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ABSTRACT 

SCDAP/RELAP5/MOD3 . 1 , an integrated thermal hydraul ic anal ys is 

code developed primari ly to s imulate severe accidents in nuc lear 

power p lants , was used to predict the progression of core damage 

duri ng the TMI-2 accident . The versi on of the code used for the 

TMI-2 analysis described in thi s  paper i ncludes models to predi ct 

core heatup , core geometry changes , and the relocati on of molten 

core debri s to the lower plenum of the reactor vessel. This paper 

descri bes the TMI-2 i nput mode l , initi a l  condi ti ons , boundary 

condi tions , and the results from the best-estimate s imulati on of 

Phases 1 to 4 of the TMI-2 acci dent as wel l  as the results from 

several sensiti vity calculati ons . 
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1. INTRODUCTION 

T he SCDAP/R ELAP 5/MOD3 .1 computer code1•2 was used to predi ct 

the progress ion of core damage duri ng the TMI-2 accident . 

SCDAP/R ELAP5/MOD3 . 1  i s  an i ntegrated thermal-hydraulic analysi s  

code devel oped primari ly t o  simulate severe accidents i n  nuclear 

power p lants. It i ncludes models t o  predi ct core heatup , core 

geometry changes , and the relocati on of molten core debri s  to the 

lower plenum of the reactor v essel. Thi s  report describes the 

TMI-2 input model ,  i ni ti a l  condi ti ons , boundary conditi ons , and 

results from the best-estimate simulati on of Phases 1 through 4 

o f  the T MI-2 acci dent as w ell as th e results from several 

sensi ti vity calculati ons. The primary obj ectives o f  thi s 

analysi s  were to ( a) ca lculate all  of the relev ant phenomena 

beli eved to have occurr ed duri ng the TMI-2 accident , ( b) exer ci se 

and assess various core damage mode ls and options , and ( c) 

determine i f  the most rec ent ver si on of SC DAP/R ELAP 5 i s  better 

able to predict the progressi on of core damage duri ng the TMI-2 

acci dent than previ ous code versi ons . Thi s  work represents an 
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ongoi ng effort to simul ate an actual severe acci dent using a 

state-of-the-art severe acci dent analysi s  code . 

All maj or components of the TMI-2 primary system were 

model ed usi ng the SCDAP/R ELAP5/MOD3 . 1  code pack age . The R ELAP5 

module was used to simulate the thermal -hydrauli c s  of the reactor 

vessel , primary coolant loops , steam generators , and pressuriz er . 

Steam generator secondary side coolant leve l s ,  pressures , and 

feedwater temperatures , and primary side makeup and l etdown flow 

rates were suppli ed as boundary condi ti ons . The SCDAP module was 

used to simulate the reactor core , whi ch was divi ded i nto five 

radi a l  regi ons by groupi ng simi larly powered fuel assembli es 

together . The COUPLE module was used to simulate the reactor 

vessel l ower head and the debri s that s lumps i nto the lower head 

duri ng the acci dent . 

The TMI-2 acci dent i s  general ly divi ded i nto f our di sti nct 

phases for analysi s  purposes . 3  Phase 1 ( 0- 1 0 0  mi n )  i s  a small

break loss-of-coolant acci dent ( LOCA) through the stuck-open 

pi l ot-operated reli ef valve ( POR V) . One or more r eactor coolant 

system (R CS)  pumps operated conti nuously during Phase 1 of the 

accident , thereby provi di ng adequat e core cooli ng .  Phase 2 ( 1 00-

174 mi n) is a conti nuati on of the sma l l  break LOCA wi thout the 

R CS pumps . Core uncovery , heatup , and i ni ti a l  melti ng occurred 

duri ng Phase 2 .  Phase 3 ( 17 4 - 2 0 0  min) begi ns with a restart of 

reactor coolant pump 2 B .  Approximately 3 0  m3 o f  coolant was 

inj ected i nto the reactor vessel in less than one mi nute , cooli ng 

the peri pheral fue l assembli es and formi ng an uppe r  core debri s  

bed with si gni fi cant Zi rca loy oxidati on .  H eatup o f  the degraded 

core regi on ,  wi th the formati on and growth of a pool of molten 

materi a l , continued duri ng Phase 3 .  Phase 4 ( 2 0 0-3 0 0  mi n) begins 

wi th the i ni ti ati on of hi gh-pressure inj ecti on ( HPI) . The 

centra l regi on of the parti a l ly molten core materi a l  was not 

coolable by HPI even though the water level reached the level of 

the hot legs by 2 07 min . Between 2 2 4  and 2 2 6  min ,  the crust 

encasi ng and supporti ng the molten core regi on i s  beli eved to 

2 



have f ai led , allowing molten material to relocate to the lower 

plenum . 

The approach tak en f or this analysis was as f ollows : f irst , 

the inf luence of l arge thermal-hydraulic uncertainties on the 

state of the core duri ng critical phases of the accident was 

established , and second , a best estimate calculation was 

perf ormed using model ing options established during the extens ive 

developmental assessment of SC DAP /RELAP5 /MOD3 . 11•2• Th e f irst 

step was the most complex and involved using th e TMI- 2 system 

model to establish the inf luence of uncertainties in th ermal

hydraul ic boundary conditions ( i . e . , makeup f low rates and th e 

rate and quantity of water inj ected into the reactor vessel 

during the 2 B  pump transient) on primary system pressure , reactor 

vessel water level , and core damage progress ion . A best-estimate 

calculation was then perf ormed , using makeup f low rates that 

predicted a core damage state s imilar to the hyp othesi zed state 

pri or to the 2B pump trans ient , and the results were compared to 

core and reactor vessel damage estimates derived f rom post

accident visual and analytical investigations . 4•5 

2. SCDAP/RELAP5 TMI-2 MODEL 

As mentioned in th e introduction , th e SC DAP/RELAP5/MOD3 .16 

computer code is designed to analyz e  nuclear reactor accidents , 

particularly severe accidents . It includes modules to s imulate 

reactor thermal-hydraulics (R ELAP5) , core damage progression 

( SC DAP) , the therma l behavior of debris th at slumps into th e 

lower h ead of th e reactor vessel (C OUPLE) , and a materials 

property l ibrary (MATPRO) that is called by each module .  The 

input for each of these modul es, except MATPRO , is described in 

this section . 
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2 .1 RELAPS Input 

The RELA PS porti on of the TM I-2 model was derived f rom an 

Ocon ee p lant model described in Reference 7 .  Both TMI- 2  and 

Oconee are PWR' s having a two-by-f our coolant loop c on figurat ion , 

i . e . , two primary coolant loops , each containing one hot leg and 

two cold legs . Both plants were bui lt by Babcock & Wilcox in th e 

19 7 0 ' s  and have nearly identi cal design and operating 

characteri stics . C onsequently , the Oconee RELAPS model was 

easily adapted to represent TMI-2 . Figures 1 through 4 are 

nodal i z at ion diagrams of th e reactor vesse l , primary piping , 

steam generators ,  and pressurizer , respectively . 

2 . 1 . 1  Reactor Vessel 

The RELAPS vessel model ( Figure 1) represents a l l  maj or 

components o f  th e reactor vessel ,  including th e inlet annulus , 

downcomer , l ower plenum , core , core bypass , upper p lenum , upper 

head , reactor vessel vent valves , and the control rod guide tube 

braz ements . Th e core i s  d ivided into f ive paral lel ch annels , 

each consisting of ten subvolumes ( branch components 1 0  through 

59} . Lateral flow between adj acent core ch annels i s  s imulated 

us ing th e RELAP5 cross- f low mode l .  Annulus component 57 0 

represents the downcomer and pipe component 5 1 0  the core bypass . 

Branch component s  5 0 5  and 57 5 represent the lower plenum . Th e 

upper plenum is also divided in to f ive parallel regions th at are 

connected lateral ly by cross- f low juncti ons . Thi s  arrangement 

allows f or t he deve lopment of in-vessel nat ural c irculat ion under 

appropri at e  conditi ons . V a lve component 5 4 2  represents th e 

reactor vessel vent valves and pipe component s  5 8 0  th rough 584 

th e guide tube braz ement s. Fi fty-one h eat structures are u sed to 

model the th ermal beh avior of react or vessel metal st ructures . 

4 
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2. 1 . 2  Primary Piping 

Figure 2 is a nodal i zation diagram of primary coolant loop 

A ,  which consi sts of one hot leg ( components 1 0 0  through 114} , 

one steam generator ( di scussed subsequently) , two pump suction 

legs (pipe components 13 0 and 1 6 0) ,  two reactor coolant pumps 

(pump components 13 5 and 1 6 5} , and two cold legs ( components 14 0 

throug� 1 5 1  and 17 0 through 18 1 ) . Primary loop B i s  identical to 

loop A ,  except it does not contain a letdown f low path (time

dependent j unction 1 9 3) or connections to the pressur i z er spray 

and surge l ines . The component numbers f or loop B are also 

increased by 100 ( e . g . , the prim ary pumps are numbered 23 5 and 

2 65 rather than 13 5 and 1 6 5 ) . The high pressure inj ection ( HPI ) 

system i s  represented by time-dependent volumes 710 and 715 , 

which are connected to the cold legs by time-dependent j unctions 

7 11 and 7 1 6 . HPI f low is assum ed to be spl it equally between the 

A and B loops , while makeup f low is inj ected only into the B 

loop . Eighteen heat structures ( per loop) are used to model the 

thermal behavior of the primary piping . 

2 .1 .3 Steam Generators 

Th e nodalization of steam generator A is shown in Figure 3 .  

Steam generator B is identical except that all component numbers 

are increased by 100 . Th e boiler region is divided into two 

para l lel f low ch annels: an inner channel ( volumes 310 th rough 

3 23) , connected to 9 0 % of the steam generator tubes , and an outer 

ch annel ( volumes 36 0 th rough 373) , connect ed to 10% of the steam 

generator tubes . C ross-f low junctions connect the two boi ler 

regi ons . Auxil iary feedwater is norma l ly inj ected into th e top 

of th e 1 0% region . Pipe component 12 0 represents the primary 

s ide of th e steam generator tube bundle , whi le branch components 

115 and 1 2 5  represent the inlet and outlet plena . The steam 

6 
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generator downcomer i s  model ed by component 3 05, and components 

3 4 5  and 3 5 0  represent the steam l ine . To preheat the f eedwater , 

a portion o f  the steam flow i s  bled into the downcomer through an 

aspirator near mid-boi ler (modeled with a j unction between 

components 3 65 and 3 05) .  Valve component 8 21 represents th e main 

steam valve . Forty-three heat structures are used to model th e 

th ermal behavior o f  steam generator metal structures ( including 

th e tube bundle) .  

It should be noted th at for all th e calculations reported 

here , auxil iary feedwater was inj ected into th e steam generator 

downcomer rath er th an onto th e tube bundle as indicated in 

Figure 3 .  A previous TMI-2 analyses using SC DAP/RELAP 58 

indicated that f eedwater inj ection directly onto the steam 

generator tubes resulted in too much primary- side condensation , 

wh ich in turn caused the primary system pressure to be 

underpredi cted . It sh ould also be noted that the nodalization of 

the steam generators differs somewh at from that recommended in 

th e SC DAP/RELAP5 user ' s  guide . 6 Alth ough the boi l er is d ivided 

into two parallel regions , the tube bundle (pipe i 2 0 )  is not . 

Dividing th e tube bundle into a 10% region and a 9 0% region may 

al leviate some of th e condensation problems encountered 

previously . 

2 . 1 . 4  Pressurizer 

Figure 4 is a noda liz ation diagram of th e pressuriz er .  Th e 

pressuri zer upper h ead is modeled with b ranch component 615 and 

th e pressurizer cyl indrical body and lower h ead with pipe 

component 6 1 0 . Valve 8 0 1  represents th e pilot operated relief 

va lve ( PORV ) . Pip es 6 0 0 and 6 2 0  represent th e pressuriz er surge 

and spray lines , respectively , and va lve 616 models th e spray 

va lve . Single volume com ponent 9 4 9  represents th e containment 

bui lding , which is initial ly fil led with air at 101 kPa . Twelve 
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-------------------------------------------------------------------

heat structures are used to model t he thermal behavior of the 

__ p ressuriz er shel l, upper and lower heads, and the surge l ine; one 

heat structure i s  used to s imulate operation of the pr essuriz er 

heaters; and f ive heat structures are used to model the thermal 

behavior of the containment bui lding . 

It should be noted that critical f low through the PORV is 

modeled using the homogeneous ( single velocity) two-phase f low 

option in  RELAP5 . Previous TM I -2 calculati ons using 

SC DAP/ RELAP58 have shown that this option better predicts the 

PORV f low history reported in the TMI- 2  initial and boundary 

conditions ( IC BC )  data base9 than the nonhomogeneous opti on .  

[The PORV f low rates reported in Ref erence 9 were calculated 

using the Henry-Fausk e  critical f low model f or subcooled 

conditions and the homogeneous equilibrium critical f low model 

( HEM) f or two-phase conditions .10] It should also be noted that 

f or all the calculations reported here , a check valve was 

instal l ed between the pressuriz er and the surge line at 1 3 9 min 

to prevent the pressuriz er f rom draining . In pre liminary 

calculations , the pressurizer drained completely af ter the PORV 

block valve was closed at 1 3 9  min, which eff ectively terminated 

core heatup . More accurate representations of the surge l ine and 

p ressur i z er might el iminate some of the problems encountered in 

this and previous TMI-2 ana lyses . For example , the j unction 

connecting the surge line to hot leg A should be oriented 

hori zontally rather than vertically ( to ref lect its true 

al ignment} and the coun tercurrent flow limitation {CC FL} model 

should be activated at the j unction connecting the surge line to 

the pressuri zer, rather than at the hot leg j unct ion . Also , the 

CC FL input parameters ( current ly set to default values) should be 

reviewed f or appl icabi l ity . 

10 



, 
2 .2 SCDAP Input 

T he TMI-2 c ore was d ivided int o  five regions f or th is 

analysi s  by grouping similarly powered fu el assemblies together . 

F igu re 5 i s  a cross section of the core i l lu strating each region 

and its average radial power peaking factor . Tabl e  1 lists the 

average axial power peaking fact ors for each region . Both the 

axial and radial peaking factor s  were derived from detailed 

peaking factor data presented in Appendix A of Reference 9 .  

One SCDAP fu el rod component is u sed to repres ent a l l  th e 

fu el rods in each core region . One SCDAP control rod component 

is u sed to represent all the fu ll- and part- length control rods , 

all the guide tubes ( inclu ding those c ont aining bu rnable poison 

rods) , and all the instrument tu bes in each core region ( except 

region five which contains no control rods) .•  The control rod 

radii in regions one through fou r  have been adju st ed so that the 

total mass of Z ircaloy , Ag-ed-In absorber , and stainless steel is 

conserved ( the burnable poison mass i s  neglected) . In core 

region f ive , a dummy fu el rod component is u sed to represent all 

the gu ide and instrument tubes . By specifying a sma ll fu el 

diameter and z ero power , this component essentially behaves as a 

hol low Z ircaloy tu be . The SCDAP grid spacer model is u sed to 

represent the eight Inconel spacer grids that are u niformly 

distribu ted along th e length of each fu el assembly . 

Mu ch of the SCDA P input data was obtained from R eference 11 

and is summarized in Tabl e  2. Table 3 lists the tota l number of 

fu el assemblies , fu el rods , control rods , bu rnable poison rods , 

and orif ice rods in each core region . 

a .  Component models specif ically for burnable poison rods and 
instrument tu bes have not been developed for SCDAP/R ELAP5 . 

11 



Region 

1 
2 
3 
4 
5 

3 4 5 

Radial 
Peaking Factor 

1.245 
1.136 
1.074 
1.061 
0.733 

M028·BDR-0494·001 

Figure 5 .  C ross- section of core showing fue l  assembly grouping 
and radial peaking factors . 
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Table 1. TMI-2 axial power peaking factors. 

Distance From 
Bottom of Fuel 

Cml Region 

0.183 0.665 

0.549 0.933 

0.914 1.134 

1.280 1.216 

1.646 1.248 

2.012 1.262 

2.377 1.225 

2.743 1. 078 

3.109 0.792 

3.475 0.448 

1 

Power Factor 

Region 2 

0.674 

0.919 

1.099 

1.164 

1.202 

1.221 

1.232 

1.124 

0.853 

0.512 

Region 3 

0.729 

0.962 

1.112 

1.112 

1.138 

1.153 

1.251 

1.174 

0.880 

0.488 

Region 4 

0.690 

.0. 951 

1.132 

1.168 

1.192 

1.206 

1.241 

1.131 

0.834 

0.455 

Region 5 

0.670 

0.944 

1.145 

1.213 

1.238 

1.248 

1.222 

1.083 

0.794 

0.442 

Table 2. Total fuel assemblies, fuel rods, and control rods in each core region. 

Core Fuel Full-Length Part-Length Burnable Instrument 
Beg ions Assemblies Fuel Rods Control Rods Control Rods foison Rods Tubes 

1 13 2704 144 0 64 13 
2 28 5824 256 0 192 28 
3 40 8320 192 128 320 40 
4 48 9984 384 0 384 48 
5 48 998� 0 128 48 

Total 177 36816 976 128 1088 177 
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Orifice 
Rods 

0 
0 
0 
0 

640 

640 



Table 3. SCDAP input parameters. 

Parameter 

Fuel Rods 

Active heig ht (m) 
Rod Pitch (m) 
Cladding inner radius (m) 
Cladding outer radius (m) 
Fuel pellet radius (m) 
Fuel density (% T.D.) 
Mass of He fill gas (kg) 

(estimated) 
Upper and lower plenum 

void volume (m3) 

Control Rods 

Guide tube inner radius (m) 
Guide tube outer radius (m) 
Cladding inner radius (m) 
Cladding outer radius (m) 
Absorber radius (m) 

Instrument Tubes 

Tube inner radius (m) 
Tube outer radius (m) 

Grid Spacers 

Grid spacer mass (kg) 
Grid spacer height (m) 
Grid spacer thickness (m) 

1 4  

Value 

3.568 
1. 443 x lo-2 
4. 788 x lo-3 
5.461 x 1o-3 
4. 699 x 1o-3 

92.5 
1. 265 X 10-4 

6. 325 x 10-3 
6. 731 X 10-3 
5. 055 X 10-3 
5.588 X 10-3 
5. 004 X 10-3 

5. 601 X 10-3 
6.261 X 10-3 

0.86 
3. 30 x lo-2 
5. 08 X 10-4 



2 . 3  COUPLE Input 

Th e COUPLE modu le is u sed to calcu late th e h eatu p  of core 

debr is th at s lumps into th e lower h ead of th e reactor vessel. 

Th e lower h ead is represented by a two-dimens ional (r, z), 
' 

axisymmetr ic, f inite-element mesh containing 32 0 nodes and 2 8 5  

elements ( Figur e 6) . R adially , the lower head wal l  i s  divided 

into thr ee h eat condu ction elements . The r emaining elements 

( those inter nal to the lower h ead) ar e initially f i l led with 

pr imary coolant, wh ich can eith er boi l  away or be displaced by 

cor e  debr is .  Convection and r adiation heat tr ansfer ar e modeled 

at all i nter faces between the coolant and core debr is .  T he 

outside sur face of the lower h ead i s  assumed to be adiabatic. 

2 . 4 .  Initial Conditions 

T able 4 compar es the initial conditions in the SCDAP/R ELA P5 

model to th ose r ecommended in th e ICBC data base.a With the 

exception of steam gener ator pr essur es and temperatur es , the 

calcu lated ( or specified) initial condition s  ar e in good 

agr eement with the data base . For steady-state calcu lations , a 

contr ol system is u sed. in the SCDAP/R ELA P5 model to automatically 

adju st steam gener ator pr essur es (by varying the f l ow ar eas of 

the main steam valves ) u ntil u ser- specified cold leg temp er atur es 

ar e obtained . For simplicity , the target coolant temper atur e for 

all four cold legs was specif ied to be 5 6 5  K .  T able 5 compar es 

the calcu lated initial condit ions on the secondar y  s ide of each 

steam gener ator to the initial conditi ons r ecommended in 

R efer ence 1 2 . It is seen that the cal culated steam generator 

pr essur es ar e in mu ch better agr eement with the R efer ence 1 2  data 

a .  All initial conditions corr espond to the time of tur bine 
tr ip : 0 4 : 0 0 : 3 7 hour s on Mar ch 2 8 , l 97 9 . 
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Fi gur e 6. COUPLE fi nite eleme nt me sh used to m odel the l owe r 
head o f  the r ea ctor vessel. 
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Table 4. TMI-2 initial conditions at turbine trip. 

ICBC 
Parameter Data Base SCDAP/RELAP5 

Reactor power (MW} 

Primary system pressure (Mpa) 

Pressurizer level (m} 
Pressurizer heater power (MW} 

Loop A coolant flow (kgfs) 
Loop B coolant flow (kgfs) 

Cold leg temperature 1A (K) 
Cold leg temperature 1B (K) 
Cold leg temperature 2A (K) 
Cold leg temperature 2B (K) 

Hot leg temperature loop A (K) 
Hot leg temperature loop B (K) 

Makeup flow (kgfs) 
Letdown flow (kgjs) 
PORV flow (kgfs) 

2700 

15.2 

5.77 
1.39 

8280 
8560 

561 
565 
548 
565 

592 
592 

5.44 
4.18 
2.59 

Steam generator A feedwater flow (kgjs) 723 
Steam generator B feedwater flow (kg/s) 717 
Feedwater temperature (K) 513 

Steam generator A pressure (Mpa) 
Steam generator B pressure (Mpa) 

Steam generator A steam temperature (K) 
Steam generator B steam temperature (K) 

17 

7.31 
7.24 

586 
585 

15.2 

5.76 
1.39 

565 

565 

593 
593 

o.o 
0.0 
0.0 

6.34 
6.28 

576 
582 



Table s. Steam generator initial c onditions . 

Parameter Reference 

Main feedwater temperature (K)  5 13 

Steam generator A feed water fl ow ( kgj s )  7 2 2  
Steam generator B feedwater fl ow ( kgj s )  7 1 8  

Steam generator A pressure {Mpa ) a 6 . 3 8 
Steam generator B pressure (Mpa ) a 6 . 2 4 

Steam generator A steam temperature (K) 5 8 6  
Steam generator B steam temperature (K) 5 8 6  

Steam generator A ri ser level (e m) 5 2 6  
steam generator B ri ser leve l (e m) 5 3 8  

Steam generator A dow ncomer level (em) 6 6 0  
Steam generator B dow n comer level (em) 6 6 9  

Steam generator A pow er (MW) 1 3 4 6  
Steam generator B pow er (MW) 1 3 3 9  

1 2  SCDAP/RELAP5 

7 2 3  
717 

6 . 3 4 
6 . 2 8 

576  
5 8 2  

1 9 7  
18 3 

559 
5 4 3  

13 3 2  
1378 

a. The pressures repo rted in R ef erence 12 are average steam li ne 
pressures measured 10 to 0 . 1  min bef ore turbi ne tri p. 

18 



than with the I CBC data base. •  Cal cul ated steam generator 

� cool ant l evel s, however , differ considerabl y  from those reported 

in Reference 12. For future cal cul ations, the st eam generator 

model s shoul d  be adj usted to better represent the Reference 1 2  

data (which the authors bel ieve to be more appropriate ) .  One way 

to accompl ish this may be to increase the pressure drop across 

the tube support pl ates as was done for a TMI- 2 analysis 

per formed with the CATHARE code . 13 

2 .5 .  Boundary Conditions 

All boundary conditions , except HPI/makeup f l ow rates , were 

obtained from the ICBC data base (Reference 9 ) . The HPifmakeup 

fl ow rate h istory reported in Reference 14 was adj usted unti l  the 

time of core uncovery ( as inferred from hot l eg temperatu re 

measurements ) ,  the time of initial fuel rod cl adding failure ( as 

inferred from containment radiation measur ements ) , and the 

primary system pressure history were predicted reasonably well .b 

Figure 7 shows the HPI/makeup fl ow rate history used for the 

best- estimate SCDAP/RELAP5 cal culation discussed subsequently 

{ Section 3 )  to that recommended in R eference 9 .  I n  a previous 

SCDAP/R ELAP5 analy sis of the TMI -2 accident ,15 using a previous 

version of the code , better results were obtained by reducing the 

makeup f low rate from 4 to 2 kgf s between 1 0 0  and 174 min . In an 

analy sis performed with the MELPR OG/TRAC code ,16 it was concluded 

that the makeup flow rate recommended in Reference 9 was too high 

between 12 and 1 0 0 min . For that ana ly s is , the f l ow was reduced 

a .  The pressures reported in R ef erence 1 2  are average steam l ine 
pressures measured 10 to 0.1 min before turbine trip . 

b .  The uncertainty in HPI/makeup flow is large , particularly 
between 1 0 0  and 17 4 min.14 C onsequently , as no ted in Reference 
1 5 ,  one set of assumptions is probably as good or bad as another . 
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Figure 7. Makeup fl ow us ed for the b es t-es t ima te ca lcula tion . 
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from 6 . 5  to 1 k gf s  between 12  and 1 0 0  min (which wa s the nominal 

val ue given in the original issue of the ICBC data base).  

C al cul ated steam generator co ol ant l evel s ,  steam generator 

pressures , and letdown fl ow rates are compared to the Reference 9 

data in Figures 8 through 12 . For transient calculati ons , a 

control system is used in the SCDAP/ RELAPS model to automat ically 

add auxiliary feedwater to the steam generators whenever 

cal culated boi l er l evel s  are less than l evels given in the ICBC 

data base . From Figures 8 and 9 ,  it i s  seen that thi s  control 

system works reasonably wel l . Tim e-dependent volumes downstream 

of the main steam valves ( volume 8 2 0 in Figure 3 )  are used to 

define the pressure h istory for each steam generator . The main 

steam valves ( va lve 8 2 1  in Figure 3 )  are modeled w ith check 

valves for transient calculations in order to prevent reverse 

flow .  Consequently , calculated steam pressures can fall below 

measured pressures if the steam generator secondary boi loff rate 

is underpredicted ( e . g . , between 1 5 0  and 2 0 0  min in Figure 9 ) . 

Core power as a function of time for the f irst 4 0 0  s 

following reactor scram was estimated using the reactor (po int) 

kinetics and decay heat models in th e RELAPS code . The decay 

power from 4 0 0  s onward was obtained from Reference 17 . Figure 

1 3  shows the reactor power versus time curve used in the 

SCDAP/RELAPS model . 
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3.RESULTS 

3 .1 Base case best-estimate calculation 

This section describes the results of the base case best

estimate analysis .a  Best-estimate conditions were based on the 

results of sensitivity studies , discussed in Section 3 . 2 ,  

perform ed with variations in the makeup f l ow rates . The best

estimate conditions were selected by comp aring predicted system 

p ressure , vessel l iquid l eve l , and initial c lad fai lure time with 

those i n  the TMI-2 data base and the hyp othesi z ed core damage 

p r ior to the 2B-pump transient . The makeup f l ow rates used for 

the best-estimate calculation are shown in F igure 1 4 . For 

compar ison purp oses , the nominal letdown f low , used as the other 

input f low boundary condition , makeup f l ow ,  and calculated flow 

through the PORV are shown in Figure 15. As shown in this 

figure , letdown f lows were approximately 9 kgf s  and the 

calculated flows through the PORV varied between 1 0  and 55 kgj s ,  

considerably greater than the makeup f l ow rates . Calculated flows 

through the PORV show large spikes associated with system 

pressure f luctuation s prior to the closure of the block v alv e at 

1 3 9  minutes . 

As shown in Figur e 16 , the pr edicted pressur e during the 

core heating and me lting pr ior to the 2B-pump trans ient was 

sign if icantly less than that mea sur ed .  As discussed later , thi s  

i s  attributed t o  the under pr edict ion o f  oxidation and hydrogen 

production during thi s phase of the acc ident . Figures 17 to 19 

a .  These results in clude the correction of �n error in the 
oxidation model identif ied dur ing the ana lysis of the results 
from the sen sitivity studies on cor e  l iquid leve l . The error 
resulted in the suppress ion of the oxidation in a region that 
contained relocated mater ia l due to the interaction of Incon e l  
spacer grids with fuel r od cladding . 
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show the predicted best-estima te collapsed l iquid l evel, maximum 

core temperature, a nd integra l hydrog en production . As shown in 

F igure 19, hydrog en product ion is predicted to beg in 1 3 5  min into 

the a ccident with a significa nt rise in production prior to the 

2 B  pump tra ns ient . However , the tota l amount of hydrog en 

predicted during the a ccident is sti l l  significa nt ly less tha n  

tha t est ima ted during the a ccident . Th e code predicted 4 30 kg 

hydrog en to be produced dur ing the a ccident . Henrie a nd Postma 

estimated the tota l hydrogen production to be 4 6 0  kg18• This 

underprediction is consistent with other code-to-da ta hydr ogen 

pr oduction compa risons of bundle reflood tests, such a s  CORA -13 , 

PBF-SFD-ST, a nd LOFT . 

It wa s estimated from conta inment radiation mea surements 

that the fuel rod cla dding began rupturing a bout 1 3 9  minutes into 

the a ccident . The best-estimate ca lculation predi cted fuel rod 

cla d  ba l looning a nd rupture to occur at 1 3 8 . 7  minutes . A 

compar ison o f  the best-estimate a nd hypothes i z ed core dama ge 

state a t  1 7 3  minutes shows that the code predicted �he formation 

of a molten pool a nd a ssociated f low blockag es in·relatively good 

a gr eement with the hypothesi z ed co re damag e sta te. The code a lso 

pr edicted partia l ly oxidiz ed and embrittled fuel rods in the 

upper core which is cons istent with the forma tion of a loose 

debr is bed late in the a ccident . Figure 20 shows the 

hypothes ized TMI cor e  dama ge state pr ior to the 2 B  pump 

transient . The predicted cor e  damage sta te is shown in 

Figur e  2 1 .  

The 2 B  pump wa s thr ottled to inj ect 30 m3 o f  wa ter . Once 

water sta rted enter ing the cor e  a dditiona l  dama ge wa s pr edicted 

to occur . The molten poo l continued heating a s  did some r egions 

immedia tely above the pool. As ma ter ia l continued hea ting it 

moved downward into the pool , cr eat ing voided r egions . Rubble 

beds continued to form above and below the molten pool as cold 

wa ter conta cted embr ittl ed cladding . Sma l l  qua ntities of 
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Figure 20. Hypothesized TMI-2 core damage state prior to the 
2B pump transient. 
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Figure 21. Predicted TMI-2 core damage state prior to the 
2B pump transient. 

31 



cohesive debr is formed in the outer channel s . Although rubble 

beds wer e pr edicted above and below the molten pool and in cor e  

r eg ion four , the pool was not calculated t o  s lump into the lower 

plenum s ince the molten pool did not extend to the outer 

per ipher y  o f  the cor e .  The calculation was stopped at 2 2 6  

minutes a s  the cor e  appear ed to have cooled consider ably and the 

formation of additional rubble or r e location of the molten pool 

to the lower head did not appear imminent . The pr edicted end 

state of the r eactor cor e  had a smaller void r egion , and a 

slightly smaller molten pool . Figur e 2 2  shows the hypothesized 

end-state of the cor e  after HPI inj ection . The pr edicted end

state of the cor e  i s  shown in Figur e 2 3 . 

Figure s  2 4  and 2 5  show the pr edicted r adial temper ature 

pr o f i les of cladding temper atur es at two elevations in the cor e  

r egion , 2 . 19 and 2 . 5 6 m .  Each elevation was pr edicted t o  contain 

molten mater ial dur ing the TMI-2 accident pr ior to the 2 B-pump 

tr ans i ent . As shown in the f igur es a molten pool was pr edicted 

to form in the centermost channel pr ior to the cor e  reflood 

associated with the r estar t  of the 2 B-pump when th e pr edicted 

temper atur es r eached 2 8 7 3  K .  Also , the f igur es show channels 2 

and 3 r eaching temper atures in excess of the melting temper ature 

of Z ir ca loy containing dissolved fuel , 2 6 0 0  K ,  but less than the 

r equir ed 2 8 7 3  K for molten pool formation , and the two per ipheral 

channel s  r eaching temper atures near 2 8 0 0  K with the pr oduction of 

superheated steam in conjunct ion with the cor e  r ef lood dur ing the 

2B-pump tr ans ient . 

The r ef lood exper iments per formed at the CORA , PBF , and LOFT 

test fac i l ities showed meta l l ic melts r etaining coo lable 

g eometr ies and cer amic melts forming uncoolable molten pool 

r egions in the cor e .  S ince SC DAP/RELAP5 models the observed 

exper imental behavior , all cor e  ar eas containing molten metal l ic 

mater ials ar e consider ed not completely blocked and ar e coolable 

on r ef lood as shown by the sharp dr op in temper atur e  to near 

12 0 0  K in channels 2 thr ough 5 immediately after the r estar t  o f  

the 2 B-pump . Temper atur es i n  cor e  r egions containing molten 
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Figure 23. Predicted end-state of the TMI-2 core. 

34 



g 
Q) 
.... 
:J 

4000.0 �---...----.----.-------,.----------, 

-- Channel 1 
---------·- Channel 2 
- - - - Channel 3 
- - - Channel 4 

3000.0 - - - Channel 5 

'§ 2000.0 
Q) 
Q. 
E Q) 1-

1 000.0 

O.O L_ ___ _.__ ___ ..J._ ___ �---

2
-0.L0-

.0
---�---

30..JO.O 0.0 1 00.0 
Time (min) F2�80A·1 J�-013 

Figure 2 4 . Pr edicted r adial temper atur e  pr ofile at the 2 . 19 m 
elevation . 

4000.0 �-------r-----..-----.----.------, 

3000.0 

Q) 
:.:; 
iii 2000.0 
(j) 
a. 
E Q) 1-

1 000.0 

-- Channel 1 
·········-·· Channel 2 
- - - - Channel 3 
- - - Channel 4 
- - - Channel 5 

0.0 L_ _______ -L.._ ___ � ___ ___j_�--�---___1 
0.0 1 00.0 200.0 300.0 

Time (min) 

Figure 2 5 . Pr edicted r adial temperature pr ofile at the 2 . 56 m 
elevation .  

3 5  



cer amic mater ial wer e pr edicted to r emain uncoolable . As 

pr evi ously discussed in this section , the under pr ediction of 

pr essur e  by the code pr i or to the 2 B-pump tr ansi ent indicates an 

underpr ediction of oxidation and hydr ogen pr oduction dur ing the 

cor e  uncover y  phase of the exper iment in channel s  2 thr ough 5 .  

This under pr ediction r esults in the code pr edicting temperatures 

sufficiently high to form r egions contain ing molten metallic core 

mater ials , but not high enough to form an uncoolable molten pool 

and its associated blockages .  The figur es also show the code 

pr edi cting the melting and r elocation of contr o l  and gr id spacer 

mater ials between 1 2 5 0  and 1 50 0  X as indicated by the change in 

the heating r ate . Molten contr ol and gr id spacer mater ials are 

pr edicted to r elocate to the bottom of the r eactor vessel and 

sol idify in the water at the bottom of the vesse l . 

3 . 2  Influence of Makeup Flow 

Table 6 summar izes the differ ent makeup flow r ates used for 

this sensitivity study . Tables 7 thr ough 9 summar i z e  the damage 

pr ogr ess ion at three different stages of the TMI-2 accident , 

namely at a time prior to the 2 B  pump transient , a fter the 

2B pump transient , and after sustained HPI inj ection began . As 

shown in these tables , a sma l l  change in makeup flow can 

inf luence cor e  damage dramat ica l ly . Case 1 ,  wher e 4 kgf s  makeup 

was allowed to f low into the core from 1 3 9  to 2 0 0 . 2  minutes , 

showed the least core damage . A sma l l  fraction , 5 % , of the core 

was pr edicted to be in a damaged state prior to the 2B pump 

transient . After the 2 B  pump was restarted , some additional 

fragmentation of embritt led cladding occurred increas ing the 

total cor e damage to nearly 1 2  percent and total hydrogen 

production by approximately 5 0  kg to 1 4 2  kg . The other 5 cases 

showed initial core damage pr ior to the 2B pump tr ansient ranging 

from 9 to 1 4  percent of the core , with a molten pool s i z e  varying 

fr om 2 per cent of the core , for case 2 ,  to 1 4  per cent for case 5 .  

Cases 2 and 6 showed no predicted increase in the s i z e  of the 
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Table 6 Summary of variation in makeuo f l ow 
case No . Time (min) Flow rates Ckg/sl 

1 1 0 0 - 1 3 9  3 . 0  
1 3 9 -2 0 0 . 2  4 . 0  

2 1 0 0-139 3 . 0  
1 3 9 -2 00 . 2  2 . 0  

3 1 0 0- 1 3 9 3 . 0  
1 3 9 -2 0 0 . 2  0 . 0  

4 1 0 0 - 12 2 . 3  3 . 0  
12 2 . 3-2 0 0 . 2  0 . 0  

5 100-116 . 7  2 . 0  
1 1 6 . 7 - 1 2 5  o . o  
1 2 5 - 17 4  1 . 0  
1 7 4 -2 00 . 2  1 . 5  

6 100-116 . 7  2 . 0  
1 1 6 . 7 - 1 2 5  0 . 0  
1 2 5 - 2 0 0 . 2  2 . 0  

molten pool during the 2B pump transient and sustained HPI.  

inj ection , whereas cases 4 and 5 showed pool growth during the 2B 

pump transient . The size of the molten pool increased s l ightly 

during the 2B pump trans ient for case 4 and from 1 3  to 16 percent 

of the core for case 5 .  All cases , except case 5 ,  showed 

increased hydrogen production during the 2B pump transient and no 

increase during susta ined HPI inj ection . Case 5 showed increase 

hydrogen production dur ing both the 2B pump transient and HPI 

inj ection . During sustained HPI inj ection , additiona l 

fragmentation of embr itt led c ladding occurred . Cases 2 through 5 

showed considerable differences in core damage during the 

sustained HPI inj ection phase of the accident . 

Figure 2 6  compares the calculated system pressure for a l l  

cases with the measured system pressure , while Figures 2 7  through 

2 9  show the calculated co l lapsed l iquid leve l , maximum core 

temperature , and total hydrogen produced for each case . As shown 

in Figure 2 6 ,  the predicted system pressure is cons istently less 
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than measur ed dur ing cor e  heatup and melting . Figur e  2 7 , shows 

the pr edicted collapsed l iquid level for each s ensitivity case . 

Pr edicted l iquid level r eflects the quantity water enter ing the 

cor e  as makeup pr ior to the 2 B  pump tr ansient . For each case , 

except case 1 ,  less than 1 m of water was pr edicted to be in the 

Table 7 .  Core damage prior to the 2B pump trans ient 

Extent of Cor e  Extent of Cor e  Hydr ogen Pr oduced 
Case Number Damaged (%) Molten (%) (Kg) 

1 5 0 9 3  

2 1 3  2 2 2 7  

3 1 2  7 3 2 1  

4 1 0  8 3 5 3  

5 14  9 3 0 0 

6 9 6 2 97 

Table 8 .  core damage a fter the 2B pump transient 

Extent of Cor e  Extent of cor e  Hydr ogen Pr oduced 
Case Number Damaged (%) Molten (%) (Kg) 

1 12 0 1 4 2  

2 2 1  2 2 4 0  

3 12 7 3 6 5  

4 11  8 3 9 5  

5 1 7  9 3 62 

6 12 6 3 4 8  
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Table 9 .  core damage after sustained HPI injection 

Extent of Core 
Case Number Damaged (%) 

Extent of Core 
Molten (%) 

Hydrogen Produced* 
(Kg) 

1 15 0 1 4 2  

2 2 6  2 2 4 0  

3 17 7 3 6 5  

4 3 2  8 3 9 5  

5 3 0  9 3 7 5  

6 5 2  6 3 4 8  

*Total estimated hydrogen production was 4 6 0  kg. 

core prior to the restart of the 2 B  pump and to increase to 

slightly more than 2 m prior to sustained HPI inj ection. For a l l  

cases , water f il led the core to the bottom o f  the hot legs after 

sustained HPI inj ection. The maximum core temperature for all 

cases , Figure 2 8 , shows clearly the effect of var iation in makeup 

flow on the formation of a molten pool. The formation of a 

molten pool , shown by the level ing of temperature near 2 8 5 0  K ,  

occurs at different times during the accident for each case . 

Case 1 shows temperature sp ikes but gives no indication of a 

molten pool forming in the core region. As shown in Figure 2 9 , 

cases 5 and 6 show s imi lar hydrogen production behavior up to and 

through the 2B pump trans ient , with case 6 predict ing the 

production of approximately 18 kg more during the 2B pump 

transi ent . The code predicted an additional 4 5  kg hydrogen to be 

produced during sustained HPI inj ection for case 5 and no 

additional hydrogen production for case 6. As shown in the 

tables , a smal l  change in the quantity of water entering the core 

during the accident causes large differences in core damage , 
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pressure response ,  and predicted collapsed l iquid l evel in the 

reactor vesse l . Figure 3 0  shows the makeup f low h istory f or the 

best-estimate case i s  considerably less than the letdown f low 

rate and the predicted PORV f l ow .  

3 . 3  Inf luence of inj ections during 2 B  pump trans ient 

It i s  estimated that about thirty cubic meters of water were 

inj ected i nto the reactor vessel within one minute a fter the 

2B reactor coolant pump was restarted at 1 7 4  min . How much of 

this water actual ly entered the core is unknown . The Nuclear 

Safety Analysis Center ( NSAC) determined through analysis that 1 0  

cubi c  meters o f  water entered the core and the remaining 20  cubic 

meters f lowed into the bypass region19 • The best-estimate 

calculation allowed 30 m3 of water to enter the core dur ing the 

2 B  pump trans ient , which resulted in more core cooling than 

anti cipated . A sensitivity study f ocusing on core damage in 

relat ion to the amount of water entering the core during the 

2 B  pump transient was undertaken . Us ing the restart capability 

of SCDAP /RELAP5/MOD3 . 1 , the best-estimate case was restarted j ust 

prior to the restart of the 2B pump for thi s  study . The quantity 

of water entering the core region and the duration of the 2B pump 

transient were systematically varied for this study and are 

summari z ed in Table 7 .  The state of the core region during and 

after the 2B pump transient was analyzed for each case to 

determine the effect of changes in the quantity of reflood water 

entering the core on predicted damage . All  cases , except case 3 ,  

showed improved agreement with the measured pressure immediately 

fol lowing the 2B pump trans ient . The pressure increase was 

cons iderably less for case 3 where 15 cubic meters of water 

entered the core region over a period of 4 0  seconds . 

Case 4 predicted relocation of a sma l l  amount o f  molten 

material into the lower head as temperatures in the molten pool 

increased . The crust formed by rubble debris failed at the 
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bottom of channel one and a finger of molten material relocated 

... into the lower head . None of the other sensitivity cases , or the 

best-estimate case predicted the relocation of any molten 

material into the lower head . 

Table 1 0. 2 B-pump sensitivity study 

Case No . Amount of Water 

Best-estimate 3 0  m3 

1 15  m3 

2 3 0  m3 

3 1 5  m3 

4 2 2 . 5  m3 

Duration of the Transient 

2 0  s econds 

2 0  seconds 

4 0  s econds 

4 0  seconds 

4 0  second 

Pressure response during the 2B pump transient was most 

sensitive to the amount of water entering the core region and the 

t ime the pump was allowed to run . Figure 3 1  compares the 

pressure response for the best-estimate case where thirty cubic 

meters of water entered the core over a period o f  20 seconds to 

the measured and the predicted pressure response for the other 

cases . Predicted pressure during the 2B pump transient for case 

2 rose to near 14 MPa before leve l ing off between 11 and 12 MPa 

for over a period of 4 0  minutes . The predicted pressure for this 

case was closer to the measured pressure , though , a s  discussed 

previously , no relocation of material to the lower head occurred . 

As shown in the figure there is a considerable variation in 

pressure related to the quantity of water pumped into the core 

during the 2 B-pump trans ient . 

Other parameters such as the leve l of water in the core and 

the hydrogen production show l ittle sensitivity to the amount of 

water entering the core dur ing the 2B pump transient . There are 

s light changes in predicted water leve l after the restart of the 
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2 B  pump reflecting the changes in the quantity of water entering 

the core . There are also s light changes in the predicted 

quantity of hydrogen produced up to the start of sustained HPI 

inj ection . 

4.  CONCLUSIONS 

SCDAP/RELAP5/MOD3 . 1  clearly cannot predict the maj or events 

occurring in the TMI-2 accident following the 2 B-pump transi ent . 

Even though the uncertainties in the system therma l hydraulics 

boundary conditions are very large , these uncertainties do not 

appear to be a s ignificant factor in the later stages of the 

accident . The most obvious def iciency in the predictions 

following the 2 B-pump transient is that the radial extent of the 

blockage and resulting molten pool is s ignificantly 

underpredicted . As a consequence , the molten pool and core 

remains in a coolable geometry . When the core is reflooded , the 

molten ceramic rema ins within the core and eventual ly cools . 

Although all of the factors leading to the underprediction 

of the radial spreading of the molten pool are not yet known , two 

main factors seem to be the dominant contributors ;  

1 .  The systematic underprediction of the oxidation , and 

resulting heat generat ion ,  dur ing the initial melting and 

relocation of core mater ial prior to and dur ing the 2B-pump 

transient - There are two direct indications of the 

underprediction of the oxidation heat generat ion . First the 

total predicted hydrogen producti on i s  9 0 %  or less than that 

estimated for the acc ident ; Second , the system pressure 

response during this period is systematically 

underpredicted . Although system pressure i s  a function of 

the heat removed from the system , it is also d irectly 

related to the hydrogen generation rate . The 

underprediction of oxidation and hydrogen production for 
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thi s  period is also consistent with the results from the 

MOD3 . 1  developmental assessment using data from ref l ood 

experiments such as CORA-13 and PBF SFD-ST . 

2 .  The enhanced cooling of the outer assemb l i es during the 

initial heating and melting phase of the centra l  portion of 

the core - Even though the outer assemb l i es reached 

temperatures near the ceramic melting point , the ir heating 

rates were slowed because of the diversion of steam from the 

center assemblies to the outer assembl ies as damage in the 

centermost portions of the core grew more severe . The 

pos s ible overprediction of the f low d ivers ion associated 

with the initial stages of damage ,  such as fuel rod 

bal looning and the metal l ic melt relocation , i s  also 

consistent with the results of the MOD3 . 1  assessment where 

the f l ow diversion in the LOFT LP-FP-2 experiment was 

overpredicted . This enhanced cooling , in conj unction with 

the assumption that complete blockage of the outer 

assemblies wil l  not occur unt i l  the ceramic melting point is 

reached , means that the outer assembl ies d id not become 

blocked during this period of the accident . As a result , 

these assemblies were relatively quickly cooled when the 

core was ref looded . Therefore , it was not poss ible for the 

molten pool to cont inue to grow out to the outer periphery 

of the core . 

Even though MOD3 . 1  did not predict the relocation of melt 

into the lower plenum while earl ier version of the code did , 

Mod3 . 1  d id not predict slump ing of the molten pool for the right 

reasons , whi le ear l ier versions predicted slumping for the wrong 

reasons . In earl ier versions of the code , the core was predicted 

to block off as the result of meta llic melt re location and then 

the molten pool slumped because the metal l ic layer under the 

molten pool started to thin . Both of these earlier assumptions 

are clearly at odds with the experimental evidence that we now 

have . 
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