 
leg nozzles. 
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4.4.1 Hydrogen Generation 

Considerable quantities of hydrogen were generated during the accident, and the 

containment pressure spike at T = 590 mins. was caused by partial deflagration of 

this hydrogen gas [1]. Probably the most reliable estimates of the quantity of 

hydrogen released are provided by the analyses of containment air samples taken in 

the months following the accident; measured levels of oxygen depletion in these 

samples can be used to estimate the quantity of hydrogen involved in the burn. 

The composition of the four air samples given in [1] imply that the mass of 

released hydrogen is in the range 300-550 kg, with a median estimate of 480 kg. 

Possible sources of hydrogen that have been suggested are radiolysis [49], or the 

high temperature reaction between steam and the zircaloy or stainless steel. 

Theoretical calculations suggest that the quantity of radiolytic hydrogen gener

ated in the TMI accident was negligibly small [50]. 

To determine the net hydrogen generation implied by the distribution of oxidized 

material shown in Fig. 18, use was made of the core material inventory data in 

Table 6 [43]. These data show that the approximate mass of Zircaloy-4 in and 

above the fuelled region is 22,670 kg. Since, 39% of the Zr-4 above the active 

core base is consumed in total, this implies a net hydrogen generation of 385 

kg. In practice additional hydrogen would be expected to be formed by oxidation 

of some of the stainless steel within the fuel assemblies, which proceeds 

according to the equation [51] 

4H2O + 3Fe > Fe30^ + 4H2+ 

at similar temperatures as the reaction between steam and zirconium. Assuming 

oxidation of 35% of the stainless steel in the active core length, and complete 

oxidation of the plenum springs in the fuel elements, generation of an estimated 

additional 50 kg of hydrogen is predicted. This brings the total estimated hydro

gen production to ~435 kg, which is in reasonable agreement with the measurements 

given. 

The slight underprediction of hydrogen generation could easily be explained by the 

assumption of a steam starvation oxidation limit. In practice recirculatory gas 

flows carrying steam to the oxygen starved regions may well have been possible in 

a large open core in the near stagnant conditions of the boil down (typical flow 
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TABLE 6 

CATEGORY 

Fuel 

Absorbers 

Structvures 

Trace 

FORM 

ceramic pellets 

metal aloy rod 
ceramic pellets 
ceramic pellets 

fuel cladding 
guide ti±>es 
instrument tubes 
control cladding 
poison rod cladding 
orifice rod cladding 
spacer grids 
spacer sleeves 
plenum springs 
ceramic spacers 
metallic spacers 
end plugs 
end plugs 

SPND 
T/C 
background detector 
neutron source 
instrument thimble clad 
instrument calibration 

tube 
insulation 

COMPOSITION 

"°2 

Ag-In-Cd 
B4C in AI2O3 
Gd203-U02 

Zircaloy-4 
Zircaloy-4 
Zircaloy-4 
304SS 
Zircaloy-4 

304SS 
Inconel-718 
Zircaloy-4 
(stainless) 
ZrO^ 
(stainless) 
304SS 
Zircaloy-4 

rhodium-inconel 
chrome1-alume1 
(cobalt) 
Am-Be-Cm 
inconel 
(inconel) 

(ceramic) 

VOLUME 

( f t ^ 

324.3 

9.55 
7.29 
0.46 

109.7 
6.65 
0.62 
2.70 
4.04 
0.13 
5.24 
0.64 
3.10 
2.13 
0.90 
0.28 
3.69 

_ 

-
-
-
-
-

WEIGHT 

(lb) 

205140 

6060 
380 
290 

44440 
2690 
250 

1350 
1640 
60 

2670 
260 
1550 
730 
450 
140 

1490 

_ 

-
-
-
-
-

TABLE 6 - Materials inventory in core, excluding assembly end fittings (source ref. 43) 
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velocities are of the order of ~5 cm/sec). Since ample steam was available in the 

vessel above the core it is possible that steam starvation may not have occurred 

to the extent indicated in the present analysis. Note that in the absence of 

steam starvation the calculated hydrogen production would increase by an 

additional ~90 kg. (cf. Table 5). 

4.4.2 Fission Product Release 

Fission product release levels may also be used to obtain an indication of the 

aggregate fuel damage. Since the occurrence of the TMI-2 accident, numerous gas 

and liquid samples have been taken from the RCS and from the containment atmo

sphere and sump. The most complete summary of the composition of these samples is 

reported in [52]. Table 7 contains a list of the range of estimated fission 

product release levels suggested by sample analyses reported in refs. 

[52,53,54,55]. 

To establish if the fission product release level in Table 7 are compatible with 

the core thermal transient calculated in Section 4.1, some appraisal must be made 

of the mechanisms by which fission products are released from overheated fuel. A 

brief description of release mechanisms is given below: 

(i) Gap release. After clad failure, gaseous and volatile fission products 
resident in the clad gap and rod plenums are released immediately. 
Typical gap release fractions [56] are listed in Table 8. 

(ii) Diffusion. During heating, subsequent to clad failure, further gaseous 
fission products are released by diffusing through the solid UO2 
matrix. Models describing this process are discussed in [57]. Table 9 
provides appropriate time/temperature release data obtained 
experimentally by Lorenz [58]. 

(iii) Pellet Melting/Liquifaction. Pellet melting leads to rapid release of 
fission products. Typical temperature time release data are given in 
Table 10. In the presence of Zr-4 fuel cladding, fuel liquifaction can 
occur at comparatively low temperatures by the formation of U-Zr-0 
alloys (see Sections 3.3 and 4.1). Lorenz [58] has suggested that 
release rates from alloy compounds are comparable to those for 
liquified fuel, but this does not yet seem to have been experimentally 
confirmed. 

(iv) Fuel Sintering. Growth of fuel grains at elevated temperature (>1650°C) 
is a recognized mechanism for enhanced fission product release [60]. 
The oxygen potential is the basic parameter governing the sintering 
rate at a given temperature. Cubicciotti [61] has recently proposed a 
model for gaseous and volatile fission product release to account for 
grain growth effects, enhanced by steam. Using this model and the 
temperature history developed in the present analysis, a gaseous 
fission product release fraction on the order of 0.4 has been computed 
[62]. 
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Table 7 

Activity Releases for TMI(2) Fuel 

Nuclide 

85Kr 

133xe 

131i 

137cs 

90sr 

l^OBa^^) 

Core(l) 
Inventory, Ci 

9.7x10^ 

1.5x10^ 

7.0x10^ 

8.4x10^ 

7.5x10^ 

1.4x10^ 

Activity Released 
from Fuel, CI 

4.6x10^-6.8x10^ 

6.3x10^-9.9x10^ 

2.9x10^-3.9x10^ 

3.8x10^-5.1x10^ 

<6xl02 

1.8x10^-3.5x10^ 

Percent 
Release 

47(2)_70% 

42(2)-66% 

41-55%(3) 

45(4)-60% 

<.08% 

0.1-0.2% 

*NQTES: (1) Based on calculations using ORIGEN code. Ref. [71] 

(2) Met. Ed. containment air sample 5/3/79. Ref. [54] 

(3) Iodine release has been inferred from cesium release Ref. [52] 
fraction 

(4) Containment sump sample 10/20/79; lower value probably Ref. [54] 
more appropriate because of leach-out. 

(5) Based reported measurements reported and estimated Ref. [55] 
3.1x10=' gal. cont. water. 
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(v) Pellet Cracking in Cooldown. There is some evidence that pellet 
cracking during cooldown may substantially increase overall diffusion 
release levels, although this process is not yet quantitatively 
understood. Parker and Barton [60] describe tests in which sudden 
cooling of fuel pellets produced fission product releases exceeding 
those observed in the pellet heating phase. Powdering of UOp fuel 
pellets along the grain boundaries has been observed during fuel 
quenching in tests at PBF [64]. Croucher [65] has suggested that grain 
boundary fracturing would be possible when the fuel is cooled from 
temperatures exceeding a threshold value of 1620°C. Fuel fragmentation 
would enhance diffusion and increase the leaching of soluble fission 
products from the fuel after core refill. 

Examination of the core temperature transient calculated in Section 4.1 (see Figs. 

16 and 17) suggests that over the entire period of uncovering less than 30% of the 

fuel in the core exceeded the zircaloy melt temperature 1850°C (3360°F) and that 

no fuel exceeded the UO2 pellet melting temperature 2790°C (5050°F).* Thus the 

implied potential for significant fission product release from liquified fuel is 

small. This is consistent with the levels of Ba and Sr observed in the coolant 

samples (see Table 7) which are much lower than would be expected in the presence 

of substantial and sustained fuel melting (see Table 10). 

The gap releases listed in Table 8 and the release rates for diffusion processes 

shown in Table 9, are too small to explain the observed release levels for gaseous 

and volatile fission products, given our calculated heating transient. In parti

cular, if the sole release mechanism is simple diffusion, the measured levels of 

°^Kr, ^^M and ^^'Cs would imply that upwards of 50% of the fuel mass was baked at 

temperatures exceeding 2000°C for a period of more than one hour. 

Further studies of fission product release mechanisms are plainly needed before 

conclusions on TMI-2 fission products can be stated with confidence. Presently it 

appears that the dominant release mechanism is grain growth (fuel sintering) in 

steam. This process would certainly have been augmented by pellet cracking which 

may have occurred as the fuel was quenched. Some additional release may be attri

buted to the gap release, fuel liquification and simple diffusion, although it 

would appear that these release mechanisms played a much less important role. 

Our analysis can readily justify gaseous and volatile fission products release 

fractions on the order of 0.45 - 0.55. This range is somewhat on the low end of 

*This conclusion is stated with less confidence in regard to the 10% of the core 
(Section 3.3) that was embrittled prior to the partial quench at 174 mins. 
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Table 8 

Gap Release Component 

Approximate 

Activity Released 

Nuclide From Fuel, Ci* 

85|<̂  7.7 X 10^ 

133xe 4.4 x 10^ 

131i 1.1 x 10^ 

106p|3 2.8 x 10-

137(.3 4.3 x 10^ 

90s^ 0.8 

140B, 139 

Percent 

Release 

(typical) 

8% 

3% 

1.7% 

5% 

5% 

1.0 x 

1.0 X 

10" 

10' 

•4 

-4 

* Release values are the product of core inventory derived from ORIGEN 

calculation [71] and best estimate gap release fractions obtained from [56]. 
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Table 9 

Fission Product Release by Diffusion 

From UO2 Matrix (Fragmented Cladding)* [58] 

Temperature (°C) Xe, Kr Cs, I 

1600°C 5% 10% 

2000°C 37% 50% 

2400°C 90% 95% 

* Samples heated 5 hours; burnup: 1000 Mwd/MT. 

These release values are somewhat higher than were reported by Parker and 

Barton [60]. 
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Table 10 

Fission Product Release From 

Molten U02/Zr clad in an 

Oxygen Deficient Atmosphere* 

Element Xe, Kr Cs, I Ru Sr Ba 

Release 46% 32% 0.15% 10% 9% 

* Data derived from ORNL tests reported by B. W. Parker and R. A. Lorenz [63]. 

Results were not corrected for the fraction of sample melted, which is 

approximately equal to the percent rare gas release. 
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estimates obtained from the plant data (Table 7). It is possible that hot spots 

which persisted in the core after refill contributed to the aggregate fission pro

duct release fraction. This is, however, a speculative consideration. 

4.4.3 Instrumentation Behavior 

Limited core exit thermocouple information is available for the time period 

covered by our analysis. Nevertheless, the trends in off-scale thermocouple 

alarms are consistent with the calculated core thermal transient (Section 4.1). 

When the alarm print-out was restored at 168 mins. it is apparent that all 52 

thermocouples were off-scale high. The partial quench at 174 mins. is marked by a 

brief return of 10 - 15 thermocouples (located at the core periphery) back on-

scale [14]. The subsequent boil-off and resumption of the core-wide heat-up was 

accompanied by off-scale trending of these thermocouples. Core refill, commencing 

at 202 mins., is indicated by a sharp drop in the number of off-scale thermo

couples. The return of additional thermocouples back on-scale over an extended 

time period is indicative of a gradual cooling trend. [1,14] 

Instrument survival provides some means for assessing core conditions. In the 

case of SPND's, only 37 of 364 SPNDs in the core were functional after the TMI-2 

accident; 35 of the surviving instruments are located at the edges of the core, 

below the 1.3m level, [66]. Failure of many SPNDs may be linked to changes in 

core geometry as discussed in the following section. 

Suprisingly, 49 of the 52 Chromel/Alumel core exit thermocouples (junctions 

located 15 cm above the core top) are now functioning normally [66]; this is 

despite the fact that the thermocouple leads pass downward through the active core 

via instrumentation tubes that also contain the SPNDs. (Instrumented fuel 

assemblies are located in each of the radial power zones as shown in Fig. 14, 

[1].) 

Thermocouple survival provides convincing evidence that large scale melting and 

flow of fuel materials did not occur at TMI-2, which is consistent with the impli

cations of our analysis. However, the heat-up calculations suggest that the 

thermocouple leads were exposed to temperatures well in excess of the 1350°C 

melting point of the Inconel forming the thermocouple sheath and the lead wires 

(see Figs. 16 & 17). Tests at ORNL have shown that thermocouples can survive 

temperatures exceeding the sheath melting point, although recovery to normal 

behavior is slow [67]. Instrument survival at these high temperature 
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conditions is not guaranteed, and further investigation of instrument 

survivability is required. 

4.5 Core Behavior After 202 mins: End State Condition 

As stated above, our calculations indicate that operation of the HPIS after 202 

mins re-established cooling throughout the dry region and terminated the clad oxi

dation process. However, there is evidence of further core structural damage 

after this time. At 227 mins a violent thermal interaction appears to have taken 

place inside the core [1] causing a sudden 1.4 MPa (200 psi) increase in RCS pres

sure, back flow from the core to the loops, a sharp increase in ex-core neutron 

counts, and simultaneous failure of 30% of the in-core SPNDs [28].* The increase 

in system pressure implies that =2.4 10"j of energy was suddenly deposited in the 

coolant at this point [72]. 

The nature of 227 min event is not fully understood, but the most likely explana

tion appears to be a collapse of dry fuel from the top of the core (which was pro

bably severely weakened by clad oxidation) into the lower liquid filled region. 

The hypothesis of a core structural collapse is consistent with an energy balance 

based on our estimates of the core condition prior to refill at 202 mins. Calcu

lations give the water level at this time as z^ = 0.5m (1.65 ft) and the core 

stored energy (defined as the energy released in bringing the fuel to T̂ ŷ j) as 

3.2«10^^J. An additional 3.0«10^^J of energy was added in decay heating in the 

period 202-227 mins. Now HPIS was operated between 202-217 mins, after which 

make-up was negligible** until HPI was re-activated at 236 mins [1,10]. Based on 

known HPI pump characteristics the estimated core injection over the period 202-

227 mins is calculated as =4.5*10^ kg of which =2.2*10^ kg is needed to fill the 

core from the 0.5m to the 3.6m elevation. The maximum energy removal by boil-off 

of residual injected coolant is 

(4.5-2.2)-10^-(hgj^ + Cji ATsuB,i) = 5.6-lol°J 

* During this period entire strings of SPNDs in the central core region went off-
scale and never recovered. The rapid sequences of failures and the fact that 
SPNDs near the bottom of the core were affected for the first time in the accident 
suggest that these failures were mechanically induced. The actual mechanism(s) of 
failure have, however, not been positively established. 

**Inferred from observations of make-up tank level and letdown flow. 
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This is less than (but close to) the sum of the stored energy and added decay heat 

(total 6.2«10-^^J), implying that the core was only partly quenched by 227 mins. 

The calculated residual core stored energy, 6.0'10"j, is more than sufficient to 

account for RCS pressure rise in the 227 min event, which is consistent with the 

idea that a mass of dry material was suddenly quenched by collapsing below the 

liquid level. The implication is that a layer of Zr02 and UO2 fuel pellet frag

ments was formed at this time, and now extends over most of the region above the 

core midplane.* Some displacement of fuel debris below the core and into other 

primary system low points may have also occurred. 

Core behavior between 227 mins and re-establishment of forced circulation cooling 

at 949 mins is difficult to analyze because of the loss of core geometry, and 

absence of significant trends in core instrumentation response. However observa

tions of the BWST level indicte that make-up in the period 227-545 mins was well i 

excess of the level required to replace coolant boiled-off by decay heat [10]. 

Also it is known that no significant clad oxidation/H2 production occurred after 

the hydrogen burn at 589 mins. This tends to suggest that a cooling trend was 

established after ~227 mins and core damage was essentially completed by this 

time. This is supported by the observation of a downward trend in the number of 

core exit thermocouples recording off-scale temperatures (>390°C) after 202 mins. 

[1] 

Temperatures above saturation continued to be registered by some core exit thermo

couples even after forced circulation was re-established. There are several 

explanations for this behavior: (i) the core was maintained in an uncovered state; 

(ii) accumulations of fuel debris around instrument strings produced "virtual" 

thermocouple junctions at local hot spots, causing erroneous readings; (iii) 

instrument hysteresis after extended overheating. The prevalence of subcooled 

thermocouple readings at the core periphery after 300 mins [1], seems to rule out 

the first possiblity (i.e., extended core uncovery). Virtual junction and 

hysteresis effects have been observed by Anderson [67] and seem to be the most 

likely explanation for the long term core exit temperature data. 

*Compaction of core materials will be constrained by the packing fraction limit 
for fuel debris. Comparison between the theoretical packing fraction limit for 
equal spheres (0.68) and that of the as-built core (0.45) suggests an approximate 
upper-bound volume compaction of about 30%. 
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The thermocouple virtual junction effect and the very gradual cooldown implies 

significant thermal conduction lengths in aggregations of fuel debris. This 

observation qualitatively reinforces the view that substantial clad degradation 

and fuel dislocation did in fact occur[42]. 
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Section 5 

CONCLUSIONS 

Best estimate calculations have been performed to determine the water level tra

jectory in the core, and the thermal transient experienced by the fuel and vessel 

internals, during the early period of core uncovering at the Three Mile Island (2) 

reactor. Results of calculations are consistent with core instrumentation response 

during the period of uncovering, and provide a reasonable explanation for the 

observed containment hydrogen levels and for the behavior of the ex-core thermo

couples. However, the release levels of volatile and gaseous fission products are 

somewhat higher than would be expected from the calculated duration of the fuel 

temperature excursion. 

5.1 Damage Sequence 

The major events in the progression of core damage are as follows: 

(i) Core dry-out began at approximately 113 min. after reactor trip, the core 

heat-up transient continued through 202 min. The sustained high pressure 

injection beginning at 202 min. is thought to be the primary factor which 

halted the progression of damage. 

(ii) Evidence indicates that two make-up pumps were supplying coolant to the 

primary system during the early part of the boil-down (113-158 min.), but 

that the combined make-up flowrate was considerably less than the high 

pressure injection system design flow rate; substantial conden-

sation/recirculation within the pressure vessel is believed to have 

occurred. 

(iii) Fuel pin cladding failures began to occur approximately 140 min. after 

trip. 

(iv) By 174 min. the core coolant level had dropped to about 1.0m from the 

active core base. Approximately 50% of the (active core) had been heated 

to temperatures at which rapid fuel cladding corrosion occurs. 
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(v) The core heat-up transient was interrupted at 174 min. by the operation of 

the 2B reactor coolant pump, resulting in a partial quench; cladding 

embrittlement had not progressed to the point where wide spread shattering 

of fuel cladding occurred during this cooldown. 

(vi) Core temperatures began to rise after coolant injected into the core region 

(at 174 mins.) was boiled off. 

(vii) The core coolant level resumed its downward trend in response to near zero 

coolant make-up; a minimum level (estimated at 0.5m from the bottom of the 

active core) was reached at 202 mins. This is probably the lowest core 

coolant level over the entire accident period. 

(viii) The minimum coolant level at 202 min. coincided with the most severe 

thermal conditions experienced by the core; roughly 30% of the core had 

achieved temperatures in excess of the clad melt temperature (1850°C) by 

this time, with a peak temperature of 2650°C in the central fuel bundle. 

(ix) Manual initiation of high pressure injection (202 min.) terminated the core 

heat-up and clad oxidation process. 

(x) Embrittlement of fuel cladding and weakening of core support structures 

prior to reflood at 202 min. left the core in a vulnerable state; a 

significant mechanical disruption of the core appears to have taken place 

at 227 min., during cooldown. 

(xi) Fuel damage was stablized by 230 minutes after reactor trip; the completion 

time for core refill and quench has not been definitively established. 

5.2 Core End-State 

Results suggest the overall core damage can be characterized as follows: 

(i) All fuel pins experienced clad failures (with the possible exception of 

pins on the core periphery that received sufficient cooling by radiative 

heat transfer). 
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( i i ) The core-wide zirconium oxidation was ~40%. More than 60% of the z i rcaloy 

materials in the core were s ign i f i can t l y oxidized (> 1% local ox idat ion) ; 

the top-most regions of the core, par t i cu la r l y the fuel rod upper plenums, 

were f u l l y oxidized. 

(iii) A significant fraction of the unoxidized fuel (-30%) exceeded the clad 

melting temperature during the transient; melting and refreezing of 

unoxidized cladding material on inner surfaces probably occurred. 

(iv) U-Zr-0 alloy formation may have accompanied clad melt, but the extent of 

UO2 participation is small in relationship to the total core UO2 inventory 

(estimated at between 2 and 12%). 

(v) Fission product release analysis and the thermal-hydraulic analysis both 

indicate that negligible UO2 pellet melting occurred. 

(vi) Steam temperatures in the upper plenum at the outlet nozzle elevation were 

generally below 900°C (1650°F), although this value was probably exceeded 

by the fuel quench caused by activation of the 2B reactor coolant pump, at 

174 min. after trip; the metal work in the upper plenum, above the upper 

tie-plate, did not experience appreciable heating. 

(vii) A collapse and rubblization of fuel materials at the top of the core 

occurred at 227 min. after trip. 

5.3 Areas of Uncertainty 

Total clad oxidation was found to be very sensitive to the path followed by the 

water level in the core during uncovering; hence the main uncertainty in the 

analysis arises from uncertainties in the rate of water addition to the core by 

operation of the make-up system. 

Examination of the effect of variations in modelling assumptions on calculated 

core damage levels suggested that other significant uncertainties are (i) the 

magnitude of steam condensation rates on the injected make-up flow (ii) ability of 

three dimensional core flows to provide steam to maintain rapid oxidation of 

overheated zircaloy (iii) localized core geometry changes. 
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Geometry changes during the heat-up period could have developed from: ( i ) control 

rod f a i l u re and dispersal of molten control mater ia l ; ( i i ) clad break-up and fuel 

d is locat ion during quenching (especial ly the par t ia l quench at 174 min . ) ; ( i i i ) 

penetration of molten zircaloy or al loy materials through the outer oxide layer of 

fuel pins. Prior to 202 mins. any s ign i f icant geometry changes were l i k e l y to 

have been concentrated in the central core region, above the 3.0m l e v e l . 
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Appendix A 

Calculation of Letdown Flows from Letdown 
Cooler Outlet Temperatures 

The TMI-2 letdown coolers consist of two helical flow shell/tube heat exchangers. 

The thermal performance of these units is very similar to that of a simple 

counterflow heat exchanger [1,66]. During the period of the accident of interest 

both coolers were in service, and since the cooler outlet temperatures agree to 

within 2°C, both are assumed to have been performing identically. 

In response to a step change in letdown (tube side) flow, the tube side outlet 

temperature approaches a new steady value asymptotically, with a time constant = 4 

minutes. The new tube side flowrate is calculated from the asymptotic temperature 

level by using a simple heat balance, as follows (c.f. [1]). 

The heat transferred by each cooler is related to the inlet/ outlet temperatures 

by the equation: 

^c {\,i - -̂ s.o) - (^t,o-^s,i)) 
(Al) 

applicable to a counterflow heat exchanger, conductance 6^. An energy balance for 

the tube side and shell side flows gives: 

^-\'i ^\,i - \,o^ (̂ 2̂) 

^ - ^'z (^s.o-'^s,i) (̂ 3) 

Under normal operating conditions shell side flow and inlet temperatures are fixed 

at design levels 
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Wg = 25 kg/s (2.10^ Ibs/hr), T^ ^ = 350C (95°F) 

The design value of the conductance is 3(. = 6.5 • 10^ W/°C (1.24 • 10^ 

Btu/hr.°F). However, during the accident, multipoint records of the cooler outlet 

temperature, and measurements of letdown flow recorded on the plant hourly log, 

show that for T̂ -̂ -̂ = 288°C (550°F) an outlet temperature of T^^Q = 57°C (135°F) 

corresponds to a flow Ŵ . = 4.0^0.3 kg/s (65 Ĵ  5 gpm). This implies that the 

conductance of the operating coolers had fallen to &^ = 4.2 • 10^ w/°C (0.8 • 10^ 

Btu/hr°F), possibly as a result of fouling. 

Using the above values for ê ,, Tg ^ and Wg eqs. (Al) - (A3) can be solved 

iteratively to give W^ in terms of the asymptotic outlet temperatures T^ Q. (The 

inlet temperature T^ ^ is taken as the loop-A cold leg temperature). Results of 

these calculations are used to derive the letdown flow history shown in Figure 5. 
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Appendix B 

Estimates of Steam Condensation Downstream of 
HPI Nozzles in the TMI-2 Cold Legs 

In the period T = 100-200 mins. coolant makeup at TMI-2 is believed to have 

entered the RCS via the HPIS injection nozzle in the IB loop. Fig. Bl shows the 

injection geometry. 

If the mean heat transfer coefficient for steam condensation on the horizontal 

free stream is h^Q^^p, the energy deposited per unit time in the stream, assuming 

saturated steam and a linear axial temperature profile in the liquid, is 

e = Cj^W.AT3^jB^. c/(l+c/2) (Bl) 

where ? = {i^QQ^^ P x / Ĉ Ŵ.) 

The maximum rate of energy deposition is simply C.W.AT5,..p .: Thus the condensa

tion efficiency is given by 

_ actual rate of steam condensation 
^ maximum rate of steam condensation 

= ?/(l+C/2) (B2) 

The condensation heat transfer coefficent is estimated using the mass transfer 

analogy suggested in refs. [69] and [70], which gives the relation 

Nu^ = 0.25 Re^°*^^ Pr^ (B3) 

where Nu^, Re^, Pr^ are based on turbulence length and velocity scales. 

'̂ "t ~ '̂ rOND̂ t'''̂ Jl' '̂ t̂ ~ '̂ t̂ Ĵl' ^^ ~ ^li^l^z^^li' ^'^'^^ ^^^ °P^" channel flow 

condensation experiments of [67] and [68] it has been found that, except for a 

short development length, condensation rates can be described using (B3) by 

setting 
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Injection flow 

Reactor vessel 

(a) Cold leg pipe work/injection path 

A 

(b) Section of cold leg pipe work 

Figure B1. High pressure injection flow geometry at TMI-2. 
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U^ ~ 0.3 U^ (B3^) 

\ ~ ' 

from which, since Pr'2 « 1 

^ond = ' • ' ' h U,0-^5/(60-25v^0-75) (B4) 

For the present case Bernoullis equation gives 

U^ = / 2 ^ (B5) 

I t is calculated that 6<<R in F ig. B l . Making use of th is fact we have 6 = 

P^/8R. Simple geometry then gives the fol lowing relat ionship between the stream 

depth and the f low-rate W.,-

6^ = W . ^ / ( 2 R p / u / ) (B6) 

Combining (B6) (B5) (B4) and (Bl) we get 

H 7 / 2 4 ^ R5/12g 7/24 

^ = 0 - 3 3 3/4 1/6, ,5/6 (B7) 

for the present case 

H = 0.89m k^ = 0.69W/m^K 

x = 5.0m v^ = 2.2 10"'^m^/s 

R= 0.36m p^ = 900kg m"'̂  

C^ = 4.5 10^ J/kgOK 

W.J « 7 kg/sec 
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Which gives 

n = 1.0 

Indicating that the condensation efficiency is just sufficient to bring the free 

stream to saturation temperature. 

This calculation can be used as a rough indication that some steam condensation 

probably took place on the injected flow. However it must be emphasized that 

eq(B3) and (B3^) is only supported by a limited data base, and the numerical 

calculations for n could easily be in error by a factor of two. 
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