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ANALYS I S  OF THE THREE MILE ISLAND 
ACCIDENT AND ALTERNATIVE SEQUENCES 

by 

Wooton ,  R. s. Denning , and P .  Cybulskis 

. .. . 

ABSTRACT 

o f  analyses we·re performed wit h  t h e  MARCH computer 

TMI Special Inquiry Group . ·The MARCH code predicts 
the thermal and hydraulic cond i t ions in the reac tor primary sys tem and 
containment building in core mel tdown accidents . The purpose  of the 
analyses  was to examine a numb er of  variations in sys tem operat ion in 
the TMI accident to evaluat e  their e ffect  on the extent of core damage. 
The resul t s  indicate tha t : 

1 )  The t hrot tling o f  HPI had a maj or e ffect  on core damage . 
I f  the sys t em had b e en p ermit ted t o  operate at  h igh f low, 
t he core would not have uncovered regardless  o f  PORV posi­
t ion o r  the availability o f  emergency feedwater . 

2 )  Closure o f  t h e  b lock valve i n  the PORV l ine at  25 m:Lnutes 
into the accident woul d  have permit ted  the operat ion o f  
the reac tor coolant pumps t o  continue and would  have pre­
vented core damage . An addi tional delay of  one hour in 
clo s ing the valve would have result ed in severe core 
damage  and pos sib ly core mel t down . 

3 )  The delay in operation of  the emergency feedwater sys tem 
had lit tle effect  on the extent of core damage . However ,  
a delay of  one hour in the delivery of  emergency feedwater 
would probab ly have resulted in more severe core damage and/ 

poss ib ly core meltdown. 
In this s tudy , an interpretat ion of  the thermal and hydraulic b e­

havior during the first  s ixteen hours has been developed which is  consis tent 
with measured data f rom the plant . About 40 minutes after shutdown of  the 
reactor coolant pump s ,  the water level fell to - 4 to  5 fe e t  f rom the bottom 
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o f  the core .  Although the 'operat ion o f  a .reac tor coolant pump at 2 : 54 
was probably important in l imiting the extent o f  core damage , the core 
was not reciovered until 6peratiori of the HPI at 3 : 20 .  The top o f  the 
core was not uncovered again , '  although,regions o f  the core remained 
vapor blanketed for days . For a number  o f  hours following core recovery , 
f low through the hot legs was b locked b y  the presence of  hydrogen and 
the hot leg  temperatures remained in the range o f  750  - 800 ° F ,  to which 
they had been heated during core uncovery . 

· Some analyses were performed with MARCH for s equences leading 
to complete cor·e meltdown to examine the l ikelihood of  dif ferent contain­
ment failure mode s . Part icular ·at tehtion was given to ··the possibility of  
an  atmospheric failure of  containment resul ting f rom a hydrogen·explosion . 
The potential for containment failure  was also evaluated for a variety o f  
different containrnent·des igns f o r  t h e  same quantity o f  hydrogen as apparently 
was consumed·iri the b urning event at TMI-2 . 

' 
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1 . 0  INTRODUCTION AND SUMMARY 

Analyses o f  the TMI-2 accident and a number o f  alterna t ive 
acc ident sequences have b een made to assist  the T�I Special Inquiry 
Group of the1U .  S .  :Nuclear,R,egula�ory Commission .  Detailed calculations 
were p er formed with the Batt elle-developed MARCH computer code . This 
report contains . a descript ion o f  the MARCH code . In addition to the 
resul ts  of  the MARCH calculations , a s emi-quantitative des�ript ion of 
t he hydraulic b ehavior of  the primary system is p resented . In this 
descript ion we have attempt ed to  reconcile our interpretation of the 
cours e  o f  the acc ident with measured TMI data using hand calculat ions . 
These can. b e  more eas ily unders tood and checked b y·the reader t han the 
result s  o f  c omputer codes • 

. The maj or . conclusions o f  our . analysis  o f  the TMI accident are_ : 
• Between 150 and 200 mi�utes  a fter accident init iat ion , tempe ra­

tures in t�e upper region o f  the core were achieved which would 
have led to cladding oxidat ion, severe damage to the integrity 
o f  f ue l ,  and qui te possib ly to fuel me lting . 

• The predict ions by the MARCH code o f  the extent o f  core damage 
are very sens itive t o  the coolant  makeup rate to the vessel 
during the period o f  core uncovery . Varia tions of  2 5  gpm from 
the base case would have resulted in very limited damage to  the 
core for a h igher makeup rate or t o  conditions for a lower 
makeup rate which could have resulted in core mel tdown. 

• Because of the sensitivity to uncertaint ies in boundary condit ions 
and modeling as sumptions , it is not possible to predict the exten t  
o f  core damage o r  fuel mel t ing i n  t h e  accident . A f inal under-
s tand ing of the severity of damage to the fuel must  await fuel 
examination . 

• The only period  o f  core uncovery occurred b etwe en 1 . 7 and 3 . 5  
hours although some covered regions o f  the core apparently re­
mained vapor b lanketed for  day s . 
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• Between 3 . 5  and, 10.5 hours there was suf f icient coolant flow 
through the core and out the p ilot operated relief valve to 
carry away all o f  the decay heat with mixed mean outlet conditions 
that were subcooled . The f low-through o f  this coolant was the 
maj or mechanism · for decay hea� removal i� th.i s  t ime period . 

. e S tagnant gases · were trapped·in the upper . port ions of the hot 
legs , :lsteam generators; ·and reactor .vessel  after 3 . 5  hours . The 
observed primary system pressures after 3 . 5 hours can be explained 

-by . si�ple compression and expansion o f' these gases due to changes 
in the. primary system water levels·. · as makeup and coolant leakage 
rates were varied . 

• Hydrogen• . . was vented from the primary system when the surge l ine 
connec tion·t6 the hot leg was uncovered in the 3 . 2 - 3 . 8  hours , 
8 . 3 - 9.0 hours , and -10 . 8  - ll.hours periods . 

Ten alternative accident sequen�es were examined . · For some of  the 
alterna t ive · sequences the thermal-hydraulic condit ions were sufficiently 
dif ferent · . from the ·actual TMI' condit ions that-·the relatively s imple MARCH 

models ( in comparison to the RElAP and TRAC codes ) were· j udged not to b e  
definit ive . Bounding calculations were ·perf6�med�f9r those c�ses . · The 
alternat ive cases and the. resul ts  of our ana lyses are : 

• . Case 1. HPI flow not thro t tled . .  
.. Ih_e· primary · sys tem remains· full and: _a normal cooldown i s  achieved . 

• Case 2 .  Emergency f eedwater delayed one hour and HPI f low not 
throt t led . · 

The primary system-remains full and a normal cooldown is achieved . 
• Case 3 .  Eme rgency feedwater is delivered as des igned . 

The core damage is the same and .beg_ins at about the same t ime as 
in the base case ·(ac tual TMI-2 acc ident) .  

• .  Case 4 .  Emergency feedwater is_ delayed one hour . 
MARCH predicts that core damage begins about 80 minutes earJier 
than--;i.n the base . case . The .thermal-hydraul:!,.c condit ions are 
s ignif icantly altered from the .  b ase. case . 
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· •  ·case  5.· PORV leakage is s topped at 25 minutes . 
The t ransient is  s topped after 15  percent .-of the primary coolant  
is.los t .  The core is not uncovere d ,  no core damage occurs , and 
a normal cooldown is achieved . 

e' ·Case 6 .  · PORV leakage continues unt il 3.3 hour s .  
Our · be s t.es t imate is·that·additional core · darnage occurs relat ive t o  

.. the base case . Whether o r  not core meltdown would result cannot 
b e  determined . There is a pos s ib i l ity  for this cas e that a part ial 
dump o f  the . . core f lood t anks occurs . I f  the c ore f lood tanks do 

· · · discharge , MARCH · predicts much less core damage than in the base case . 
• Case 7. The primary coolant pumps are ill'L.'llediately . tripp-ed • 

.. Our best  e s t imate i s  tha t  the core damage is  about the same as in 
·· . . :the· base  cas e .  A s econd pos s ib il ity exis t s  for this case that a 

st eam b ubbl e  can eventually b e  maintained in the pressurizer . MARCH 
models are hot adequate to evaluate  this pos s ib ility . However ,  i f  
a_s team bubble,ca:n b e  e stablished , MARCH·predicts core uncovery will 
no�,occut prior to,closure of ·the PORV at 2 . 3  hour s ,  and no core 
d.;image would result • · · 

• Case.S . Los s  o f  all AC electric power . 
Los s o f  power at 2 hours was assumed . Complete core meltdown is  
predicted b y  2 .9 hours a ssuming . that power is  not restored • 

. e: . Case  9; PORV remains closed after 2 .  3 hours and HPI not initiated 
.:at 3 . . -3  hours . 

Addi tional core uncovery and' heatup occurs a f ter  3 . 3  hour s .  The 

· core is.about half mol ten by  5 hours , and eventual mel tdown would 
be exp�c ted_ . .  

e, .. . Case 10 . HPI is  not initiated at 3 .  3 hours . 
MARCH predic t s  s imilar results  for alternative Cases 9 and 10 . 

In addition.:to t he ·alternative cases above , MARCH calculations 
were al�;-�er formed for two'acci�ent sequence s  deliberately designed to 
produce complete core mel tdown . One sequence was intended to investigate 
an early meltdown and the o ther to p roduce a meltdown s tart ing with the 
TMI conditions at 3 days . The purpose of  these calculat ions was to inves­
t iga te the course and t iming of core meltdown and to evaluate possible 



1-4 

mechanisms that could threaten the integrity of  _the containment. Since 

the containment coolers were operational, the greatest threat to contain­

ment integrity was felt to be from the rapid combustion of the hydrogen 

generated from metal-water reactions. MARCH analyses indicate the uncer­

tainty bound s on hydrogen production in core meltdown range between the 

equivalent of 40 and. 100 percent reaction of the core zircaloy . If the 

hydrogen concentration in containment corresponding to 100 percent cladding 

reaction were to accumulate well beyond the flammability limit, containment 

failure could result upon ignition. The most likely time for this to occur 

would be when the pressure ves sel f ails and the molten core falls into the 

reactor cavity. Whether, indeed, hydrogen would accumulate to critical 

levels without undergoi�g prior combustion and then explode with sufficient 

energy to fail containment, cannot be determined without further research . 

Finally, analyses were performed to evaluate the impact that the 

hydrogen burning event that occurred in the TMI- 2 containment would have, 

if it were to occur in other types o f  containment design. In general, the 

pres sure suppression containment designs with lower design pressures are 

much more vulnerable to hydrogen explo sion than large dry c-ontainments. 

J 
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2 . 0  CHRONOLOGY OF TMI ACCIDENT 
AND DESCRIPT ION OF DATA 

The acc ident at TMI-2 b egan at 4 : 00 in the morning of March 28 , 
19 7 9 .  The ini t iat ing event was a loss  o f  feedwater to the s t eam generator  
s econdary . The result ing degradat ion of heat t rans fer from the primary 
system caus ed an increase in pressure and shutdown of the reactor .  The 
pilot operated relief valve (PORV) on the pressurizer opened at the s etpoint 

of  2250 psia in response to the incr eas e  in primary sys tem pressure , and 
wa ter b egan to leak from the reactor . The coolant leakage through the open 
PORV continued until about 142 min* later when a b lock valve was closed . 

Dur ing this t ime , the wat er inventory in the primary  sys t em d ecreased f rom 
an init ial val�e o f  over 500 , 000 lb to a value somewhat be�ow 200 , 000 lb**· 
The coolant leakage rate dur ing mo s t  of  this per iod was about 2800 lb /min** 
while  the net makeup rate from ECC inj ection was an order of magnitude les s . 
The sys tem pressure  f ell below 1300 p s ia at  15 min and remained a t  approxi­
mately 1100 psia until 101 min , when �he last two primary coolant pumps 
were shut down in response to indications o f  pump cavitation . The f irst  s ign 
of core uncovery began at about 1 10 min when thermocoup les in the hotlegs in­
d ica t ed the s t eam boiling out of the core was superheated . The ho tleg temper­
atures remained in the 7 00-800 F range lor near ly 10 hours . The sys t em pres­
sure d ecreased to a minimum of about 650  p s ia at  about the t ime the coolant 
leakage was s topped at  142 min . Also , during this period between 110 and .142 
min , thermocoup les above the core and the ielf powered neutron detectors (SPND) 

began to indicate  temperatures in the 1000 F range , source range core power 
level mo�i tors began to read high in respons� to incr eased ne�tron flux from the 
uncover ing cor e ,  and high rad iat ion levels were ob served in! coolant samp les 
and in the conta inment building as the resul� of f is s ion product release from 
the over-heated cor e .  

When the coolant leakage was s topped a t  about 14 2 min , the sys tem 
pre s sure b egan to increase . At about the t ime reactor coolant pump 2n· was 

* In the following discus s ion , the event t imes refer to accident time , 
tha t i s , t ime af ter 4 : 00 a . m .  The uncer tainty in mo s t  of  the event 
t imes is generally less than a few minutes . · 

** Calcula ted value . �ot direct ly ob tainable from the dat a .  
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temporarily turned on a t  17.4 min , the sys tem pressure increased rapidly 
to over 2000 ps i .  ECC inj ection was s ignif icant ly increased at about 
200 min . (MARCH calculat ions indicate the core remained covered af ter 

3.5 hrs ) . Over the next 14 hours1 the primary sys tem pres sure .varied 
between about 2200 and 550 ps i in response to changes in the ECC inj ec­
tion rate and the opening �nd clos ing of the b lock valve in the line of 
the s tuck relief valve . Containment building t emperatures and pressures 

�enerally responded as expected to whether the relief valve line was open 
. . 

or closed . At about . lO hours , t6e containment �res sure b r iefly increased 
b y  28 ps i ,  indicating a containment hydrogen burn . During most o f  the 
first 16 hours of the accident ,  the pressurizer water level indica ted a 
full pressurizer . Under· normal �ond itions , this would b e  an indication 
that the pr imary sys t em was water- fi lled . Between 1 . 8  and 3 . 6 hours , and 
for about bO min at 11 hours and 30 min at 13 hours , the pressurizer water 
level ind icator fell below 90 percent full . 

. . 

The above is a very brief  chronology o f  the TMI accident based 
upon the ava iiab le ins trume ntat ion readings from this time .per iod . The 

. I , data do not provide sufficient boundary conditions to accurat ely describe 
th� thermal and hydraulic conditions within the p rimary system at all t imes . / 
They do , however , provide check points against  which to t e s t  the validity 
o f  models of the sys tem behavio r .  The interpretation o f  some o f  the data 
i s scill subject  to debat e .  

The THI data have been repor ted and .analyzed b y  the ·utility , the 
Off ice of  Insp ection and Enforcement of  the NRC( l ) , the Nuclear Safety 
Analysis  Center(Z) , and the NRC Special Inquiry Group . These groups have 

·made somewhat differen t interpretat ions o f  some o f  the data . Primarily, 
the d i f fe rences result from the different dates the s tudies were performed 
and the resulting ref inemen�s of the interpretations . The authors of the 
present report have made no at tempt to make an independent evaluation o f  
the raw data . 

Figur e 2.1 shows•plots of  the TKI data . These data have been reported 
previously and are repeated here for reference . 
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Table 2 . 1 lists  the opening and clos ing t imes of  the PORV block 
valv e .  When the various references indicate d isagreement , a range of t imes 
is lis ted . The mos t  import ant of  the d i f ference s , occurs in the 192-221 min 
t ime interva l .  The MARCH calculat ions o f  the system pres sure .in this t ime 
interval are s ens it ive to the relative t iming of the opening and clos ing 

of the PORV and the init iation o f  ECC inj ect ion . .Not e  t ha t  in the 45q t o  
5 50 mi n t ime interval ,  b o th t h e  PORV block valve and t h e  p re s surizer vent 

l ines are open . The vent l ine is  a "non-safety "  item ,  and i t s · rated capa� 
city is  no t known ( t o  us) . Based on the known diameter ( 1  inch) o f  the 
l ine , having both f low paths open could increase the e f f ective leakage area 
t o  about 160 . percent o f  the PORV area alone . 

Tab le 2 . 2  lists  the makeup f low rates for a portion of the accident 

per iod . The data are  reproduced from NUREG-0600 ( l ) . The average makeup rate is 
about 80  gpm . U nder normal opera tlng cond i t ions , the letdown f low is balanced 
by the makeup flow so  that there is  l i ttle  net water addition to the primary 
through the makeup /letdown f low . The return f low i s  cooled by the letdown 
cooler , however , so that there  is a net  energy los s . Over the shor t term 
( f ew hours )  the makeup and letdown flows may no t b e  b alanced.. Accurate values 
of  makeu� f low rate and letdown f low rate are not known as a function of t ime 
dur ing the TMI accid ent . 

Table 2 . 3 l is ts the inj ection rate o f  water f rom the bora t ed water 
s torage tank . This inj ect ion represents add i t ion of new water to the system .  
The inj ection rates shown are average rates over the indica ted periods . The 
actual rate at a par t icular time may differ  s ignif icantly from the average 
s ince the high pressure  inj ect ion sys t em was activated and later thro t tled 
b y  the operators during some t ime period s .  

We have no t s een suf f icient inf ormation t o  conclus ively determine 
the impor tance of heat trans fer to the s team generator dur ing the accident . 
Data t hat  are ava ilable include the s econdary s ide pres sure ·and water levels 
in the s team generator s .  The mode of  heat rej ection �f the s team generator s , 
whether  they are dump ing hea t to the cond enser or boiling off  through the 
s team dump valves , are also known . Information on the flow rates and t emp­
eratures of the feedwater to the secondary are generally lacking . The ini t i­
a t ion o f  emergency f eedwater at 8 min is  well established . NSAC inves t igators ( 2 )  
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TABLE 2-1 . PRESSURIZER LEAKAGE TIMES 

Time , min State of Valve . 

0 - (i38 , 142 ) *  PORV** full open 

( 1 38 , 142)  - ( 1 9 2 , 1 9 3 )  n o  leakage 

( 192 , 1 9 3 )  - ( 195 , 2 1 0 )  PORV full open 

(195 , 2 1 0 )  - ( 1 9 8 ,  221 )  no  leakage 

221  - 318  PORV full open*** 

318  - 348  no leakag� 

348 - 459 Block valve open 40% of t ime 
() 

459 - 550 PORV and pressurizer vent valve 

550  - 600 no leakage 

600 - 666  PORV full open 

666 - 756 no leakage 

756  - 765  PORV full open 

7 6 5  - 7 7 1  no leakage 

7 7 1  - 7 80 PORV full open 

7 80 - end no leakage 

* Indicates range of times from various sources . 
** The b lock valve . i s  also open . The leakage rate is  determined 

by the PORV capacity. 

open 

*** Recent analys i s  by the TMI Special Inquiry Group indicates the 
PORV was closed 64 percent of tne t ime between 221 and 2 7 6  min . 
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TABLE 2-2 . MAKEUP AND PUMP SEAL FLOW 

Makeup valve 
MU-Vl7 f low, gpm 

16 

118  

9 7  

1 2 5  

8 

58  

52 

49  

49 

97 

113 

95 

116 

128 

4 3  

7 2  

95 

Pump Seal 
Flow , gpm 

3 2  

32 

32  

32 

32 

32  

32  

32  

3 2  

32 

32  

. 32 

32  

32 

32 

32  

32 
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TABLE 2-3 . ECC INJECTION FROM BWST 

Time , min F low Rat e , gpm 

0 . 3  - 4 .  7 6 7 2  

4 . 7 - 200 25 ( 165 inj ec t i on , 140 letdown ) 

200 - 207  1000 

207  - 2 36 360 

2 36 - 240 0 

240 - 244 1000 

2 10 415 640 (average ) 

415 - 5 5 5  360 

555  - 800 150 

800 - 470  
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have conc luded there was emergency feedwat er to the A-s team g enerator b e tween 
90 and 1 24 min . For much of the accident , the role of the s t eam generators 
as a hea t s ink fo r the primary mus t be inferred from the overall primary­
s econdary sys tem respons e .  
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3.0 THE MARCH COMPUTER CODE 

The MARCH code calculates  the thermal-hydraulic b ehavior of a 
water-cooled reactor dur ing a meltdown accident . MARCH is an acronym for 
Meltdown Accident �esponse CHarac t eristics . MARCH is b eing deve loped by 
Bat te lle-Columbus for the Probabilistic Ana lysis  S t aff ' of the NRC . The 
d evelopment of the MARCH code is an extens ion of the meltdown analy s is work 

performed by Bat telle-Columbus for the Reac tor S afety  S tudy . The original 
BOIL (3)  cod e , wh ich models core heatup and mel tdown , was d eveloped as part 
of that effor t. BOIL is incorporated a s  a subroutine of MARCH . Many of the 
o ther analyses  in t he React or Safety S tudy , including the calcula tion of 
reactor vessel fai lur e ,  concrete  decompos i tion , and containment bui lding 
p res suriza tion , wer e independ ent ly performed hand calculations . MARCH 
provides a cont inuous , coup led ana lysis  of the thermal and hydraulic be­
havior of the · containment building and reactor f rom the time of accident  ini­
t ia t ion . Primary sys t em respons e is modeled for both large and small  pipe 
break los s-oj- coolant accidents and for trans ients . An effott is currently 
underway to t est,  document, and make MARCH availab l e  for external distribu­
tion. An unverifie d  vers ion of MARCH is b e ing prepared for preliminary 
release by the end of 1 9 79 . Containment pressures for large pipe b re ak 
accidents and primary system pressures and b lowdown rates for small c old-
leg p ipe b reaks appear to b e  in reasonabl e  agreement with vendor analyses  
reported in s afet y  analys i s  report s .  No d irect comparisons have b een made 

previously with the CONTEMPT and B EACON ( containment) codes or the RELAP 
and TRAG (primary system thermal-hydraulics) code s . Of cours e , some of 
the MARCH models  are  not eas ily tes te d  s ince f ew other code s  attempt to 
model  core mel ting . 

During t he blowdown phase  of a pipe b reak acc ident , MARCH performs 
the func t ion of a coupled RELAP /CONTEMPT code . However , MARCH does no t g en­
erally approach t he level of sophi s t ication or d e tail  of the s e  codes . Since 
many of the phys ical processes of core mel tdown are no t well unders tood , 
d e ta iled modeling of sys tem thermal-hydraulic behavior has no t been jus t ified . 

As a result the code is  fas t running and inexpens ive . This is convenient s ince 
the process es of core mel tdown frequently mus t be  analyzed for acc ident t imes 
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o f  hour s  or  days . .  MARCH computat ional t imes can b e  orders of magni tude 
less than tho s e  of RELAP. Fpr examp le , the l1ARCH calcula t ion of  the f irs t 
15  hours o f  the TI1I accident required about 400 s ec computational t ime on 
a CDC 6500 . The calculattons of alternat ive accident sequences discussed 
in Sect ion 5 . 0  generally �equired 100-200 s ec computat ional time . 

F igure 3 . 1 illus trates the overall s tructure of  the MARCH code . 
For the present THI s tudy , subrout ines BOIL and PRIMP are  of  p r imary in­
teres t .  BOIL . performs the primary sys t em heat trans fer and mass  and energy 

balances , and PRIMP calcula tes the pr imary system pres sure and leakage �ates . 
Thes e subrou tines will b e  d iscussed in mo re g.eta�� b elo.w .  Subroutines HEAD , 
HOTDROP , ·  and INTER model phenomena occur r ing f ollowing complete core meltdown 

and will no t be discus s�d in deta i l .  HEAri calcula tes bot tcim head fail�re due 
to the comb ined e f f ects  of melt ing and overs tres sing . · HQTDROP p redic t s  the 
boilo ff  of  water ( if pres ent ) from the reactor cavi ty below the reactor vessel 

followini? .. hea� failure� The d ecomposition and p§_!netrat:.:i,on o f  the concre te  

floor o f  tne · cori tainment building is calculated b y  INTER • .  ( The INTER ( 4 )  
·· 

. . � ·, . 

code was de.veloped b y  S andia Laboratories . )  MACE calculates the containment 
building! . thermal�hydraulics . .  The analys i s  of the alternat ive accident 

• " · '  I �  •; ':, , ., 
scenarios p rimarily involves thermal-:-hydraulic cond i t ions in the primary 
system . ·The MACE rout ine will" be· b riefly d is'cussed , · h6w'e\ier ,  s ince the 
containment' bui'lding temperature and pressure respons e  are of intere s t  for  

the core meltdown scenarios  in  Section 6 .  

3.1 Subrout ine BOIL 

The BOIL subrout ine calculates the co re hea tup and mel tdown and 
perf orms energy and mas s  balances for  the primary sys tem .  Hos t  of  the BOIL 
models are the same as tho s e  reported in the Reactof Safety S tudy . However , 
a number of  changes have been made . A review of  BOIL follows . 

The pr imary system is modeled <i's a s .ing le vohime which is sub­
d ivided into a water space and a s��am. space . :The water space in�orporat es 
a level swe ll  model . Core nodes which are  covered by the swollen mixt ure 

· level a're g'enera lly assumed to be well-cooled . Energy t rans ferred to the 
wat er space from the co re includes the d ecay heat of a ll mixture covered 
nodes in addi t ion to heat coming f rom changes in the s tored energy of the 
fuel  nodes . These  s tored energy terms result f rom quenching of  newly s lumped 
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(molten) core nodes which fall into the water . or  f rom quenching p reviously 
dry core nodes which b ecome covered by a rising mixture level due to ECC 
inj ection or increa sing level swell . 

Heat may be transferred f rom the primary system water space to 
the s t eam generator (for a PWR) or  by pas s ing primary water through a 
letdown/makeup cooler . Heat removal by the letdown cooler is modeled  
as 

QMUP WMUP*CP* (TPOOL - TECC) 
where 

QHUf' heat r emoved , Btu/min· 

WMUP ( inpu t )  makeup / letdown f low rate ,•lb /min 

CP specific heat of  water , B t u / lb F 

TPOOL t emperature of water in vessel , F , and 

TECC makeup water temperature , F .  

It i s  assumed there i s  heat removal but  no net water  addition through this 
f low path . Water addit ions are mode led as ECC flows . 

The s team generator model permit s  ( input op tion) cooling of  either 
the water space or condensation of s t eam f rom the s t eani space . For coolirig 
o f  the water space , the model f ir s t  d ��ines a hea t transfer coeff icient , H1 , 
based on the initial operating condi tions , 

where  
QZERO ini t ial core power , B tu/min 

A s t eam generator heat transfer area , ft2 

6T1 ini tial temperature diff erence , F .  

The s team genera tor heat tran�fer rat e ,  QSG, becomes 

QSG = FSG*H * (6T/6T ) 1/3*A*6T 1 1 

, and 

where 6T is the temperature difference t"or the current time s tep . The factor  
FSG is incorporated in  the  model to  account for changes in the  effec tive heat 
trans fer area due to changes in the primary or s econdary side water levels . 
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FSG is defined as the minimum of (WTRSG/FULSG) or a term proportional t o  
(YLIQ-YLEG) . FULSG is  the ini t ia l  s team generator s econdary s ide water  
inventory and WTRSG is  the  current value . The  s econdary s ide h eat  and 
mas s  balance considers both boilof f  and f eedwater addition .  The secondary 
safety/relief valves are not modeled and are assumed to be large enough· 
to accommodat e  the calculated boiloff  rate . YLIQ is the primary s ide l iquid 
l evel and YLEG is  the hotleg elevation . 

At ( input specifie d) t ime s , the s te am g enerator may condense steam 
out o f  the primary s ide s team s pace . For example , s te am condensat ion may 
occur when cold auxiliary feedwater is being poured over the tops of the 
s t eam generator tubes . The conden�ition rate is modelerl as · 

where 

SGDWS = FS *STM/DTM* ( l  � (PSG ' + PRES)/ ( 2PRES)) 

DTM - t ime step , min 
FS mole f ract ion s team 

STM s team mas s  in the primary , lb . 
PSG 

PRES 
( input specified) secondary pre s sure , p s ia 
primary s ide pre s sure , p sia . 

, and 

The model condense s  s team f rom the primary unt il the primary and secondary . ' 

s ide s team partial pres sures equilib rate .  The condensed s team may (input 
opt ion) be returned to the water in the reac tor vessel  or b e  assumed t o  
remain i n  the b o t tom o f  the s t eam generato r .  

The r eac tor core in the TMI calculations was modeled in BOIL us ing 
10 rad�al and 2 4  axial power zones . Core nodes in the mixture region aie 
as sumed t o  b e  well cooled . Nodes in the s tearri space are convec tion cooled 
by the s team boiling out o f  the mixture · region . BOIL model s  radiat ion heat 
t ransfer f rom the top fuel nodes in the core to structures above the core 
and from core node s j us t  above the .. mixture to the wat er region. Temperature 
smoothing due to rod- to-rod ·radiation is  ignored . 
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Part of the steam flow may be converted to hydrogen by reaction 

with the Zircaloy cladding. The reaction rate is modeled in BOIL as the 

minimum of that obtained from the steam flow, a solid-state dif fus ion 

rate law (S) , or a gas phase diffusion rate(6 ) . Generally, the reaction 

is controlled by one of the f ir st two limitations. The energy produced 

by the metal-water reaction is added to the.fuel node heat source. The 

reaction may be terminated by user input options when a core node melts 

or a channel is plugged by core slump ing. In_the present TMI calculations, 

node melting was assumed to stop the metal-water reaction. BOIL as sumes 

there is no metal-water reaction in nodes covered by the mixture level. 

The BOIL programming assumes a s ingle (input) value for the core 

melting point. Cladding and fuel are as sumed to melt at the same tempera­

ture. A melting temperature of 4130°F was used in the TMI calculations. 

E . t
. ('l) . d' h 1 . 

. "t . 1 1 d xper1men s 1n 1cate t e core me t1ng temperature 1s no s1ng e-va ue 

and is actually a function of the concentrations of zirconium, oxidized 

zirconium, and uranium oxide. Melting or liqu�faction temperatures between 

about 3500 and 5 100°F are observed. The 4130°� temperature used in the 

TMI calculations i s  in the mid-range of  the d�t�. 

In the BOIL models, core melting triggers four ef fects. One 

ef fect is that a heat of  fus ion term appears in the heat balances� A second 

effect is that the metal-water reaction is stopped (input option) in melted 

fuel nodes. A third effect is that steam cooling of melted nodes is stopped 

(input option) .  A fourth ef fect is that the core s lumping models become 

active. It should be noted that BOIL does··not alter .the ef fective heat trans­

fer area of melted rod nodes for purposes of �alculating heat trans fer within 

th� mixture covered region. Thus, if a melted fuel node becomes covered by 

the mixture, either by downward fuel s lump ing, by ECC injection, or by increased 

level swell , it is as sumed to be as well
. �ooled a'� an intact fuel rod node. 

The energy released by quenching the molten node s imply becomes an additional 

heat source term in the heat balance equation for the water region. 
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The original BOIL code assumed compl e�e quenching could occur 
in one t ime step. In order to b e t t er mode l  the conditions in the TMI 
accident during core recovery , the BOIL models were.modi fied . The quench­
ing rate  in BOIL is presently calculated from the m inimum obtained using 
e ither a boilin� heat . trans fer coe fficient or rates charac terized by a t ime 
cons t ant T. Three t erms are evaluated : 

where 

.QBl hBA (TROD -1TPOOL)6t 

QB2 MC (TROD - TE)6t /t 

hB bo
.
iling h eat t ransfer coefficient: Btu/hr f t 2F 

A 
. 2 nod e  heat transfer  are a ,  f t  

MC node heat capacity , B tu/F 
. · .  . 3 PL wafer densi ty , lb / f t  

TE 
6 t  

� . ; 

heat of vaporizat ipn ,  Btu/lb 
3 nod e  water volume , f t  

ftiel riod e  temperatur�� F 

e quilib r ium t emperatur e , F 
t imestep, min 

t ime cons tant, min , and 

a � local �oid f r�c��b� . 

QB 2 is _ the  change in s tored heat obtained in quenching to decay heat or 
equilibrium leve l s . QB3 is the heat r equired to vaporize the water in 
the �oolant channel next to the fuel node . For a 1 . 0  minute t ime constant 
T, the QB2 and QB3 t e rms are gene rally found to control the quenching rate 
in BOIL . 

BOIL contains three fuel s lumping or meltdown models . Models A 

and B assume r e t en t ion of molten fuel within the core region unt il a user 
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s pecified core melt fraction is obtained . Model A slumps molten fuel 
downward faster than Model B .  Model C assumes molten fuel nodes drop 

I 

completely out of the core into the bottom head as quickly as the ·nodes 
melt . Models A and B are b elieved to be more realistic than Model C .  
M�dels A and B generally produce s imilar results for core melt f ractions 
les s than 0 . 5 .  Model A was used in the TMI calculations. 

BOIL uses the Wilson ( B) correlation of bubble rise velocity , 
with a minimum velocity of 1 ft/ sec , to calculate the core void f rac­
tion . Level swell within the core region is calculated assuming a 
linear variation of void fraction with elevation . 

The MARCH calculated liquid level is defined as 

YLIQ = WMAS S / (pL*ATOT) 

where ATOT is the total cross sectional area of the reactor vessel .in the 
active core region . WMASS is the portion of the primary system water inven­
tory located above the bottom of  the core . The MARCH liquid level is an 
artif ic ial parameter ,  except when the liquid level·is actually within the 
active core region . 

3 . 2  Subroutine PRIMP 

Subroutine PRIMP calculates the leakage of steam and water f rom 
the primary , places an upper limit on the coolant flashing rate , and cal­
culates a new MARCH time step size . 

PRIMP leaks steam from the primary system steam space i f  the 
primary system liquid level is below the ( user specified) break elevation . 
Water leaks f rom the water region if  the b reak is b elow the liquid level . 
MARCH has no models which would permit leakage of a two-phase steam-water 
mixture . The user may spec ify  that a constant two-phase flow multiplier 
be applied to the water leakage when the calculated water temperature is 
less  than 2 0 ° F  subcooled . However ,  as modeled ,  the multiplier affects only . 

'the water leakage  rate and not the steam content of the leakage .  
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The s team and water leakage �at e s  are the minimum of e ither an 
orif ice flow (G)  or a crit ical flow rat e  ( G  ) . The PRIMP f low rates  for · c 
s t eam are 

where 

G 

G c 

5 7 78 CBRK (p*DP) 0"5 , lb/min f t2 

1642 (p*P )0"5 , lb/min f t2 

, and 

CBRK orif ice  coef ficient ( 0 . 583  used) 

DP pressure. d i fferential b etween vessel and containment 

p vessel  pressure , p s ia 

p gas dens i ty . 

, and 

Steam leakage through the safety relief  valves is calculated from 
0 5 WVENT = C SRV* (p*P ) . , lb/min ( P�P SET) 

where CSRV is an input coe f f icient calculated to  reproduce the rated vent­
ing rate .  PRIMP will reduce WVENT if the new system pressure falls below 
the relief valve setpoint , PSET . For mixtures o f  s t eam and hydrogen , the 
gas d ensity is  defined as p = ( STH + H2 ) /VOL , and the steam and hydrogen 
leakage rates  are assumed proport ional to  their mas s  f ract ions in the gas 

t 

(ref  9 ) 

s pace . Us ing the relations above , the full- open PORV for TMI 2  has an e f fec-

tive s t eam flow area o f  

-1 _1 _2 .__, O_O_O__, ( _l_b '--/h_r....:. )_,_ / _6 _0__,_ ( m_1_· n_,_/ _h _r.!-) ABRK = 

164216 . 466*2270  
2 0 . 009 38 f t  

The water leakage i s  calculated from 

where 

G 

G c 

5 7 7 8  CBRK(p1*DP/TPM) 0"5 , lb/min f t2 

1570 . 2 (P/TPH) 0"813 , lb/min f t2 

water dens i ty , lb/f tj , and 

TPM ( input)  two-phase mul tiplier 

, and 

(re f  9 )  
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In the TMI base case  calculations , . a two-phase multiplier of 1 . 74 was 

found to result in a l:iquid level at the top of the core at  10 1 minutes , 
the t ime at which the primary coolant pumps were turned off . The critical 

wa ter flow ra te is reduced by a factor TMP0·813 = 1 . 5 7 by us e of this mul ti­

plier . I t  should be no ted that , as used in these  calculations , the two-phas e  
flow mult iplier s erves s imply a s  a correction factor . which permits  core un­
covery at the des ired time . However , a 1 . 74 two-phase mult ip lier is cons is­

tent with a low qual i ty , modera te void fraction two-phase flow . (This multi­
plier corres ponds to � qual ity of about 0 . 0 2  or a void fraction of � . 3  at  
1 , 000 psia ,  assuming no  slip . )  

I 
The sys tem pressure is calculated assuming the s team and hydrogen 

in the gas space are ideal gases  • .  The ga s ·space volume , VOL , is  calculated 

by · subtrac t ing the water volume from the to tal primary volume , VOLP , thus 

VOL = VOLP - WMTOT/pL 
were WMTOT is  the water weight and pL is the water density evaluated at  the 
water t emperature , TPOOL . The temperature , GAST , of the gase� in the s team 
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The t:J.ew s t eam and hydrogen weight s are 

STM � STM + (WS - WSLK)*DT 

H2 = H2 + (WH - WHLK)*DT 

and· 

where WSLK and WHLK are the· s team and hydrogen-leakage rates . 
The . s team part ial pressure. is 

P S  � StM/�0� * RS * ( GAST + 460)/1�4 , p s ia 

where RS = PSAT/RHOS/ (TPOOL + 460) ,  is  a steam gas cons tant evaluated from 
the s team tables  at a saturat ion t emperature TPOOL . The hydrogen part ial 
pressure is  

PH = H2/VOL�76 7 * ( GAST + 460)/144 . 

The t o tal'sy s t em pre s s�re , PVSL ,' is  the sum o f  PS and 
.
PH . 

This algorithm for calculating the pr imary pressure requires the 
presence of .a gas �pace ( VOL>O) . . Thu s ,  I>RIMP cannot calculate pressures 
for a water solid sys t em .  

3 . 3 Subrout ine EXITQ 

EXITQ calculates t'he t empera tures o f  me tal s tructures and the gas 
temperatures in the exit  gas f low path� A maximum of four s tructures are 
modeled . Each s t ruc ture is  a one-node repres entation o f ,  for example , a 
gridpla t e ,  the upper plenum internals , or a leng th o f  primary coolant pipe . 
New t emp eratures are calculated only when gas is exiting the pr imary . New 
t emperatures are not calculated when the system is closed and there is no 

leakage . The gas't empera ture s  calculated in EXITQ are used t o  determine 
the enthalpy flows into the containment b uilding , but are not used in PRIMP 
to  modify the gas space temperature , GAST . 

3 . 4  Subroutine PROPS 

Subrout ine PRO�S calculates sa turat ed s team and wa ter proper ties . 

The routine may be called by specifying e i ther the pressure , temperature , 
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or s team density . Properties are determined by interpolation between 16 
tab le value s  between 0 . 08554 and 3199 psia .  Interpola tions are linear or 
exponent ial , depending on the p roperty . 

3 . 5 Sub rout ine ECC 

Subrout ine ECC calculates pumped and core f lood tank ECC inj ec tion . 
The p umped inj ec t ion may be either 1 ) . a constant value which is reduced 
to z ero if the ves sel pressure exceeds a specified shutoff  head or  2 )  
calculated from a pump head curve o f  t h e  form 

where 

WECC = WMAX /1 - �P/PSO 

6P vessel/containment pressure difference , .psi 

inj ection rate for �P = 0 ,  gpm 

PSO shutoff  head , p s i .  

, and 

The pumps may be s tarted and s topped at specified times . ECC water is taken 
from a s torage tank until the tank reaches a specified leve l .  The pump s uc t ion 

is then switched to the containment sump . 
The accumulator inj ection rat e  is  

WACM = WMAX IPACM - PVSL · , 

. where PACM is the accumulator pressure . PACM is assumed t o  b e  decreased by 
a fac tor of  two when the accumulator is emptied . The inj ected ECC water is 
added to  the primary system water space , and uniform mixing is assumed . MARCH 
contains no models for removal of  s team from the primary sys tem gas space by 
condensat ion on the ECC water in the inj ect ion section .  

3 . 6  Subroutine MACE 

Subrout ine MACE calculates thE: containment building thermal­
hydraulics . MACE aiso controls much o f  the logic for the engineered safety 
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features. MACE permits subdivision of the containment building into 10 
volumes. The volumes must currently be connected in s eries. A maximum 

o f  200 heat con4ucting nodes may be dis tributed between 15 s tructures . 

Steam condenE;a.tion on the walls is calculated using Tagami coef ficients. 

Ice beds, inte�compartment fans, BWR suppres sion pools, containment sprays, 

and building coolers are modeled. Energy and mas s inputs to MACE include 

the steam an� hydrogen generated in the core, concrete decomposition products, 

volatile fission p roducts, and hydrogen burning. 

Hydrogen burning in MACE occurs when the mole fraction hydrogen in 

a given COII).partment exceeds 0 . 04 and· the mo le fractio n oxygeri exceeds ·o . 065 . 
The start o�; 1 hyqrogen burning may be delayed if desired . Al'l ·o'f the hydrogen 

is , assumed - �,0 be burned once burning s tarts . The time period of the hydrogen 

burn is spread over one MARCH time step (generally 0 . 02  !to 1 . 0  minute) . 

Cqptainment overpressurization failure is triggered when the ·pres­

sure exceeds ·  .an input value. The containment depres surizes by leakage through 

a hole who se area is input specified. 





4 . 0  ANALY S I S  OF BASE CASE ACC I DENT SEQUENCE 

MARCH ana l y s e s  h ave been per forme d for the f i r s t  15 hours o f  

the TMI a c c i dent . Th e r e su l t s  o f  the s tudy ind i c a t e  MARCH l S  a b l e  t o  

re con s t ruc t a c r ed i b l e  s imu l a t ion o f  t h e  a c c ident  s c enar i o . The MARCH 

ana ly s e s  are a b l e  to y i e l d  r e a sonab l e  explana t ions  o f  t h e  o b s erved p r i ­

mary sys t em p r e s sure s ,  the s u r g e  l ine and pre s s ur i z e r  t empera tur e s , t h e  

core and ho t l e g  t empe r a t ur e s  in  the 2 - 4 h our per iod , c oo l ing o f  t h e  

core , h e a t  d i s s i pa t i on f r o m  the pr 1mary s y s t em ,  a n d  c o n t a inme n t  phenomena . 

The c a l c u l a t ions  o f  c o r e  h e a t u p  and c l ad d ing oxid a t ion in the 2 - 4 hour 

per iod  a r e  f ound t o  be very sens i t ive t o  mode l i ng a s s ump t ions and the 

ECC inj e c t i on ra t e . A numb er o f  MARCH c a l c u l � t ions  a r e  d i s c u s s e d  wh i ch 

i l l u s t r a t e  th i s  s en s i t iv i t y . Br i e f l y , t h e  c a l c u l a t e d  a c c ident  s c enar i o  

ind i c a t e s  pa r t ia l  c o r e  unc overy be twe en 1 . 7 a�d 3 . 5  hour s . Wi t h in t h e  

un c e r t a i n t i e s  1n  th e b oundary cond i t ions , var ia t i ons  were made to  y i e l d  

approxima t e l y  2 0  p er c e n t  c or e  me l t ing ( a s s umed t o  b e  4 1 00 F in  t h e  MARCH 

ana l y s e s ) for t h e  b a s e  c a s e . From examina t ion o f  the d a t a  on rad ioac t iv-

ity  re l e a s e  t o  the c on t a i nmen t , th i s  . va lue wa s f e l �  t 6  prov ide  a r e a s on­

ab l e  upp�r l im i t  on t h e  f r a c t i on of t h e  c or e  that  c ou l d  have me l t ed . I t  

should  b e  r ec o gn i z e d , howeve r , th a t  w i t h i n  the unc e r t a in t i e s  t h a t  e x i s t  

i n  the b oundary c ond i t io n s , MARCH c ou l d  pred i c t very l i t t l e o r  n o  c or e  

me l t ing . By max i m i z ing th e e x t en t  o f  core  m�l t i ng 1n  t h e  b a s e  c a s e , the 

s en s i t iv i t y of  t h e  core  r e s po n s e  t o  t h e  var i a t ions 1n the a l t e rna t ive  

c a s e s  i s  incre a s ed . For th i s  d e g r e e  o f  c ore me l t ing , 1 5  p e r c en t  c l ad 

ox i d a t i o n  i s  p re d i c t ed by MARCH . Ad d i t iona l oxid a t i on ; wh � ch c anno t be 

a n a l y z e d  by MARCH ,  wou l d  h ave oc curred in r e g i ons of the core that rema ined 

s t e am covered fo l l owing c or e  r e c overy . .  A f t e r  · 3 . 5  h our � , the core r ema i n s  

c overe d . Th e bu lk wa t e r  t empe r a t ur e  1n th e ve s s e l  i s  c a l c u l a t ed t o  re-

ma in subcoo l ed , and there i s  no bulk b o i l ing b etwe en about  3 . 5  and 1 1  

hours . Ga s e s  ar e c a l c u l a t e d t o  b e  r e l e a s ed from the pr imary s y s t em i n t o  

the c o n t a inment  bui l d ing when t h e  PORV i s  open a n d  t h e  s u r g e  l ine c onne c ­

t i on t o  t h e  h o t l e g i s  un c over � d i n  t h e  3 . 2  - 3 . 8  h our : 8 . 3  � 9 . 0 hour , 

and 10 . 8 - 1 1 . 0  h our p e r i od s . A f t e r 4 hour s , the p r i�ary s y s t em p re s s ure 

is pr e d i c t e d  by MARCH as the s imp l e  c ompre s s i on and expans ion of the g a s e s  

trapped in  t h e  ho t l e g s  a n d  s t eam gene r a t or s . 
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Chang e s  in gas volume are the res u l t  o f  the varying water leve l s  pro­
duced by changing the leakage and ECC inj ect ion rates . The pr imary 

. .  

me chani sm for d i s s i pat ing the core decay heat in the 3 . 5  - 13 hour 

per iod 1 s  calculated to be by the f low o f  ECC water through the open 

PORV . S igni f icant . energy l o s s  a l so occurs to the l e tdown/makeup cooler . 

The MARCH code input and mode l ing are d i s cussed be low fo l lowed 

by separate  �iscussions of the result s  in the 0 - 15 hour and 0 - 4 hour 

p eriods . A number . o f  MARCH calculations were performed for the 0 - 4 hour 

period to examine the sensitivity of the results to modeling assumpt ions . 

4 . 1  MARCH Code Input 

Table 4 . 1 summarizes the input data used in the MARCH base case 
analysis of the TMI accident . 

The ECC inj ection rates and t imes in Table 4 . 1  may b e  compared 
with those in Table 2 . 3 . The rates in Table 4 . 1  are those which were 
used in MARCH to obtain reasonable agreement with the TMI data . The rates 
in Tabl e  4. 1 are t he net makeup rates while those in Table 2 . 3  are total 
HPI flows from the BWST . Some o f  the differences in Table 4 . 1  and .Table 
2 . 3  values. may be due to  letdown flow .  In the MARCH analysis , letdown 
f low is  assumed to  b e  balanced by an equal makeup flow so that there is 
no net water inventory change through this flow path . The makeup/letdown 
flow path in MARCH results only in an energy . dissipation to the letdown 
cooler . ( See  Sect ion 3 . 1) 

( 1 0 )  . 
Between 4 . 7  and 200 minutes , the NRC e s t imat es that the HPI 

inj ec t ion rate is 1 6 5  gpm with 140 gpm l e tdown for a net makeup 6f 2 5 · gpm . 
NSAC invest igators ind icate , however , that there may have been a net l e t­
down f low during this period . The MARCH cal culat ions as sume no net makeup 
between 4 . 7  and 1 0 1  minutes . Dur ing the per iod o f  c6re uncover� between · 
10 1 and 200 minutes , the base case MARCH ana l y s i s  uses  a net makeup ra te 
to the ve s s e l  of  90 gpm . The rat iona le for us ing· a d i f ferent va lue dur ing 
the core uncovery per iod is . as . fo l lows . At 1 0 1  minutes when the A- loop 

. pr imary coo lant pumps were s teppe? , it is assumed the wa ter in the sys tem 
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TABLE 4 . 1  MARCH INPUT DATA FOR TMI ACC IDENT 

Time , Min . 
. 2 - 4 . 7  

4 . 7 101 
101 - 200 
200 - 415 
415 - 5 5 5  
5 5 5  - 800 
800 - end 

ECC Inj ect ion , gprn 
6 72 

A :  include s  core f lood tank inj e c tion 
B :  shu to f f  for  pressures over 2 300 psi  

. ;  

0 
90 

' 56 5 ' 
300 (A) 

80 (A) 
4 70 (B) 

Time! Min . PORV Leak Area , 
0 142 

. ' ! 
o :oo9 38 

142 192 1 • •  o . . 
192  -; 198  0 . 00938  
198  - 2 2 1  0 .  
2 2 1  318 0 . 009 38 . 
318 - 348 0 .  
348 - 459  o· . oo5  
459  550  ' . 0 ; 012 

f t 2 ' 

550  600  0 .  ' ! " 600 6 6 6  0 . 009 38 
666  756  0 .  
756  - 7 80 0 . 00938 
780 - end 0 .  

Core Power : 2688 MW '  

: ' 

Shutdown Powe r :  1 0  full-power sec . followed by  ANS 

Initial Pre s sure : 
Init ial Water Tempera ture : 
Init ial Wa ter Inventory : 
Initial S tearn Volume : 
Init ial S t earn Generator Water 

Inventory : 
Init ial Stearn Generator 

Temperature : 
Weight uo2 : 
Weight Z ircaloy : 
Core Heat Capaci ty : 

decay · curve for ' 1oi days at  full power 
2165  p s ia 

· 

5 8 3 ° F  
5 12 , 425  lbs .  
700 f t3 

107 , 400 lbs . 

5 35 ° F  
204 , 820  lb s .  
52 , 500 lbs .  
5 3 . 71  BTU/ft3 F 
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TABLE 4 . 1  Continued 

24 Node AXial Peaking Factors , 
Bot tom to  top : 

r i 

10 Node Radial Factors : 

Rad ial Volume Fractions : 

Core Flood Tank Setpoint : 
Core Flo�d Tank �ater 
ECC Temperature :. 
Flood Tank Temperature : 

;, ·, 

Steam Generator Emergency Feed : 
MCikeup/Letdown Flow : 

Pump Power : 

PORV Capac i ty : 
Two-Phase  Flow ' Mult iplier : 
Core Mel t  Temperature :  
Core Melting .Model : 

0 . 55 , " 0 .  76 , "  0 . 96 ,  1 . 09 ,  1 . 21 ,  1 . 3 , 1 . 3 ,  
1 . 21 ,  1 . 16 ,  1 . 1 �  1 . 09 ,  1 . 08 ,  1 . 1 ,  
1 . 13 ,  1 . 18 ,  1 . 2 7 ,  1 . 21 ,  1 . 17 ,  1 . 11 ,  
1 .  0 1 ' 0 . 81  ' . 0 • 55 ; 0 . 31 ' 0 . 2 6' 

. 1 . 34 ,  1 . 29 1 ,  1 . 249 , 1 . 192 , 1 . 16 7 ,  1 . 083 , 
1 . 036 , cr. 9ss , o . 864 , o . 6 37 

· 

0 . 00565 , 0 . 02 2 6 , 0 . 06 7 8 ,  0 . 0452 � 0 . 11 3 ,  
0 . 204 , 0 .�35�,  0 . 06 7 8 ,  0 . 22 6 , . 0 . 113 

600 psig  
1 24 , 840 lbs . 
100 ° F  
ll0 ° F  

. , :  

4150 lbs/min at 70° F ( initiated at 8 min) 
140 gpl!l unt:i,l 101 minutes , 112 gpm after 

3 . 5  hours 
16 MW, 0 - 74 minutes  
8 MW ,  74  - 101  minutes 
112 , 000 lbs/hr saturated s t eam at 2 2 70 p s ia 

' L  74 ps i/ps i  
4130 ° F  
A 
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fe l l  t o  the bot tom o f  the s team generators  and reac tor ves s e l . The 
col lap sed water leve l was apparent ly be low the leg  e levat ion . Under  

the se  c ondi t i ons , the  water l evel 1n the  reactor  ves se l  i s  a f fe c ted only 
by the makeup f l ow and not by the l e tdown f l ow .  Thus , a l though the net  
makeup to the pr imary sys tem would  rema in the s ame , the  net makeup to  
the  reac tor pres sure ve s se l  c ould  potent i a l l y  be  a s  h i gh a s  165  gpm . 
Th e l i s ted 90  gpm net makeup va l ue to the reactor ve s s e l  be tween 1 0 1  and 
200 minutes  produce s  resu l t s 1n reasonab le  agreement with the a,va i l ab l e  
TMI da ta . As  wi l l  be  d i s cu s s ed 1n Se� t i on 4 . 3 ,  the resul t s  are s ens i tive • ' .J 

to the ECC inj e c t i6n rat�s  in th i s  t ime per io� . 
Pr ima·ry coo.lant pump . 2 B  wa s turned on at  1 74 minutes . Al though 

the pump rema ined ' on for ' 1 9  minute s '  · th e  pump f l ow ' ind icat;ion · was very 
brie f .  Opera t ion of th i s  pump may have . had a s igni f ican� e f fe c t  o� ar­
r e s t ing the core heatup . .  Operat ion of RCP-2 B  1s s imulated i_n the MARCH 
ca lculat ions by assuming the core i s . temporar i l y  c overed ( inpu t opt iqn ) 
by a two-phase  leve l swe l l . The l eve l swe l l  is  assumed to l a s t  for 1 0 
minut e s . Al though some wa t�r wa s eviden� ly trans ferred from th� B s team 
genera tor t o  the reac t or ve s s e l , this  was not s imul a ted in the MARCH 
ana lys i s . 

At 200 minute � ;  th� ECC inj ec tion rate was s igni f ican t l y  in­
c reased . The ECC

.
'inj e c t ion rate a f ter th is  t ime was grouped into ·4 t i�e .  

periods . The agr eement be tween the v�l�e s in  Tab le 4 . 1  and :Tabl� 2 . ; Y�� 
reasonab le , and. d ifferences  that do exi s t  can �robably be �c �ountid for 

by l e tdown f l ow .  • 

Tab le  4 . 1  a l s o  l i s t s  the e f fec t ive leak areas used in  the base  
c a se c a l cu l a t ions . The equ iva lent fu l l-open PORV leak area in MARCH is  

0 . 00 9 3 8  ft 2 . ( See Sec t i on 3 . 2 ) . Be tween 348 and 4 5 9  minutes  a l eak area 
of 0 . 005 ft 2 i s  u s ed to s imu late  the va lve cyc l ing dur ing th i s  int erva l . 
Th i s  area i s  somewhat b igger than that indica ted in Tab l e  3 . 1  by a 40% 

open t ime . Be tween 459 and 550 minutes  a leak area of  0 . 0 1 2  f t 2 1s  us ed 
to s imu late  the total  l eakage through the open PORV and pre ssur izer vent 
va lve . As a s imp l i fying a s s ump t ion ,  the PORV was as sumed open dur ing the 
who le  7 56 - 7 80 minute t ime int erva l . Wi th the except ion of the uncer­
ta int ies  in the 1 9 2  - 2 2 1  minu te t ime interva l ,  the leakage t imes in 
Tab l e s  4 . 1  and 2 . 1  are in  agreement . 
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The TMI data ind icate the c o l l ap sed l iquid l eve l in the reac tor vess e l , 
fo l lowing shutdown o f  the reac tor coo l�nt pumps a t  1 0 1  minutes , was approx­
imately at the top of th e t op of the core . The amount of wa ter tha t  c o l­
lapsed into the bot tom o f  the s t eam generators · i s  not known . About 4 7 , 200 
pound s o f  water ( at 583°F)  is required to f i l l  each s t eam generator to  
the  ho t leg e l eva t ion . Thu s , 9 4 , 400 pound s i s  an  upper l imit  on  how much 
water could be · l e ft in the two loops . In the MARCH' c a l c u l a t ions i t  wa s 
a s s umed a: t otal o f  4 7 ,  200 pounds was l e f t · in the l oops , or,1 about one-h a l f  
the maximum amount . The pres sur izer was a s s umed t o  re t a in 6 1 , 500 pounds 
( 9 5% ful l ) . Wi th' 4 7 , 200 p6und s in t� e bot tom 6 f  the l oo ps ; 6 1 , 500 pound s 
in the pre s s uri�er , and an as sumed 50 , 000 pound s 1n the bot tom head o f  
the reac tor Ve s s e l ; c omp l ete core · uncovery . requ ires  leakini 5 1 2 , 42 5 -

4 7 , 200 - 50 , 000 � 6 1 , 500 = 353 , 7 2 5  pound s ( plus  any ECC inj e c t ion ) . In 
order t o  s t art  c ore uncovery a t  1 0 1  minutes  with about 2 1 5 , 000 pounds 
rema in ing in the ve s s e l ,  it was nec e s s ary to a s s ume an e s s ent i a l ly l iquid 
b l owdbwn modi fied  by use o f  a two�phase- flow mul t ip l ier of  1 . 74 . ' ( See 

Sec't ion 3 . 2 ) . 
Dur ing much of  the TMI trans ient , the tops o f  th e s t eam ' genera­

tors on both the primary and secondary s ides were full of stagnant gases . 

Little heat transfer i s  ·expected within these gas volumes . Condensat ion 
of  s team from the primary s ide gas volume cari occur if there is . relat ively 
cool water on the seco�dary �ide which extends up into  the primary s ide 
steam space . S team condensation may also occur when the emergency feedwat er 
inj ects  cold water over the tubes  at  the top of  the s team generator . The · 

MARCH modeling of  TMI sys t em response between 90 and 135  minutes and b etween 
174 and about 200  minutes assumes s team is being condensed by the s team 
generators . In the 90 - 135  minute period , it  is believed t hat the emergency 
feedwater system was b eing used to feed the A s team generator . This would 
explain the steam condensation in this period . In the 174 to 200 minute 
period , the TMI data indicate significant change s  in the s team generator 
levels  and pressures .  These changes  imp ly significant heat input to the 
s team generators . In the MARCH calculations it  was assumed t hat the apparent 
s team generator heat trans fer was accompanied by primary sys tem s team conden­
sation . The MARCH iriput for the base case analys is assumes there is no heat 
transfer to the s team generators after 200 minutes unt il primary coolant pump 
lA is res tarted at 1 5 . 8  hours . 
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4 . 2  MARCH Result s  for 0 - 15 Hours · 

' · '' ' 

The present section gives an overview of  the MARCH calcula ted 
results  for  the course of the TMI accident from the t ime of init iation 
until 15 hours . Shortly before 16 hours , primary coolant pump lA was 
succes s fully turned on,  and a normal cooling mode for the pr imary sys­
tem was establ ished . This report does .not consider the accident s tages 
beyond 15 hours . The code input for the.s e  base case calcula t ions is 
l i s ted �n Tab l e  4 . 1 .  Sec t ion 4 . 3  des cribes a number of MARCH calcula� 
t ions per formed to examine the s ens i t i y i ty o f  the MARCH re s u l t s  
i n  the 0 - 4 hour per iod to severa l o f  th e mode l ing and code input 
as sumpt ions . When pos s i b l e , the MARCH re sul ts  are c ompared w i th the 
TMI data . 

Figure 4 . 1  is a comparison of the MARCH calcula ted primary _ sys tem 
pres sure with the THI data .  At 6 minutes , the pressure is calculated to .drop 
�o 1350 psia . At 8 �inutes , the pressure has increased to 1800 p s ia due to 
the s tart of bo iling or f lashing in the primary system .  The s tart of emerg­
ency feedwater at 8 minutes re-�s tablishes good heat transfer to the s team 
generators , and the pressure decreases below 1300 p s ia at 15 .minutes . Th� . 
sys t em pres sure remains in a plateau at ·. about 1100  psi  until . the primary 
coolant pumps . are turned o f f  at 101 minute� . Between 90 and 135 . minutes 
in thes e  ca lculat ions it  is assumed the emergency feedwater to the A s t eam . . 
generator is on . . With operat ion o f  the emergency f eedwater , s t eam is con� 
densed from the .primary gas . space , and the pr imary pres sure continues to 
follow the A s t eam g enerator secondary pres sure . · Thus , unt il 135 minutes 
in the MARCH calculat ions , the primary system pressure is simply following 
the s t eam generator s econdary condit ions . The pres sure reaches . a  minimum 
value of 6 d0 psia at 135 minutes , which is above the 600 psi  setpoint for 
core f l ood tank inj e c t ion ,  and no inj e c t ion occurs . Wi th degrada-
t ion of s t eam generator heat trans fer at 1 3 5 . minut es , the primary pre s sure. 
begins to increase due to s team product ion in the core . 

��RCH calculates that the emergency feedwater condenses 42 , 000 
pounds of s t eam from the primary gas space between 10 1 and 135 minutes . 
The condensed s team would fall to the bot tom of the . A loop s t eam generator . 
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Figure 4 . 1  Comparison of TMI and Calculat ed Vessel  Pressures , 0-15 Hrs 
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A l e tdown f l ow of 65 gm would  be adequat e  to prevent overflow o f  this  
condensed s team into the  reac tor ve s s e l  pr ior to  1 35 minut es . I t  i s  
a s s umed i n  t h e  MARCH c a l cu l at ions  th at there i s  n o  overflow o f  th i s  
condensed s team int o  the reac tor ve s s e l . 

F ig�re 4 . 2  shows the c a l cu l ated p r1mary coolant  l eak iat e . By 
10 1 minut es MARCH h a s  l eaked suffic ient pr imary coo l an t  to beg in core un­
c overy . At th i s  t ime the primary sys t em conta ins 2 1 5 , 000 pounds of  wa t er 
o f  whi ch 60 , 000 pounds  i s  in  the core region o f  the reac tor ve s s e l . 

F igures 4 . 3  and 4 . 4-A show the pr imary coo l ant  mixture l eve l . 
( See Sec t ion 3 . 1  for the defini t i on of  the MARCH c a l cu l a ted wa ter l eve l . )  
At 1 0 1  minut e s , c ore uncovery beg ins . A minimum c o l l ap s ed l iquid leve l o f  
5 . 5  f t  1 s  c a l c u l a t ed t o  oc cur a t  ab ou t  1 3 5  minutes . The mixture l eve l in  
the  101  - 135  minu t e  period decreases  a t  a rate  abou t 50  percent  larger 
th an expected  from decay hea t bdi lo f f  a lone . Th i s  oc cur s because the s team 
condensat ion in the s t eam generator i s  depre s sur i z ing the pr imary and c au s ­
i n g  add i t ional f lashing . After 142 minutes , when the s team condensat ion 
and PORV l eakage are both s topped , the mixture l eve l increases  because the 
ECC inj e c t ion rate ( 74 5  lb /min ) exc eeds the b o i loff" rate ( approximately  400 
l b/min) during t h i s  per iod . Core me l t ing begins at 1 4 � �inutes  at the 
10  ft e leva t ion . At about 160 minutes , the increa s ing . !Uixture l eve l inter­
c ep t s  the mo l t en region of  the core , wh ich has exp_a.nded .downward to the 8 f t  
eleva t ion . MARCH c a l culates  a rapid sys tem .pres. sur izat ion ( Fi gure 4 . 1 ) 
from 1050  p s i a  a t  1 5 5  minutes  to over 1900 . ps i a  a t  1 7 0  minutes  from the 
s team produc ed 1n quench ing the mo l ten fue l � The rate o f  inc rease  in water 
l eve l fo l l owing c los ing o f  the PORV l ine a t  142 ·minute�  is probably over­
e s t imat ed by the MARCH c ode . Because MARCH trea t s  . the l i.quid in the pr imary 
sys tem as a s ingle vo l ume , some decay heat  is use�  .. to ma int ain the pr imary 
sys tem water at s atura t ion dur ing repressur i z a t ion , wh ich in the real sys­
tem ( in wh ich the wat er was s trat i f i ed ), produced s t eam .  As a resu l t , MARCH 
tend s t o  over-p re d i c t  the extent of  c ore recovery pr ior to 1 74 minutes  
and under-e s t imat e  the s i gn i f i cance o f  the operat ion o f  reactor coolant 
pump 2B in  coo l ing the c ore . Th e MARCH c a l cula ted pre s s ure rema ins above 
2000 ps 1a  unt i l  the PORV is again opened -at 2 2 1  minu t e s �  

F igure 4 . 4  shows the MARCH c a l c u l a ted mixture l eve l dur ing the 
uncove ry period , the maximum c ore tempera ture , the frac t ion core wh ich has 
mel ted , the frac t ion o f  the core currently  mo l t en ( above 4 1 30 F ) , and the 
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TABLE 4 . 2  CALCULATED CORE TEMPERATURE MAPS 

T ime = 140 . 2  minutes , Mixture Leve l = 5 . 9 2 f t  

l T R O C  1 1  T R O I  3 1  T R O I  5 1 T R O I 7 )  T R O I 9 1 
t . O O O E + O �  5 . 0 9 8 E + 0 2 s . o g GE + 0 2  s . o q 3 £ + 0 2  s . oq o £ + 0 2 s . 0 8 5 E + 0 2 
Z o O D O E + O O  5 . 1 1 � E� 0 2 s� 1 1 1 E + 0 2  5 . 1 0 7£ + 0 2 5 o 1 0 2 E + Q 2 5 e 0 9 5 E + 0 2  
3 . 0 0 0£ + 0 0  5 . 1 2 5 £ + 0 2  5 . 1 2 0 £ + 0 2  5 . 1 1 & £ + 0 2 5 . 1 1 0 £ + 0 2 5 . 1 0 2 E + 0 2 

------=.._Q.QO Et 0 0 .2_. 1 Z O EtJl2 _____ 5 ... -11 OE.t O 2 5.__t_t 3 £ tJl�Z __ __.s_._ ...... 1lU E tO 2 S oJl'l'lLt_QL._ 
5 o O O O E + O O  5 . 1 1 5 E + 0 2  5 . 1 1 1 £ + 0 2  5 . 1 0 8 £ + 0 2 5 . 1 0 3 £ + 0 2 5 . 0 9 & £ + 0 2 

____ & .  O D O E.t O  0 -'-- :, • 2 -95 £ + 0 2  & .  2 1 0 £ + 0 2  & . 1 3 5 £ + 0 2  fl . C 1 5 E + 0 2  5 .  8 5 5 E + 0 2 
7 o O O O E + O O  1 . 5 0 7 E + 0 3 1 o 4 3 5 E , 0 3 1 . 3 7 3 £ + 0 3  1 . 2 7 5 £ + 0 3  1 e 1 4 8 E + 0 3  

_ _ _ _  s . O O OE + Q Q  _ 1 . 9 8 6 £ + 0 3  1 . 8 5 9 E + 0 3  1 . 7 5 & £ + 0 3  1 . & 0 2 E + Q J 1 e 4 1 2 E + 0 3  
9 . 0 0 0 E + O D 2 . 2 3 0 £ + 0 3  2 . 0 5 5£ + 0 3  1 . 9 2 2 £ + 0 3 1 . 7 3 4 £ + 0 3  1 . 5 1 3 £ + 0 3  

___ ...,t,....�D .Q ll.llll_-- 2 . •  .H 1 E t 0 3_� __ .2 . !.5 3 £� 0 3 __ __1..._.9_9_7H D.3 .._ z ti 9 E t D  3 _ _ _  1, .55 3i:.  !II 3 __ 

1 e 1 0 Q E + D 1 1 . 9 0 8 £ + 0 3  1 . 7 7 8 E + 0 3  t . 6 7 5 E + 0 3  1 . 5 2 7 £ + 0 3  1 . 34 (�+ 0 3  

· _ _ _ _ __ _ _  i t  2 Q O E + O i _ _ 1 • 5 It & E + Q 3 1. 4 5 5  E + 0 3 1. 3 6 3 E + 0 3 1 .  2 7 7  E • 0 3 1 .  1 1t  5 E + 0 3 

6 . 44 f t  Time = 145 . 2  minutes , Mixture Level 
----------------------�-��---

l T R O C 1 1  T R O I  3 1  T RO C 5 1  T R O ( 7 1  TRO C 9 1  
l e O O O E + O O  i . 1 7 8 E + 0 2 5� 1 7 5£ + 0 2  5 o 1 7 3E + 0 2  5 . 1 & 9 £ + 0 2  5 . 1 & 5 £ • 0 2  

, z . O O O E + O D  5 . 1 9 4 E + O Z  5 . 1 9 0 £ + 0 2  5 o 1 8 7 E + 0 2  5 o 18 2 E + 0 2  5 . 1 � 5 E + 0 2 
- 3 . 0 0 0 E + a O  5 . 2 0 4 � + 0 2  5 . 2 0 0 £ + 0 2  5 . 1 9 & E + 0 2 5 . 1 9 0 £ + 0 2 5 . 1 8 2 E + 0 2 

---�'-.._• _..o_..a_..a E t 0 a 2.. Z 0 Ci E..tD 2____5_, 1 9 !::E_± Q ..._Z ---'-5 ._1!3 2 E±O .._2 __ __,._5_._._.Hfl E_!-'l_Z __ __L5 tiL9 [t 9 z__ 
s . o o a E + O O  5 � 1�� � + 0 2  s . 1 9 1 E + 0 2  5 . 1 8 7 £ + 0 2  5 . 1 8 2 E + 0 2  5 . 1 7 5 E + o z 

___ 6 . 0 0 0 E t 0 0 _  ; . 1 g 3 £ + 0 2  5 . 19 0 £ + 0 2  5 , 1 8 7 E t- 0 2  5 . 1 8 1 £ • 0 2 5 . 1 7 5 E + 0 2 
7 . 0 0 0 E • a o 1 . 8 3 1 E + 0 3  t . 7 3 { E + 0 3  1 . &4 5 £ + 0 3  1 . 5 1 3 E t- 0 3  1 . 34 4 E + 0 3  

_ _ _ 5 .  O D D E + D D  _ _  2 . 4 9 0 £ + 0 3  2 . 2 8 1 E + 0 3  2 . 1 2 4 E + 0 3  1 . 9 0 5 £ + 0 3  t . 65 1 E + 0 3  
9 . 0 0 0 E + O O 2 . 9 3 2 £ + 0 3  2 . 5 5 8 £ + 0 3  2 . 3 3 0 E + 0 3  2 . 0 5 0 E + � 3  1 . 75 2 £ + 0 3 

___ _..1._.._..0 .l! Jl£!.Q_.L_ ___ 3 ._ Z .B � E_+-_O �---Z. 6 9 3 J; ±_Ol 2, � O l?f ! O  3 2 • 08 9 E + u_} 1. 7 7  �p g_�-
1 . 1 0 0 E + 0 1  2 . 2 0 8 E + 0 3  2. 0 3 0 £ + 0 3  1 . 6 9 0 £ + 0 3  1 . 7 0 0 £ + 0 3  1 . 4 8 3 £ + 0 3  

_ _ , _ ___ __ l o 2 D OE + 0 1 . - - 1 . 7 0 5 E + O � 1 • 5 8 6 E + O � 1 . 4 'J � E + a � _ _ _  1 � � ? 1 E + !J � 1 . 2 1 8 £ + 0 3  

Time = 150 . 2  minutes , Mixture Leve l 7 . 11 f t  

Z T R O l 1 1  T R O \  3 1  T R O l ' 5 1 T R O ( 7 1  T R O l 9 1  
1 .  O O O E + O O  5 . .3 4 � £ + 0 2  5 .  J 4 2 E + O Z  5 . 3 4 D E + Q 2- 5 . 3 3 & £ • 0 2  5 .  3 3 1 £ + 0 2  
Z . O O O E + a o  5 . 3 6 0 E + 0 2  5. 3 5 7E + D 2  5 . 3 5 3 E + 0 2 5 . 3 4 6 £ + 0 2  5 . 3 4 2 E + 0 2  
! . O O O E + a O  5 . 3 7 0 £ + 0 2  5 . 3 & 6 E + 0 2  5 . 3 & 2 E + 0 2  5 . 35 6 £ + 0 2  5 . J 4 8 E t 0 2 
It • o o o .._E-Lt _.._o _.._o --,---c<s ..__3Jj flEt_D 2 5 ._ l.D ZE� Jl L  ____s .,_3_5_9E±Jl 2 5 • 3 Uf.±Jl .,._z __ ____:.s .. _3 !t5 E.t o �---
s . o o o E + O o  5 . 3 c 1 E + 0 2  5 . 3 5 7E + D 2  5 . 3 54 £ + 0 2  5 . 3 4 9 E+ o z  5 . 3 4 2 £ + 02 

___ 6 .  a O O E t O Q _ 5 .  3 6 G E + 0 2 5. 3 5 & £ + 0 2  5 .  3 5 3 E + O  2 _ __ _ _ _  5 .  3 4 8 E + 0 2 5 .  3 4 1 E t 0 2  
1 .  o a O E + O O 1 . 0 8 5 E + 0 3  9 . 9 9 3 E t 0 2 9. 3 0 8 E t 0 2 8 . 4 4 9 £ + 0 2  7 . 6 6 4 £ + 0 2 

__ _ _ _  8 1 0 0 0 E t O D  3 . 1 1 6 E + 0 3  2. 7 8 2 E + 0 3  2. 5 5 4 £ + 0 3  2 . 2 5 5 £ + 0 3  1 o 92 5 E + 0 3 
9 . 0 0 a E + O a � . O O O E + 0 3  3 . 1 5 9 £ + 0 3  2 .  7 8 8 £ + 0 3  2 . 39 3 £ + 0 3  2 . 0 1 0 E t a 3  
1 .  0 0 D E  t 0 1 ___:__!t_._t_3 D_E_!_Q .L_____l,_i't oE.±il 3 ..a..B..!t.'lE.!lLJ 2 .._�0 Z E! D  3 z._O D.!tf.J-.. .0 3  ___ _ 

1 . 1 0 0 £ + 0 1 2 . 5 5 9 E + 0 3  2 . 3 0 2 E + 0 3 2 . 1 1 4£ + 0 3  1 . 8 7 8 E + 0 3 1 . 62 2 E + 0 3 
_____ ____ 1 . Z O OH 0 1  _ __ 1 . 9 2 8 E • D 3  1 e .7 4 7 E + 0 3  1 . & 2 0 £ + 0 3  1 e 4 7 0 E + 0 3  1 . 2 9 4 E + D 3 

Time = 1 6 5 ; 2 -"minute s ,  Mixture Level 9 .  71 f t  

l T RO l 1 1  T R O l  3 1  T RO l  5 1  T R Q ( 7 1 . T R O l 9 1  
t . O O O E + a o � . 0 4 4 £ + 0 2 6 . 0 4 1 £ + 0 2  6 . 0 3 9 £ + 0 2  6 , Q 3 & E + 0 2  & . Q 3 1 E + O Z 
2 . 0 0 0 E + O O :. . 0 5 9 £ +'0 2 & . 0 5 E E + 0 2  & . 0 5 2 £ + 0 2  6 . 04 7 E + 0 2  & . 0 4 1 E + 0 2 
3 • 0 a 0 E t a  0 �� 9 E±.D. ..._2 ---"'P LH2E.! Jl .._2 __ ____:w_6.._. _.._u_,_o 1 .£..! 0..._2..__ _ __,6._.._..Q__._5_2.£!_..._0_._2 __ ___,&,_., .D.il.E.! 0 ..___ __ _ 
lto O O D E t O D  6 . 0 6 5 E + 0 2 & . 0 6 1 £ + 0 2  6 . 0 5 7 E + 0 2 6 . 0 5 2 £ + 0 2 & . 0 4 5 E + O Z 
S . O O O E + a O  � . 0 6 0 £ + 0 2  o. Q 5 EE + 0 2 & , a 5 3 E + 0 2  6 , 0� 8 £ + 0 2  6 . 0 4 1 £ + 0 2  

____ 6 . 0 a O E t 0 0 __ !> . 0 ? 9 E + 0 2  6 . 0 5 5E + 0 2  & . 0 5 2 £ + 0 2  & . O.It 7 E + 0 2  6 o 0 4 1 E + D 2 
7 . 0 0 0 £ + 0 0  & . 0 & 1 £ + 0 2  & . 0 5 7 £ + 0 2  & . 0 5 4 £ + 0 2 6 . 0 � 9 £ + 0 2  & . 0 � 2 E + 0 2  
a . O O O E + Q O  _ 1 . 5 1 5 £ + 0 3 7 . & 7 0 E + 0 2  & . 0 & 0 £ + 0 2  & . 0 5 4 E + 0 2  & . o � & E + D Z 
9 . O O O E + O O  ------'t.i_l, tH !. 0 3 __ ___..,� .__l 3.0 E.!..0 3 � .  _ _1_3_ Q E + _Q_3 h.1J .Qf�_Q 3 1 ·  El!! �_!_Q �---
t . o a aEt0 1 � . 1 3 C E + 0 3  4 . 1 3 0 E + 0 3 4 . 1 3 0 E + 0 3 4 . 1 3 0 £ + 0 3 3 . 3 4 9 E + 0 3  
1 . t O a E + 0 1 � . 1 3 0 £ + 0 3  4 . 1 3 0 £ + 0 3  4 . 1 3 0 £ + 0 3  3 � 5 1 1 E + 0 3  2 . 2 6 2 £ + 0 3  

__ _ __ _ i e 2 0 0 E t 0 1 _ _ _ 4 . 1 3 0 £ + 0 3 3 o 'l 0 6 E + 0 3  3 . 0 8 4 £ + 0 3 Z o 44 3 E + 0 3  1 o 77 4 E + 0 3  
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TABLE 4 . 2  CONTINUED 

T ime - 1 7 4 . 2  minu tes , Mixture Level 15 . 8  f t  

l 
l o O O O E + O O  
2 . 0 D O E + O O  
3 o 0 0 0 E + O O  

______ _34�·�0 �Et 0 0  

T R. O C 1 1  TF;.O C 3 1  HO C 5 1  T RO C  7 )  TRO C 9 1  
6 . 5 � 6 E + 0 2 � . 5 4 4 £ + 0 2  - 6 , 5 4 2 E + 0 2  & . 5 3 8 E + D z & . 5 3 4 E + D Z -
6 , 5 6 1 E + 0 2  & . 5 5 6 E + O Z  & . 5 5 5 E + 0 2  & . 5 5 D E + O Z  & . 5 4 4 E + O Z  
6 . 5 7 1-=E_+--=.0-=-2 __ ____,6:--=.' 5 6  7 E  + 0 2 6 .  5 63 E + 0  2 6 .  5 5  7E + 0 2,___--"-____,&�·...::.5�5 D E +  D 2 

� o T E + 0 2  :> . 5 & 3 E + D 2 & . 5 & 0 E + O Z  6 . 554 E + afz & . 5 4 7 E +--=o--=z---
5 o O D O E + O O 

___ 6 o D D O E t O O  __ 

6 . 5 6 2E + 0 2 - o , 5 5 6 E + 0 2  6 , 5 5 5 E + D 2  6 . � 5 0 E � 0 2 & . 5 4 4 E + D 2 
6 . 5 6 1 E + 0 2  5 . 5 5 8 E + O Z  6 . 5 54 E + O Z  & . 5 5 0 E + O Z  6 . 5 4 J E + O Z  

7 o 0 0 0 E + O O  
___ _ _  S o  O O O E H O 

9 . 0 0 0 E t 0 0  
____ __.1.__.,�0ll_Q_f t 0 1 

6 , 5 & 3 E + � 2 5 . 5 6 0 £ + 0 2 & , 5 5 6 E + 0 2  & . 5 5 1 E + D 2 & . 5 4 5 E + 0 2  
6 , 5 7 C E + 0 2  & . 5 6 6 E + 0 2  6 . 5 62 E + 0 2  _ & . 5 5 6 E + O Z  � . 5 4 9 E + 0 2  
1 . 4 5 D E + J 3 L . 8 4 0 E + 0 3 1 . 1 il 9 E + 0�3 __ :___;1 • 1 3 4 E + D 3  · &. 5 4 �E + 0 2  

--4---:lJOE + 0 3 � .  1 3 0 Ef.·a·3--------74� • ..;1�3 0  E + 0 3 It .  13llE:TID J--;-9 4 9 E +  il l  ___ _ 

1 o 1 0 0 E t 0 1  
. 1 .  2 0 0E t 0 1 _ _  

4 , 1 3 0 E + 0 3  � . 1 3 0 E + 0 3 4 . 1 J O E + 0 3  4 o 1 3 0 E + D 3  3 . 7 1 6E + O J  
4 . 1 3 0 E + 0 3  4 . 1 3 0 E + 0 3 4 o 1 3 0 E + O J  . lt o l� D E � D l _ z .  0 9 0 E + D J  

T ime = 180 . 4  minut es , Mixture Level 1 5 . 8  f t  

l 
1 .  C O O E + D C  
Z . D D D E + O O  
3 . D O O E + O O 

----"'"""_.__. _.._o DJl Et.O a 
5 .  0 0 O E + O 0 

____ 6 .  O O O E t O  0 __ 
7 . 0 0 0 E + O O 

_ _ _ _ a .  O O O E t O O  
q . o o o E + o o  
1 o O O D E t 0 1  
1 o 1 0 0 E + 0 1  

__ _ _ _ _ __ _ ___ 1 .  2 0 0 Et 0 1 _ _  _ 

T RO (  1 1  T R O C  3 1  T RO C  5 1  TRO 'C 7 1  TRO C 9 1  
6 , 4 9 0 E + O Z  6 , 4 8 8£ + 0 2  6 , 4 8 6 E + 0 2  6 . 4 8 2 E + 0 2 6 . 4 7 8 E + 0 2 
6 , 5 0 5 E + 0 2  6 . 5 0 2 E + D 2  6 . 4 9 9 E + 0 2 6 . 49 4 E + 0 2  6 . 4 6 6 E t O Z 

_fl._. .2 15. E !.  0 2 6 • 5. 1 1  E � 0 z ___ g_ • .2..Hf.±.ll .._2 ___ g_ t2_D_1 E...�.iiZ 6 • .!t'l!i E.! 11.2 ___ _ 

6 , 5 1 1 E + 0 2  6 � 5 0 7 E + 0 2  6 . 5 0 4 £ + 0 2  6 �4 9 8 E + 0 2  6 , 4 9 1 E + O Z 
6 . 5 0 6 E + 0 2  6 , 5 0 2 E + 0 2  6 . 4 9 9E + 0 2  6 o 49 4 E + 0 2  , . 4S 8 E � O Z  
6 . 5 0 5 £ + 0 2  6 . 5 0 1 E + 0 2  6 . 4 9 8 E + 0 2  & . 49 4 E + 0 2  6 . 4 8 7 £ + 0 2 
6 . 5 0 7 E + 0 2  6. 5 0 4E + 0 2  6 , 5 0 0 E + 0 2  6 . 49 S E + 0 2  6 o 4 8 9 E + Q 2 
6 . 5 1 3 £ + 0 2  6 , 5 0 9 E + 0 2  6 , 5 0 6 E + 0 2  6 . 5 0 0 E + D 2  6 . 49 3 E � D 2  

___l.JL'! 7..f!.O.Z __ 1.__Z.'t2 E.!Jl J  6 ,  �2 � Z  6 . hl lf±_oz. __ .§ ,_�� D � ! O Z.. __ _ 

4 . 1 3 0 E + 0 3  4 , 1 3 0 E + 0 3  4 . t 3 0 E + 0 3 4 o 1 3 0 E + 0 3  J , 58 6 E + 0 3 
4 . 1 3 0 E + 0 3 4 . 1 3 0 E + 0 3 4 . 1 3 0 E + 0 3 · lt . l�O E + O J  3 . 5 3 6 E + D 3 
4 . 1 3 0 E + 0 3  4 . 1 3 0 E + 0 3  4 . 1 3 0 E t 0 3  4 o 13 0 E + 0 3  2 o 0 9 0 E + 0 3  

Time .= 185 . 4  minu� e s ,  Mixture Level 10 . 7  f t  
------------------

T R O C 1 1  T RO C  3 1  T RO C  5 1  TRO C  7 1  T R O C 9 1  
& . 4 7 '3 E + 0 2  6 , 4 7 7 E + 0 2  6. 4 75 E + 0 2 6 . 4 7 1 E + 0 2  _ 6 . 46 7 £ + 0 2 
6 . 4 9 4 E + 0 2  6 . 4 9 1 E + D 2  � . 4 8 6 E + D 2  6 . 4 8 3 E + 0 2  6 . 1tj 7 E + 0 2  

l 
1 .  O O O E + O O 
Z o O D O E t O O 
3 . 0 0 0 E + O Q  __ b ._5_Q ;, E t o  2__.-b . 5 0  D E !  0 Z _ __b._'t 9 b E.±O '-Z---b � !t9 O E...tJl '-2 ___ fl�_4 8 J E H k__ __ _ 

6 . 5 0 0 E + 0 2  6 o 4 9 6 E + 0 2  & . 4 9 2 E + 0 2  6 . 4 8 7 E + 0 2  6 o 4 8 0 E + 0 2  
6 , 4 '3 5 E + 0 2  6 , 49 1 E + D 2  6. 4 8 6 E + O Z 6 . 48 3 E + O Z  6 , 4 7 7 £ + 0 2  
6 , 4 9 4 E + 0 2  6 , 4 9 0 E + 0 2  b , 4 8 7 E + 0 2  6 , 1t8 3 E + 0 2  6 . 4 7 6 £ + 0 2  
& . 4 9 6 E + 0 2  6 . 4 9 2 E + 0 2  6 . 4 8 9 E + 0 2 . 6 , 48 4 E + 0 2  6 , 4 7 8 E + D 2 
6 . 5 0 2 E + 0 2  6 . 4 9 eE + 0 2  . 6 � 4 95 E + 0 2 6 . 4 89 E + 0 2  & , 4 8 2 E + 0 2 

-----'"�· .._o llD E+ o a 
5 . 0 0 0 E + O O 

___ _..6 ,  O O O E t. O 0 __ 

7 .  0 0 O E·t 0 0 
__ _ _  a .  O D D EJ D D 

9 o O O O E + D O 
____ __.t.._. • .__.o._..o a E t a  1 

__ __n t___2__0 Z E.± Q 2  & .� !l 5 E..t ll 2  6 . ._Lt_91E! O Z  & ..ll � E..! .. Il 2  · c, !f7..9 E.± Q 2  ____ _ 

t . 1 0 0 E t 0 1  
_ __ _ ____ 1 .  2 0 0 E t 0 1  _ _  

� . 1 3 0 E + 0 3  4 . 1 3 0 E + D 3 - 4 . 1 3 0 E + D 3 4 o 1 3 0 E + 0 3  2 . 98 7 E + 0 3  
4 . 1 3 0 E + 0 3  4 , 1 3 0 E + 0 3 . 4 . 1 3 0 E + 0 3 4 o 1 3 0 E + 0 3 lt o 1 3 Q E + 0 3 
4 . 1 3 0 E + 0 3 4 . 1 3 0 E + 0 3  4 . 1 3 0 E i0 3 4 o 1 3 0 E + 0 3 2 . 2 0 7 E + D 3 

Time = 1 9 5 . 6  minut e s ,  Mixture Level = 1 1 . 6 f t  

l T RO (  1 )  T R O C  3 1  T RO C  5 1  TRO C 7 1  TRO C 9 1  
l o O O O E + O D  6 . 5 6 0 E + 0 2  & . 5 5 8 E + D 2  & . 5 5 6 E + 0 2  6 . 55 3 E + 0 2  & o 54 8 E + 0 2 
z . O O D E t O O  6 , 5 7 5 E + 0 2  6 , 5 7 2 E + 0 2  6 , 5 6 9 E + 0 2 6 . 5 64 £ + 0 2  · 6 . 55 8 E + D Z 
3 • 0 D D E  t 0 0 __o...__s_ B..t.E± O .fl ... S .8..1E! ll L____D...S.. Z.Z .... E..:rt.�.�0-'2--_nfi • 571 E + 0 '-='-_ __go o.5.b !t E!.li .._z __ _ 

----"'!tCJL•__..Q'-"'0'-""Df.!Jl_Q_ & ,  5 8 0 E +  0 2 6 ,  5 7 6 E + 0 2  & ,  5 7 3 E + O  2 6 , 5 6 8 E + O Z  6 ,  5 6 1 £ + 0 2  
5 . 0 0 0 E + O O  & . 5 7� E + 0 2  6 , 5 7 2 E + 0 2  6 . 5 o '3 E + D 2 6 , 5 6 4 £ + 0 2  · 6 . 55 8 E + O Z 

___ 6 o. ll 0 0 E t D 0 _ 6 • 5 7 4 E + 0 2 6 .  5 7 1 E + 0 2 6 .  5 6 8 E + 0 Z 6 • 5 6  It E + 0 2 6 .  55 7 E + 0 2 
7 o 0 0 0 E + O O 6 , 5 7 7 E + 0 2  6 , 5 7 3 E + 0 2  6 , 5 7 J E + 0 2 6 o 5 6 5 E + 0 2  & . 5 5 9 E + 0 2  

_ __ _ _ _  a . o o a o o o _ _ _ & . s a 3 E + 0 2  & , 5 7 9 E + 0 2 6. s 76 E + 0 2  & . s T o E + o z  6, 5& J E + o z 
9 • 0 O O E + O  0 & ,_5 7____8 E.!.O 2. __ fl.5 l 5 E t.O fJ .  S.l2 E t0 2 h5 fi l E..t0 2 f:l .5fi ii H !!  .. Z __ � 

------�1�·�D�DaE±a!___ 1 , g J J E + 0 3  l , q 3 J E + 0 3  1 . 9 3 3 E + 0 3 t . 9 3 3 E + 0 3  6 . 6 2 3 E t 0 2 
1 o � O O E + O l 3 . & 5 4 E + O J  3 . 6 6 1 E + 0 3  J , 7 Q 5 E + Q 3  3 o 54 7 E + 0 3  2 . 8 3 9 E + 0 3 

__ 1 o 2 0 0Et 0 1 _ _  4 . 1 3 0 E + 0 3  4 . 1 3 0 £ + 0 3  4 . 1 3 0 E + D 3  4 o 1 3 0 E + 0 3  lt o 1 3 0 E + O J  
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fract ion c ladding reac ted . Tab l e  4 . 2  shows core temperature map s  dur ing 
the c a lculated core uncovery per iod . Ju s t  prior to c l o sure o f  the PORV 

• 

b lock valve a t  142 minutes , the MARCH ca lculat ions ind icate  peak fue l  
rod t emperatures  in  exces s o f  1 400 F for nearly  the who l e  core . Thus , 
c ladd ing fai lures . and re lease  of gaseous f i s s ion produ c t s  from the c l ad­
d ing gap and into the containment b ui l ding would be e xpected  pr ior to 
c losur e  o f  the . PORV . Th is  is  ' in agreement with measurement s  of  conta in­
m�n t  radiat ion l ev � l s  wh ich began to inc�ea s e  at  ab out 1 34 minu t e s . Th e 
s e l f powered n��tron. detec t ��s  were a l so  ind ic a t ing core temperatures 1n 

exc e s s  of  1000 ·. F in' th'e top 'h a l f  of  the core pr ior to PORV c l osure . 
As s een in F igure 4 . 4 ,  core me l t ing ( l iquid  eutec t ic forma t ion ) 

1 s  pred ic ted to begin at  1 4 6  minutes . Les�  than one percent o f .  the c lad-
ding has oxid ized  at  th i s  t ime . MARCH calculated l i t t l e  hydrogen ( approxi ­
ma tely  1 . 7  lb ) is  released  to the conta inment prior to PORV c l osur e at  
1 4 2  �inut es . The f�ac t i on o f  th e core abbve the 4 1 30 F me l t ing tempera-
ture 'increas es  t o  0 . 10. at  1 6 2  minut e s . After 1 6 2  minutes , port ions of  
the  mo l t en ,core are quenched by the  i i s ing mixture l eve l and new reg1ons 
b e g in to me l t . Between ' 1 7 4 and 1 84 minutes , opera t i on of RCP-2B 1s a s -
s umed ·to cover the core wi th a two-phase  s t eam-wa ter mixture . Th i s  1 s  
s imu lated  i n  th e MARCH c a l c u l a t ions b y  ar t i f i c i a l ly impos ing ( by MARCH 
inpu t )  a level swell for lQ min . No ·water  was a ss umed to b e  added t o  the 
vessel by RCP-2B . During the 10 min . period of  operat ion of  RCP-2B , the core 
mel t  fract ion is c a l culated t o  decrease f rom 0 . 14 to 0 . 085 . The solidified 
nodes quickly  reme l i ,· ' h6wever ,  when the mixture le�e l collapses a fter  184  min . 
Cont inued makeup a t  9 0  gpm t o  the vessel event ually increases the mixture level 
to the top o f  the  core . Fuel q uenching is p redic ted to o ccur rapidly a f t e r  
in itiat ion o f  HPI · a t  a r a t e  o f  5 6 5  gpm a t  2 0 0  min . 

Figure 4 . 4�B iqdicates  1 5 :4 percent o f  the c l add ing reacted 

during the core unc overy period . I t  was no ted ear l i er that  MARCH a s s ume s 
0 

no me tal-wa ter react ion in the mixtur� covered regions following core 

recovery . 
In the MARCH calculat ions for the t ime pe r i od be twe en 1 74 and 

2 0 2  minut e s , i t  was a s s umed th at s t �am was be ing condensed from the pr1-
mary sys tem gas s pace . Wi thou t condensat ion in th e s team generator s , 
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MARCH wou l d  pred i c t  pres sure s  h i gh enough to l i ft  the s a fety r e l i e f  
va lves . Dur ing th i s  t ime per iod , the mo lten core regions are beginning 
to be recovered and coo l ed in the MARCH analys es . The fra c t ion of the 
core above 4 , 1 30 F ( the as sumed me l t ing tempera ture ) decreases  from 0 . 14 

at  1 7 4  min to 0 . 08 at 200 m�n . The change in the core s tored heat over 
th is  per iod is equiva lent to about 80 percent of the core decay hea t . 
About 6 4 , 000 lb o f  s team i s  produced. in thi s  coo l ing proces s .  The all)ount 
o f  s team genera t i on i s  very sens i t ive to the ext ent of c ore overheat ing , 
vessel  wat er leve l , and mode l l ing o f  the cool ing proce s s . I t  was a s s umed 
that th e condensed s team a fter fa l l ing to the bottom of the s team genera­

tors wa s re turned ( re f luxed ) to the reac tor ve s s e l  by over f l owing thr6ugh 
th� cold  legs . The ob served �nc rease  of  the B s team generator sec ondary 
pressure indicates  that heat trans fer wa s oc curr ing in this  period . 

Figure 4 . 5  c ompares  the TMI hot l eg . tempe ratures wi th the MARCH 
c alculated gas space t empera ture and ho t leg metal  temperature . The MARCH 
gas space t empera ture increases rapidly a f ter  core uncovery s tarts  a t  101 

minutes . The gas space t emp era'ture is  calculated to reach a peak of 1 5 20 F 
a t  173  minutes  and decrease to 940 � by 200 minutes as  cooler s t eam boils 
out of the nearly recovered core . Hot leg metal t emperatures are  calcula ted 
to reach a t emperature of 680 F by an a c c ident time of 4 . 5  hour s . The TMI 
ho t leg temperatures g enerally f all betwee� the l��CH gas space and ho t 
leg metal t emperatures . (The limi tat ions of . the MARCH modeling of  the 

gas space and ho t leg metal  temperatures are discuss ed in Section 3 . 3 . )  
From Figure. 4 . 1 ,  i t  is seen that the calculated sys t em 

pressure remains above 2 100 psia a f ter 174 minutes until the PORV � s  
reopened a t  2 2 1  minutes . The TMI data  show a sharp decrease in pressure  
a t  2 0 0  minutes in  apparent coinci�ence with  the  ini t ia t ion of high HPI 
f l ow .  The sh arp pre s s ure decrease at  200 minutes i s  b e l ieved to be  due 
to condensat ion of s t ean in the TMI cold  legs . The MARCH c a l culated  wa ter 
l ev�1 at 205  minutes  is  about 15  f t  and the cold l egs are pred icted to 
be  empty . S t eam in the upper plenum and hot legs c ould , there fore , f low 
through the c ore barre l vent va lyes to be c ondens ed on the cold  ECC 
water . Th i s  e f fect  is not mode l l ed �n MARCH . 
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Fo l lowing the 220 minute  per iod , the MARCH c a l cu l a ted sys tem 
pressure in F igure 4 . 1  shows rea sonable  agreement wi t� the TMI da t a . · 

The pre s sure in the 4 � 1 4  hour per i�d  i s  genera l ly respond ing to the 
s imp le  c ompre s s ion and expans ion of the gas space above the r i s ing and 
fa l l ing wa ter leve l . The wa ter leve l s  are shown in Figure 4 . 3 .  The 
a s sumed ECC inj e c t ion rates  and the PORV opening and c l o s ing t imes are 
l i s ted in Sect ion 4 . 1 .  In the MARCH c a l cu l a t ion for the base case  there 
1s no s t eam generator heat trans fer a f ter 202 minut e s . F i gure 4 � 6  com­
pares  the integrated decay heat wi th the heat l o s s  to  the s team genera­
tors  for the 1 5  hour per iod . 

The MARCH c a l cu l at ion a s sume s s ign i ficant heat l o s s  ,to the 
makeup / le tdown coo l er . Th i s  heat los s occurs through the as sumed con­
t inuou s opera t i on o f  a makeup/ le tdown f l ow of 1 1 2  gpm a f ter 3 . '5 hour s . 
F igure 4 . 7  compares the decay heat wi th the hea t l o s s  to the l e tdown 
cooler . The hea t l o s s  to the le tdown cooler genera l ly ranges be tween 
20 and 50 percent of the decay heat in the MARCH c a � cu l a t ion . The 
mode l ing of the heat l o s s  to the l e tdown coo l er probab ly resu l t s  in an 
ove r-e s t imat ion . Th i s  1 s  because i t  i s  a s sumed in MARCH that the t emp­
era ture of the l etdown f l ow is the bu l k  wa ter temperature in the pr imary 
sys tem . Since the le tdown f low come s from a c o ld leg  locat ion , i t  wa s 
actua l ly coo ler than a s sumed in much ·i) f the acc ident . 

The maj or ity  of  the decay hea t generated 1n the 4 - 1 5  hour 
per iod wa s removed in the MARCH c a lculat ion by the f low of ECC wa ter 
through the core and ou t the PORV . Ev idence that this  was the pr imary 
f low path for hea t remova l is the agreement shown in F igure 4 . 8  be tween 
the TMI surge l ine / pre s sur izer temperature and the MARCH ca lcula ted bulk 
wa ter tempera ture . Fo l l owing the subs tant ia l decreas e  in ECC f l ow rate 
at  9 1 /4 hour s , the wa ter in the pr imary system is  pred icted to he at up . 
At 1 1  hours  in the TMI ac c ident , bu lk bo i l ing s t arted in the pr 1mary 
sys tem . Th i s  i s  evidenced by the convergence o f  the s a turat ion and 
pre s sur i zer tempera tures . 
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Dur ing th e c ore uncovery be tween ' lO l  and 2 1 0  minutes , MARCH 
calcu l ates tha t 1 5 . 4% o f  the c ladd ing reac ted , and 3 5 3  pounds o f  hydrogen 
were produced . Dur ing th e course of the acc ident ; s ome o f  this hydrogen 
wa s vented from the pr imary system into the c ontainment bu i ld ing . F i gure 
4 . 9  shows the d i s t r ibut ion of hydrogen be tween the primary and contain-
ment as pred i c ted by MARCH . Hyd rogen is  re leased 'in the MARCH cal cula-' 

t i ons wh en the PORV is  open and the surge- l ine c onne c t ion to the hot l eg 
i s  unc overed , MARCH pred ict s that 7 4  percent o f  the hydrogen i s  r e l ea s �d 
be fore 4 . 5  hour s . An add i t i onal 18  percent i s  r e l eased at 8 . 3  hour s , and 
5 per cent at 10  hours ·, The se  proj ect ions  as sume a l l  o f  the c l add ing re­
ac t ion occurs iri the 1 0 1  to 200 minute t ime interval as in the MARCH 
calcula t ions . In real ity , hydrogen would . have been produced in the dam­

aged c ore after the MARCH mode l s  pred ict  the c ore i s  r ecovereq and the 
fue l  quenched .  

4 . 3  Sens i t iv i ty Ana lyses  for the Time 
Per iod 0 - 4 Hour s 

Several  MARCH calcu l at ions were per formed to exam�ne the sen­
s i t iv i ty of th� resu l t s  to mode l ing and input as sump t ion dur ing the f i r s t  
few hours  o f  the TMI ac c ident . These  calcu lat ions were d irected princ i­
pa l ly at an a s s e s sment o f  the core damage pre d i c t i ons � The extent o f  
core damage i s  found to ' be par t icu lar ly sen s i t ive t o  the ECC makeup rates 
dur ing core uncovery . A smal ler sens i t ivity is  seen to var iat ions in 
the core me l t ing po int and me l tdown mode l as sumpt ions . One cal culat ion 
was per formed to examine the sens i t ivity  of the r e su l t s  to changes in 
the s team generator heat trans fer in the 90 - 1 35 minute t ime interval . 
Re sul t s  are. a l s o  pres ented for cas es  in wh ich the heat tran s fer coeffi­
c ient to steam i s  mod i f ied by incorporat ion o f  a rad iat ion heat trans fer 
mode l . 

Makeup Ra te 

The ne t ECC makeup rat es  dur ing the core unc overy per i od are 
l i s t ed �n Tab le 4 . 1  for the base case ca l c u l at ion . Tab l e  4 . 3  l is t s  the 
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frac t ion core mel t ed and the frac t ion c ladd ing reac ted for s evera l 
var i a t i ons o f  the ECC makeup in the 1 0 1  - 200 minute t ime interva l . 
The MARCH .resu l t s  ind i cate chang ing the makeup rate by ±20 gpm dur ing 
the unc overy per i od can make " the d i f ferenc � be tween e s sent ial ly  a no-me l t , 

. . 

no-c l �dding r eac t ion pr-ed ic t i on to a near doubl ing o f  the base case pre-
d i c t ions . The unc ert ainty in the makeup f l ow rate s dur ing thi s  period 
o f  the TMI acc ident is  greater than ±20  gpm . 

TABLE 4 . 3 .  EFFECT OF MAKEUP RATE 

· Ne t  Makeup* , Frac t ion · Fraction 
Case gpm Core Mel ted Clad Reacted 

low ECC 70 ,, .. . 0';.42. 0 . 24 

base cas e  90 0 . 24 0 . 15 

h igh ECC . llO 0 . 0 1-2 .O • .Dl7� _  . .  

*Makeup rate s  ·dur ing the 10 1 - 200 minute t ime ihteival . 

Me l t ing ' As sumpt ions 

Predic t ions of core mel t ing . and cladding reac·tion might  be expected 
to be  sens i t ive to the BOIL mel tdown mod:el , . the core mel t ing temperature , 
and the degree of · steam · p ene tratio n · o r  bl'c:i.ckage o f  damaged core regions . See  
Sec t ion 3 . 1  for a d is�uss ion of the BOIL �eltdown · models . Table 4 . �  lists  
MARCH results assessing th� e f f �cts ' bf the s e  parame t ers . None o f  the 

parametric vai iations iri Tabie 4 . 4  af fe� t  the results  as � ignif icantly as 
the makeup ra.t e  to th1e vessel . The· s en s i t iv i t ie s- indicated in Tabl e  4 . 4 
are par t i cular to the THI scenario . · For othe � s cenarios ni.�ch grea ter 
s ens i t ivit ies c�n occur . 
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TABLE 4 . 4 .  EFFECT OF MELTING AS SUMPTIONS 

Mel tdown Reac tion in Frac t i on 
TMELT , F Hode l  Helted  Nodes Core Me l t ed 

4 130 A no 0 . 24 

5 000  A no 0 . 19 

3500  A no 0 . 22 

4130 B no 0 .19 

4130  A yes 0 . 20 

\.Jater Level and S t eam Generato r  Heat Transfer 

Fract ion 
C lad Reac t ed 

0 . 15 

0 . 14 

0 . . 0 9  

0 . 12 

0 . 16 

A MARCH c a l cu l a t ion was al so per formed for a case in wh ich no 
s team generator heat t rans fer after 1 0 1  minu te s and a much lower water 
l evel than in the bas e ca s e  were a s s umed . The water l eve l was a l l owed 
to drop to 2 feet at 1 20 minutes  by l eaking more f luid out the PORV . In 

th e base ca se , the sys tem pres sure began to decrease at about 1 00 minutes  
to a minimum o f  680  ps i at  135  minute s .  The var iat ion case shows a pres­
sure decrease to  920 ps ia at 140 minutes . The pre s s ure  decrease  1s  ob­

ta ined because of th e sma l l  b o i l o f f  rate resu l t ing from the very l ow 
wa ter l eve l . At . 146  minutes  for the pre s ent cas e ,  7 . 5  �erc �nt o f  t�e 
core is  mo l ten wi th me l t ing oc curr ing at the 3 and 7-9 f t  e l eva t ions . 

MARCH pred i c t s  rapid core s lumping and es sent ial ly comp l e te me l tdown 
fol lows shor t ly la ter . It i s  conc luded that the case  described here 1 s  
not cons i s tent w i th t h e  ob served TMI behavior . Thu s , good s team genera­

tor heat trans fer probab ly cont inued beyond the 1 0 1  minute period o f  the 
TMI ac�ident , and wa ter l eve l s  could no t have fa l len as l ow as the 2 foot 
l evel  for an ext end ed per iod __ __of t ime wi thou t s ub s t ant ial ly more core 
damage occurring . 
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Rad iat i on to Steam 

Mar ino ( l l ) has pointed out  the importance of  rad iat ion heat 
trans fer to s t eam during the c ore unc overy per i od . MARCH calculat ions 
d i s cu s s ed e l sewhere in th is  report cons idered only convec t ive cooling 
o f  rod s and d i d  not inc lude a model  for calculat ing rad iation heat trans­
fer from the fue l rods to s t eam . In order to determine the magni tude o f  

th i s  e ffe c t ,  a mod e l  was incorporated into subrout ine BOIL t o  calcu late 
rod-to-s team rad iat ion heat trans fer . Th e BOIL radiat i on heat trans fer 

f f . . . ( 1 2 ) c oe 1 c 1 ent 1 s  

where 

HRAD = 1 7 . 3  x 10- lO ( E:SRTR
4 - E: ggT84 ) / ( TR - T8 )  >'< ( 1 .  + E: R) / 2  

B tu/hr ft 2 F 

steam emi s s iv i ty at temperature TR 

E g g  = s t eam emi s s iv i ty at temperature T8 

E:R fue l rod emis s iv i ty 

TR rod tempera�ur e ,  R 

T8 s team �emperature , R . 
For compar i s on , Mar ino u s ed the RELAP corre lat ion 

HRAD = 1 7 . 3  x 10- 10  d TR4 - T84 ) / ( TR - T8 ) 
wi th a cons tant emi s s iv i ty E: � 0 . 23 . 

Th e s t eam emis s ivi t ies  in the BOIL .mod e l  are eva luated at an 
optical  th ickne s s , PDH , where P i s the l o ca l  par t ia l  pre s s ure o f  s t eam 
in the f l ow ch anne l and DH is the hydrau l ic d iameter . At l ow pres s ures , 
s uch as woul d  occur in a large p i pe break LOCA , t�e res u l t �  o f  McAdams ( 13 ) 

indi cate the opt ical  th i ckne s s  and the s team emi s s iv i t i e s  .are sma l l , and 

radiation heat trans fer to s team can be neg l e c ted . Likewise , i f  the gas 
in the f l ow channel is a l l  hydrogen , radiation heat trans fer is ne g l igib l e . 
For h i gh sys tem pres sures , such as those  prevai l ing in the TMI acc ident , 
exper imental  data on s t eam emi s s iv i t ies  could not be found . However , i f  
the l ow pre s s ure data of McAdams are extrapo la ted to high pres sures , 
large s team emi s s iv i t ies  are pred i c ted . In th i s  case , the rad iation heat 
trans fer coeffic ients may be  an order of magn itude larger than the con­

vec tive coe f f i c i ents . 
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Tab le  4 . 4  sh ows th e e f fec t o n  the core damage pred i c t ions o f  
inc lud ing radiat ion heat t rans fer t o  s t eam i n  the MARCH calculations . 
For the base case makeup rate dur ing core uncovery o f  90 gpm , the inc lu­
s ion of radiat ion heat trans fer reduces the MARCH pred ic ted core me l t  
frac t ion fr om 0 . 24 t o  0 . 0 5 . 

TABLE 4 . 5  EFFECT OF ROD-TO-STEAM RADIATION HEAT TRANSFER 

Rad iat ion Net Frac t ion Frac t ion 
Heat Makeup , Core Clad 

Cas e  Trans fer gpm Me l ted Reac ted 

Ba se ECC no. 90 0 . 24 0 . 1 5 

Base ECC yes 90 0 . 0 5  0 . 04 

Low ECC no 70 0 . 4 2  0 . 1 5 

Low ECC yes 70 0 . 2 2 0 . 14 

Min . 
Mixt:ure 

Leve l , ft 

5 . 8  

5 . 6  

4 . 9  

For a 7 0  gpm makeup rate , the pred ic ted c ore me l t  frac t ion i s  reduced 
from 0 . 4? to 0 . 2 2 .  Thu s ,  inc l u s i on of rad ia t ion heat trans fe r to s team 
s i gni fican t l y  reduces  the predic ted c ore damage . As be fore , the calcu­

lat ions exh i b i t  a large s ens i t iv i t y  t o  the makeup ra t e . I f  radiat ion 
heat trans fer i s  con s i dered , i t  is  apparent the "base case"  core damage 
predic t ion requ ires  reduc ing the correspond ing makeup rate dur ing core 
uncovery from 90 gpm to 70 gpm . Ac cord ing to Tab le  4 . 5 ,  s uch a change 
wou ld be acc ompan ied by a reduc t i on in the predic ted min imum coo lant 
mixture l evel from 5 . 8  to  4 . 9  ft , wh ich is in b e t ter agreement with 
mos t  interpre tat ions of the TMI SPND data . 
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5 . 0  MARCH ANALYSES OF ALTERNATIVE 
ACCIDENT SEQUENCES 

MARCH analyses  were performed for t en alt ernat ive accident 
sequences . These alternatives sequences involve variations in ECC f low, 
delay in initiat ion o f  emergency fe edwater , t iming for the closure o f  
the PORV b lock valve , operat ion o f  the p rimary coolan t  pumps , and loss 

of  all electric power . The ten alternative cases  are : 
1 )  The high pressure inj ection is run continuously in 

the ECC inj ect ion mode rather than throt tled b ack . 
2 )  The high pres sure inj ection is run continuously in 

the ECC inj ection mode , but emergency feedwater f low 
is not initiated until 60 minutes . 

3 )  Emergency feedwater is delivered at 40 s econds rather 
than be ing delayed unt il 8 minutes . 

4 )  Delivery o f  emergency feedwater i s  delayed unt il 6 0  
minutes . 

5 )  The PORV b lock valve is c losed at 2 5  minutes . 
6 )  The PORV b lock valve i s  not closed unt i l  3 . 3 ho urs . 
7 )  All primary coolant pumps are s topped concurrently 

with reactor trip . 
8 )  All electric power is los t s omet ime between 0 . 5  anJ 5 hours . 
9 )  The PORV b lock valve remains closed a f t e r  142 minutes and HPI 

is  not initiated at 200 minutes . 

10 )  High pres sure inj ection is  not init iated at 200 minutes . 

The MARCH calculat ions are performed assuming all factors , other 
than those  direc tly assoc iated with the alternative condit ion , are the same 
as in · the base case . Th e base case calculation is  discus sed in Sect ion 4 . 0 .  
The cal culat ions fo r the alternat ive acc ident sequences were s topped a f t er 
the co urs e o f  the accident was clearly e s t abl ished . For some o f  the s equences 
the course  and t iming of the accident is s igni f icant ly different from the 
base cas e .  For mo s t  o f  the alt ernat ives moJeling o f  the acciden t with I•1ARCH 
was s t raight-fo rward . However ,  for s ome cases . ( possibly cases 4 ,  6 ,  and 7 )  
the na t ure o f  the  flow through the open PORV , the op erab ili ty o f  RCP- 28 
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at  174 minutes , and the s team generator heat transfer may b e  s igni f icantly 
d i f ferent from the base case . MARCH does not contain a detailed noding o f  
the primary sys t em ,  a detailed s team generator model ,  or models for calcu­
lating the quality of the b reak flow .  These models are generally controlled 
by MARCH input assump t ions . Thus , for  some alternat ive cases the s imp l i fied 
MARCH models  may not be adequat e  for accurate calculation of the system 
response .  More than one calculation has been performed for some o f  the cas es 
in order t o  assess  the e f fects  o f  modeling uncertainties . I" 

The MARCH result s  for the alterna tive accident sequences are dis-
cussed b elow .  

5 . 1  Case  1 .  The high press ure inj ect ion i s  run cont inuous ly in the ECC 
inj ection mode . 

In the TMI t ransient , high makeup f low was init iat ed� at about 

13 seconds by the operators and at 2 minut es the ECC mode of the HPI 

sys tem was ac t iviated as the pressure dropped b elow the 1640 psig setpo int . 

After about 4 . 6  minutes  the HPI flow was as sumed to be reduced t o  a zero 

net makeup rate in the base case calculations . For the Case
. 

1 MARCH calcu- . 

lation , two HPI pumps were assumed to  operate continuously after init ia t ion 

at 2 minut es . The total inj ect ion rate for the two pumps �as calculat ed 

f rom a fit to the TMI h igh pres sure inj ection head curve 

WECC = 1200 11 - 6P/2890 , gpm 

where 6P is the difference · between the primary sy.stem and contai�ment pres sures 
in p s i .  Fo� the base case calculations� cons tant inj ect ion rates independent 
of 6P were used . Inj ection rates  o f  665  gpm at 2000 psi  and 9 7 0  gpm at 1000 p s i  
a re ob tained f rom t h i s  equation �  As seen i n  Figure 5 . 1 ,  the MARCH calculated 
inj ection rate approaches an asymptotic value of about 7 70 gpm ( 6400 lb /min) 
a fter about 40 minutes . , The primary .coolant pumps are assumed t o. cont inue to  
operate during the en t ire t rans ient . Thus , good s.team generator heat t rans fer 
i s  obtained following operat ion of the auxil iary feedwater at 8 minutes . 

The MARCH re sult s  in Figure 5 . 1  for this case indicate an init ial 
system depre s surizat ion to about 1500 p s ia at 5 minutes and 1300 p s ia at 2 0  
minutes followed b y  a gradual repressurizat ion t o  about 1 6 5 0  p s ia a f t e r  40 minu t e s . 



8000 

7000 

c 6000 
. .., 
8 cu ........ ..., ..0 (/) ...., 5000 0. 

� � 3: <!) 0 H ...., ::l � 4000 (/) (/) - �  <!) cu H <!) · P... ....:1 
'"0 3000 ...., <!) r:: (/) cu (/) 
u <!) > u 2000 w 

1000 

0 

2800 

2400 

2000 

1600 

1200 

800 

400 

0 
0 

Leakage 

Pressure 

10 20 30 40 50 60 70 80 90 
Time , Min 

Figure 5 . 1  Calculated Result s  for Alternat ive Case 1 
( Full HPI Flow) , 0-100 Min 

Vl I w 

100 



5-4 

Following this t ime , the leak . rate and · ECC inj ection rat e  are b alanced 

at about 750 - 800 gpm . The system remains full during the t ransient . 
After about 3 0  minutes , the MARCH calculat ions indicate all o f  the 

decay heat is  being removed by  ECC water flowing through the core and out 
the leaking PORV . The surge line t emperature is  predicted to  decrease from 
49 7 ° F  at  40 minutes to  456 ° F  at 100 minutes . Termination o f  the t rans ient 
was a s sumed to  be accomplished by eventual closure . of the block valve a t  
1 4 2  minutes . The MARCH calculation was s topped at 1 0 0  minute s . 

5 . 2  Cas e 2 �  The h i gh p ressure inj ect ion is run cont inuously .  Emergency 
feedwat er is  delayed unt il 1. 0 hour . 

MARCH predict s  similar results  for Cas es 1 and 2 .  . This  occurs b e­
cause a fter the first  few minutes of  the t ransient , mos t  o f  the decay heat 
can be removed by the ECC inj ect ion f lowing through the core and out the 
leaking PORV . During the f irs t minute of  these two t rans ients  �ARCH predicts  
that 40%  o f  the ·init ial s t eam generator water inventory is boiled off  dissipa­
t ing 97% of the integrated core power . However , after 15 minutes for Case Z, 

the ECC f low�through is sufficient to �issipate . about 90% of  the decay hea t . 
Thus , after the first  f ew minutes o f  the Cas�s 1 and 2 trans ients ,  the s team 
generator does not play a dominant role . At 60 minutes the system pressures . 
for Cases  1 and 2 are wi thin about 50 psia o f  each other . Init iation o f  auxil­
iary feedwater at 60 minutes in Case 2 causes a t�mporary pres sure decrease 
to  about 1350 p sia at 80 minutes . However , after 100 minutes , MARCH predicts 
surge line t emperatures within 30 ° E ,  system pressures within 30 p s i ,  and 
wat er invent ories within 2 . 8% o f  each o ther for the . two cases . Despite  
the  extended delay in  feedwat er . operat ion , no  fuel  damage is  expec t ed 
for this cas e .  

5 . 3 Case 3 .  Emergency feedwat er . i s  del ivered t o  the s t eam generator at 
40 seconds rather than be ing .. delayed unt il 8 minutes . 

Core uncovery in the TMI accident is b elieved to have o ccurred at 
100 minutes when the final reactor  coolant pumps were s t opped and the wat er 
in the pr ima ry system fell t o  the loVJ point s in the reactor ves s el and s team 



generators . The HARCH code i s  not capab l e  o f  represent ing the e f f ect o f  a 

pump on · maint aining flow thr ough the system o r  o f  cal cul at ing the actual . 

wat er dis t r ib ut ion throughout the p rimary under . the condi tions o f  the acci-

dent . The b lmvdown p eriod in MARCH is s imulated b y  isolat ing the fract ion 

of the primary s ys t em \Jat er that vwuld  remain in the. system after the pumps 

are s hut o f f  from the mass that mus t b e  leaked out prior to core uncovery . 
\ 

ln this manner , MARCH i s  ab le to s imul ate the 't ime o f  core uncovery reason.::-. . 

ab ly accuratel y . · Changing the t ime o f  deli  ver y  .o f . the emergency fee,dwat er . 

from 8 minutes to  40 s econds has only a small e f fect on the MARCH h eat trans-:­

fer calculat ions .  It  is as s umed to h ave no effect on the pump f low or quality 

of the coolant l eakage . For the b ase  case MARCH predicts . core uncovery 
s t arts at 100 . 1  minut es .  With emergen�y feedwater d�livery at 40  seconds , 
XARCII pred i c t s  .core uncovery is  delayed until  · 105 . 8 minut es . Thus , the more 
rapid delivery of feedwater with al l ' other factors . unchanged would have an 
ins igni f icant effect  on th e cours e or t iming Of the accident . 

5 . 4 Case 4 .  �mergency feedwat er to the s t eam gen erators is del ayed unt il 1 . 0  
h0ur . 

MARCH ccilculat ioris  indicate the course and t iming o f  the accident ' 

would b� s ignif ic antly altered f iom the base case i f  eme rgency f eedwat�r 
, ; · 

. . 
had b een delayed unt il 1 . 0  h our . The MARCH result s  for th is  case are shown 

·· in Figure 5 .  2 .  MARCH predicts  the pr imary system will .repressurize to the 
safety valve ' setpoint o f  2450 psi at about 2 7  minutes . When the safety 
valves l if t ,  the MARCH models  pred ict  an increase in leakage rate from about 
5500 lb /min to 8 800 lb /min . Continued leakage of  coolant at this high rate 
wi th the s a fety  valves open result s  in the b eginning of  core uncovery at 45 
minutes . It was assumed in the. MARCH calculat ions that the primary coolant 
pumps would continue to operate as in the base  case  calculat ions , until core 

. uncovery b egan . Thu s , it  was assumed the primary pumps would cavi tate and 
be s topped when the primary system . void fractions were the same in the two 
cases . As in the base  cas e ,  when the pr imary pumps are· s topped , the liquid 
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i s  presumed t o  collap s e  into the b o ttom o f  t h e  reactor ves se l  and s team 
generators .  The ECC and makeup f lows and the pump heat were the s ame as 
for the base case calculation s . The blowdown qua lity is  assumed to  b e  
t h e  same as f o r  t h e  b a s e  case unt i l  t h e  s a f e t y  valves l i f t . During opera­
t ion of the safety valves the MARCH. models predi c t  a combined liquid-steam 
blowdown composed o f  about . � 5  weight  ·percen t s t eam . 

Figure 5 .  2 ·. shows plots  of  the calculat ed primary sys t ern 

press ur�, c odlant leak rat e , co�e mixt ure level , peak cbre t emperature , 
fra� t i on core mo l t en ( above 4 130 F ) , and f ract ion cladd ing react ed . At 
about 4 5  minutes , t he primary pumps s top and the. core uncovers . The 
coolant leakage rapidly d ec reases f rom about 8800 lb /min to  below 2 000  
lb /min as  the break flow changes from primar i ly l iquid to s t eam . The 
safety valves reclose  at 52 minutes . The pr.imary- sys t em pressure b egins 
to decrease at 52 minutes due to core uncovery and the s tart of emergency 
feedwater  deliv ery t o  the � team �ener�t brs at 6 0  minutes . The emergency 
feedwat er conden s es s t eam on the pr imary s ide and r educ es the sys t em pres­
sure . The core mixture l evel has dec reased to iour feet at this poin t , and 
cladding failu res may b e  expected as p eak core t emp erat ures exceed 1600  F .  

S i gnif icant  metal-water reaction and core mel t ing ·are predicted t o  begin j us t  
be fore 7 0  minutes . Large core mel t  ·frac.t ion's were ob tained b y  100  minut es , 
when the  MARCH calculat ion was s topped . 

I t  should b e  recogn iz ed that op er·ator act ion could have d i f fered 
in this cas e from the response  to the actual accident cond i tions . In part i­
cular , the l i f t ing of the s afety valves and the result ing high leakage rates 

·are l ikely to  have b een recogn i zed and res ul t ed · in d i f feren t  operator  re� 
spons e . Addi t ionally , s ince the mod�l ing of  �he leakage quali t y  has a 
s igni ficant e f fect  on the cours� o f  the accident , the ' s impl i f ied  models 
in MARGA may not b e  adequa�� for this cas e .  



5 . 5  Case 5 .  The PORV leakage i s  s topped at 2 5  minutes . 

The MARCH calculations for  this case assume that clos ure o f  the 
PQRV at 25 minutes will permit cont in ued. operat ion of the p rimary coolan t  
pumps . A t  2 5  minut es , MARCH predicts t h a t  t h e  p rimary sys t em invent ory 

is 4 36 , 000  lb . For comparis,on , all o f . the primary pumps remained opera­
t ional unt il 74  minutes when the primary inventory was 290 , 000 lb . in the 
base cas e .  Thus , it  is  reason ab le t o  ass ume the pumps could remain opera­
t ional indefinit ely if the primary inventory availab l.e at 25 minutes can 
be maint ained.. With  operat ion o f  the primary p umps , good s t eam genera­
t or heat trans f er. will cont inue , and further los s  o f  p r imary coolan t  d ue 
to  boilo f f  would b e  s topped � 

MARCH predicts a sys tem pres s ure o f  about 1 1 80 psi  at 2 5  minutes 
wh en the PORV is c losed . Following c losure of the PORV , MARCH predicts  
the  sys t em pressure  increas es to  b etween 1300 and 1450 ps i ,  d epending on 
the ECC inj ection rat e , the heat rej ection t o  the l etdown cooler , and the 
ass umed p ump power . 

. The MARCH calculat ion for this cas e was s topped at 100 minutes 
with the sys t em pres s ur e  at 1400 ps ia .  

5 . 6  Case 6 .  PORV leakage cont inues until  3 . 3  hours . 

The. first  2 .  3 hours o f  this cas e are the s ame as for the base  

cas e .  MARC� calculat ions were  per formed fo r two pos s ib le , but significant ly 
l d i f ferent s cenarios for· accident t imes b eyond 2 .  3 hours . The dif ference 

in the s cenarios res ul ts  f rom whether or not act uation o f  the core flood 
. ' 

tanks occurs shortly a fter  3 . 3  hours . The analys es indicate that s i gni-
ficant core meltin g  would occur i f  the co re flood tanks do not dump , 
assuming the ECC inj ection after 2 . 3  hours is the s ame as that assumed in 
the base case . However , i f  the �ore flocd tanks are actuated , MARCH 
predicts the core heat u� is arres t ed at a core melt  fract ion of 0 . 018 . 
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There are two aspects  t o  the ques t ion o f  whether or not the  core 
flood t anks opera t e .  On e aspect . concerns the pos i t ion o f  the  core . f lood 
t ank isolat ion valves . I t  has b een s ugges t ed ( NU REG - 06 0 0 , p .  1-4-28 ) that 
the i solat ion valves may � ave b een closed so  that no inj ect ion would have 
b een pos s ibl�  regardless of the system pressure after  2 .  3 hours.. The s econd 
aspect concerns whet her 0 r . not the sys t em p ressure would h �ve continued i t s  
apparent downward t r.end a f t e.r 2 .  3 hours , ass uming the PORV i s  open , t o  a 
value b elow 600 p s i  s.o that inj e c t ion . could occur:. . The maj ority o f  the  evi­
dence indicat es : that con t inued depres s urizat ion b elow the 6 8,0 ps i minimum 
ob t ained in thi�  phase  o f  the  Til l t rans i ent would not have pccurre d .  The 
HARCH analyses indicat�  that  goo� s t eam generator heat  t rans fer is required 
to explain the sys t em pre s s ure  observed in the first  135 minutes of the TMI 

t rans ien t . During the f irs t 100 minut es of the t rans i ent , operat ion of the 

primary coolant . and pumps produced gqod thermal coupl ing to .the s team genera­
to rs .  B etween 9 0  and 1 3 5  .minute.s ,  emergency , feedwater was apparently b eing 

( ) ' 

inj ected into the t o p  o f  the A s t eam generato r .  � .  The feedwat er cool ed the 
s t eam g enerator t ubes , and condensed the s team on the. primary s ide . The 
downward t rend in press ure reversed and s t ar t ed an upward t rend a few minutes 
b efore the PORV was . c losed at  ,142  minutes . Pres umab ly th,is upward t rend 
indicates  that the amount of h ea t  b eing t rans ferred to the s team genera.tor  
had b een reduced and t hat the  press ure wo uld have con t inued t o  rise  a f t er 
2 . 3  hours even with the . PORV open.  In this event the  core . flood t anks 
would not h ave act uat ed . 

The MARCH results  fer the case w i th no core flood t ank inj ection 
are shown in F igure 5 .  3 .  Cor_e mel t ing b egins at 146  minut �s .  Assuming 
operab ility  o f  RCP-2B and the s ame ECC inj e c t ion, as in the base  cas e , MARCH 
predicts  the core hea t up is arres ted a t  a core mel t  fract ion o f  0 . 3 3 .  

; . . 

S ince the actions o f  the o perators which  affected the pump operation . were 
probably in fluenc ed b y  the cours e o f  the  acciden t , it is not clear that 
the o p erat ion o f  RCP-2B at . 174  minu tes ·and the in crease in ECC f low t o  565 
gpm at 200 minu tes are val� d  .assump t i ons for the p res ent cas e .  App arent ly , 

however , the  ext ent o f  d�mage t o  th e core wo�ld have b e en mo re s evere i f  

the PORV had no t b een c losed a t  2 . 3  hours . 
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MARCH calculat ions were also p e.r fo rmed for a variat.ion of thi s  case 
in which the core f lood t anks were act ivated . In this case the .  emergency 
feedwat er f low was assumed t o  cont inue unt i l  150  minutes rather than b e ing 
s t opped at 135 minutes as in the base cas e .  1 5 0  minutes would have b eeri 
a reasonab le t ime to s top  the feedwat er , s ince the A s t eam generator level 
woul d have reached 100%  on the ope rat ing range . In thi s calculation , the 
primary sys t em pres s ure decreases below 600  ps i ,  and the core f lood t anks 
are assumed to  inj ect . The MARCH core h eat t rans fer and core f loodin g  models  
pred ict that  the  t anks will inj ect about  2 1 , 00 0  lb o f  wat er b et.ween 145  and 
150  minutes b e f ore the sys t em pres s ur e  inc reases and s tops the f low . Th e 
inj ect ion increas es the ves sel mixture l evel from about 5 ; 3  t o  9 . 3  feet at  
the t ime when core' mel t in g  is  beginning and e ffect ively arres t s  c�re heatup . 
With cont inued 9 0  gpm makeup t o  the vessel  and the as sumed operat ion o f  RCP-
2B , the core melt fract ion remains below 2 % .  .I t i s  concluded that i f  core 
f lood tank inj ect ion had o ccurred � .there would h ave b een l i t t l e  core mel t ing . 
However , the balance o f  the evidence indicates co re f lood ta�k inj ect ion 
would not hav� o ccurred and that mor e  �xtensive core damage would have re­
sul t ed than in the b as e  cas e .  

5 .  7 Case 7 . .  All .pr imary coolan t  p umps are s t opped concurrent ly wi th 
reactor  t r.ip ·. 

S t opping the primary coolant · pumps concurrently with reactor t rip 
may b e  exp ected to p roduce a s ignificant ly d i f ferent sys t em response from 
that ob t ained in th e actua l  TMI t rans i ent . S toppin g the p rimary coolan t  

pumps h as two e ffe'ct s .  
· on e  e f fect i s  that after  void format ion in the primary sys t em ,  

heat t rans fer from the primary s ys t em in to the s team generators i s  expected 

.t o  be sub s t an t ially reduced . Good s t eam gene rator heat t rans fer from the 
steam space is ant icip at ed only when the emergency feedwat er is  on , c6olin g  
t h e  t op o f  t h e  s team generator t ubes  and condens ing s team o n  t h e  primary 

s id e .  During periods of poor s team generator  h eat t rans fer , the p rimary 
sys t em is predicted  by MARCH t o  repres sur ize to values somewhat . b elow the 
safety rel ief  valve setpo int . 
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A second effect . o f  t urning o ff the pr imary coolant pumps i s  that 
the l iquid and s team will separate . That i s , the l iquid w ill  fall to  the low 
regions :Ln the primary sys t.em , and the s t eam will rise  t o  the h igh poin t s . 
With the pr imary pumps operat ing , an essentially homogenous mixt ure o f  wate r  
and s·team i s  c irculated thro ugh th e system. Separat ion of the s team and 
wat er should have an impo rt ant e ffect on the s t eam con tent o f  the coolant 
l eaking through the open PORV . In the general case , two d i f ferent b reak 
f low s cenarios are plaus ib l e .  

Fol lowing the primary coolant pump t r ip ,  a P.e r iod  o f  ess en t ially 
l iquid blowdown thr ough the PORV is expected .  Under s ome condi tions (per� 

haps , wi th high pressurizer  heater power and low ECC inj e ct ion) it  may b e  
poss ible t o  rees tab l ish a vo id  volume i n  the pres s urizer , and quickly t urn 
the leakage from l iquid to s team. I f  a s t eam blowdown i s  produced , the 
b lowdown p eriod will be  great ly extended . 

A d if ferent leak s c enario s ee�s more likely . In this s cenario , 
the PORV leakage . remains primar ily.  l iq uid as in . the. base  cas e unt i l  s u f f i­
c ient--�c.oolant inventory l eaks f rom the primary to uncover the . s urge l in e  
c onne ct ion to  t h e  A-loop h o t  l eg .  St eam leakage o ccurs a f t e r  the . s urge 
l ine connect ion uncovers .  The s equence of even ts in the actual TMI accident 
during the 3 - 16  ho urs p er iod  s upports this  latter  leak flow s cenari o .  

At the time o f  surge l ine uncovery , t h e  pres s urizer level would 
be expec ted to  drop . This  is an important con� iderat ion s ince the operators 
would : be  expected to  inc rease HPI flow to , maint ain adequate p ressurizer  
level . ·  The M ARCH analyses indicate about a 2 5-minute int erval .between 

surge l ine uncovery and core uncovery . 
More detailed sys t em modeling than MARCH provides is required for  

evaluat ion o f  the b r eak flow s c enario . MARCH contains no models which 
· would expl icitly predict the e f fect o f  primary pump f low on s t eam · generator 
heat t.-r�ans fer or the liquid / s t eam conte.nt · o f  the coolant leakag e .  However , 
MARCH can b e  used to examin e the e f fects  on sys t em performanc e  o f  .d i f ferent 
assump t:::ion s  about s t eam·  generator heat t rans fer and flow through the PORV . 

: 
A numb er o f  MARCH calculat ions wer� p erfo rmed to  examine the various 
pos s ib il i t ies . 
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Two MARCH calculat ions were p er formed in which i t  was ass umed that 
s t eam b lowdown occurred after leaking 14 p er cent of the coolant inventory as 
a liquid b lowdown . For these cases , MARCH predict s  no core uncovery prior 
to  clos ure o f . t he PORV a t  2 .  3 hours . In the calculat ions a p er iod o f  pri­
mar i ly l iquid  b lowdown las t s  about 2 0  minu tes , followed by a longer period 
of s t eam leakage . I f  good s team gene rator  h eat t ran s fer is as s umed even 
though the orimary ·pumps are o f f , the p rimary s y s t em water inventory falls 
to  443 , 000 pounds at 2 . 3  hours . I f  s t eam generator h ea t  trans fer is  as s umed 
to degrade after  about  20 minutes , the water inventory falls to about _ 317 ; 0 00 
pounds at  2 . 3  hours . About 2 10 , 000 pounds o f  wat er w ill fill  the bot tom o f  
the s t eam generators and t h e  reactor  ves sel to  t h e  t op o f  t h e  cor e .  Thus , no 
core uncovery is predic t ed for this  cas e  in the first  2 . 3  hours . 

F i gure 5 . 4 shows MARCH results for variati ons in this case in whi ch 
the l iquid , b lowdown cont inues until  the surge l in e  uncovers . As illus trated 
in Figure 5 . 4-A , the s urge l in e  uncovers and s team b lowdown begins at 49 
minutes . The cold l egs unc over at about  68 minutes , and core uncovery : ·begins 
at 74 minutes . The sys tem press ure increas es , d ue to degraded s t eam generato r 
heat trans fer , to the s afety relief  valve s etpoin t  at 4 5  min utes , Short ly 
before the  s tar t of  emergency · feedwater at 9 0  minutes , the p ressure b e g ins 
to decrease due to a reduct ion in s t eam generat ion as the co re uncpvers . At 
90 minut es , the eme rgency feedwater  flow is  assumed to s tar� as in the b as e  
cas e , and s t eam b egins t o ·  conden s e  from the s t eam s pac e . S in ce the primary 
coo lant pumps are o f f , b o th s t eam generators were filled t o  the top  o f : the 
cold legs at  68 min u tes . The average condens ation rate cal c ulat ed by MARCH 
between 90 and 135  minutes i s  2 4 8 5  lbs /min . 

Between 90 and 109 minutes the amount o f  wat er condensed in the 
A-s team generator ( at a rate of  2485 lb s /min ) balances the . quantity lost  
through letdown (at  a rate of  1160  . lbs /min) f rom 6 8  minu tes to this t ime . 
After 109 minut es , the s team c ondensed in the A-s·team generator w ill  thus 
cause an overflow b ack into the reactor ves s e l .  In the MARCH calculations , 
this delay in r�f ill o f  the A-loop was n eg lect ed , and it  was ass umed ail 
cond ensate was in e f f ec t  immediately returned to  the reactor vessel . A 
net makeup of  9 0  gpm t o  the ves sel  was also assumed . As in the b ase  case , 
the low vessel  water level e f fect ive ly decoup l es the letdown and makeup rat es . 
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Core mel t ing b egins at 106 minutes . The core mixture level r emains 
1 1 . feet region for mos t · o f  the t ime after  mel t ing s tart s , . About 

24 percen t  core melting is p redict ed prior to 200 minutes . This is about  the 
s ame result as for the bas e  cas e .  The MARCH calculati on was s topped at 

this t ime . 
These  HARCH res ul ts  indicate that turnin g  o f f  the primary coolant 

pumps could have either resul ted in s i gnifi can tly r educed core damage or 

s imilar damage depending on the b ehavior o f  the f low out the PORV . Hore 
soph i s t i cated analyses of sys t em hydraul ic  behavio r  are required to  res olve 

thes e  unc er taint i es further . 

5 . 8  Case  8 .  All AC elec tric  power is lost  somet ime b e tween 0 . 5  and 5 hours . 

MARCH calculations were p er formed assuming loss o f  AC elect r i c  powe-r 
at 2 hours , It  is as sumed loss o f  AC power prevents closure o f  the b lock 

valve at  2 . 3  hours , no  ECC is availab l e , and s team generator emer gency 
feedwater  is  unavailab le . 

The MARCH resul t s  for the f irs t 2 hours o f  t he t ransient are the 
s ame as fo r the base cas e .  MARCH results  b eyond 100 minutes are shown in 
Figure 5 . 5 . At 120 min!tes emergency feedwater  flow to S team Generator A i s  
s topped and t h e  steam condensat ion o n  t h e  p rimary s ide ceases . The p rimary 
sys t em repres s uriz es to about · llOO p s i  at 1 35 minu tes , At this t ime , the 
mixture level in the core  falls below 4 feet , and the leakage through the 
open PORV is balanced by the s t eam and hydrogen generat ion in t he cor e . 
Core mel t in g  s t arts at 141 minutes . The vessel  pressure remains in the 
1 100-1200 psia range unt i l  the core collapses into the bottom head at 1 7 3  
minutes . Thus , unless operator act ion i s  taken to  act ivate emergency power, 
core melt down could be expected within an hour . 

5 . 9  Case  9 .  PORV remains c losed after  c losure at 2 . 3  hours , and HP I not 
ini t iated at 3 . 3 hours . 

I f  the PORV block valve remains closed after  being closed at 1 4 2  
minutes , the MARCH cal culations f o r  t h i s  cas e indi cate t h e  sys tem will 
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repressurize and begin ven ting through the safety rel ief valves . Becaus e  the 
sys t em pres sure d oes not fall  to the poin t  of aut omat ic actuat ion of eme rgency 

core cooling , it is also pos t ul at ed that the HP I is · not initiat ed at 200 
minutes . The MARCH base  cas e calcul at ion indicat es s ub s t anti al progres s in 

recovering the core and quenching the damaged region had been made prior t o  
init iat ion o f  the HPI at ·- 200  minutes . ' Hqwever ,  i f  the HPI is  n o t  initiated 
at 200 minutes , a s econd .period  of core heatup . is calcul at ed to b egin . The 
precise t iming of events  in the . s econd core h eat up period is found to b e  
s ensi t ive t o  the  calcul ated prior his t o ry o f  th e accident and t o  as sumpt ions 
made after  2 00 minu tes regard in g  s t eam generaio r heat trans fer , the refluxing 
of the s t eam conden s ed by the s team gen erators , and the magnitude o f  the 
cont inuing 'coolant makeup to the reactor  ves sel . 

Signi fican t  uncert ainties  exis t regarding the amount o f  heat t rans­
fer that can occur in the s t eam generators during t�is t ime period . Firs t ly , 
goo d heat t rans fer woul d only b e  exp ected  when the water level on the s econ dary 
side  o f  the s team gene rat or �s - higher t han the level on the p rimary s ide or 
when f eeding the s t eam generators with the emer gency feedwate r  sys t em .  
Secondly , the hydrogen generated in t he earlier phas e o f  the accid en t  could 
impede the f low of s team through t he hot legs . St earn Generator B is isolated 

on the secondary s ide  during t his t ime period . S team condensed in the A 

s t eam generat o r  is  being withdrawn through the l et down lin e  either preventing 
o r  reducing the .potent ial for"-refluxing of condens ate b ack int o  the vess el . 

In the MARC� analys is ·for \ Case 9 i t  is  ass umed that no s t eam 
generator hea t trans fer and no refluxing occurs after 184 minutes . 

As in the base  case , a 90 gprn makeup rate t o  the vessel  is assumed 
durin g  the core uncovery period . For this cas e ,  the s afety relie f valves 
lif t at 190  minutes , and the c oo lant mixtur e  level falls from 9 . 9  feet at 

185  minutes t o  7 . 7  feet at 200 minutes . About 18 percent o f  the core is 
calculated to be molten (ab ove 4 1 30 F) at thi s t ime .  The coo lant mixture 
l evel is calculated to gradually fall to 6 . 5  feet at 300 minutes . At 200 
minut es , mos t  o f  the core nod es above the 10-foot core e levat ion are above 
4 1 30 F ,  core nodes in the 6 . 5  � 10 feet r eg ions are generally below 1000 F ,  
and those below ' 6 �·5 feet remain covered by the mixture level . At about 260 
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minut es , the core nodes in the 6 . 5  - 10 feet region begin to  be heated above 
4 1 30 F and melt . By 300 minu tes , when the MARCH calcul at ion was stopped , t he 
core mel t  fract ion is calculated  to reach 0 . 4 5 and the fraction cladding re:... 
act ed is 0 . 28 .  

Alt hough there  are a number o f  maj o r  ass ump tions made fdr the 
analys i s  of this case , the implicat ion · o f  the calculat ions i s  that the con­
dit ion o f  the core would h ave b een s igni fican tly wors e than f or the b as e  
cas e .  Eventual progress ion t o  complete core meltdown would ·occur for  this  
cas� as suming - the HPI  i s  not initiated .  

55 . 10 Case  1 0 . HPI not init iat ed at 3 . 3  hours . 

The MARCH res ult s for  Cases 9 and 10 are s imil ar and exhib i t  the 
s ame ·sensit ivit ies to boundary condit ions and modeling assump tions . The 
primary d i fference between C as es 9 and 10 i�  that the second core uncovery 
period occurs sooner a·nd produces . somewhat more severe core d amage for  ·Case 
10 than for C ase  9 .  The reason for  this  i s  tha t , · wi th the PORV reopened as 
in the act ual TMI accident , coolant is lost  from the sys t em more· rapidly . 
Consequent ly , after  200 minut es the p rimary coolan t  level i s  generally . lower 

for Case 10 than for Case  9 .  By an accident t ime o f  300 minutes , MARCH 
predicts the core melt  fract ion h as increas ed t o  0 . 57 .  As for Case 9 , the 
core condi tions. are s i gn i ficantly wo rse than for the base  cas e . · Under · the 
assumpt ions made in the analys is , complete melt down o f  the core would be 
exp ected to  eventually res ult . 
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6 . 0  MARCH ��ALYS I S  OF CORE MELTDOWN SCENARIOS 

MARCH calculat ions were performed to  evaluat e the t imescale and 
cours e  of hypothe t ical scenar ios in which comp lete  core meltdown occur s . 
Two scenar ios  were  selected  for  analys i s .  · One scenario produces an 
early core meltdown an� the other a meltdown s equence s t ar t ing at 3 day s . 

The ear ly mel tdown scenar io dup l icates  the TMI t rans ient unt il 
the start  o f  core uncovery a t  101 minut e s . A complete  mel tdown is  pro­
duced by assuming there is no makeup a f t er 101 minut e s , RCP-2B does not 
operate (at 174 minut e s ) , t he PORV remains open , and there is no s team 
generator heat tran s fer beyond 135  minutes . 

The delayed core meltdown scenar io s tarts  with the cond i t ions 
exi s t ing at TMI at 3 d ay s . At t h is t ime , the p rimary sys t em w�s f illed 
with wat er a t  a t emp erature of  300 F and a pressure of  1000 p s ia . The 
s team generators were also assumed to b e . full of  wat er at  a t emperature 
of 250 F.  It was a s sumed t hat the c ladd ing in the.  top 4 feet  o f  the 
core was 90 p ercent oxidized . The hydrogen produced in this react ion was 
assumed t� have been burned at 10 hrs . The calculat ions do no t account 
for a co�respond ing oxygen deple t ion , however . The decay heat in the upper 
4 feet o f  t he core was also r educed , correspond ing to  a 50  percent release 
o f  volat ile f i s sion produc t s . · Core meltdown for this case was produced 
by as suming failure o f  all f eedwater to  the s t eam generators ,  failure of  

the ECC , and no heat rej ect ion to the letdown cooler . 
In g eneral , conta inment failure in meltdown acc iden t s  may re­

sult  f rom failure to  close  ( isolate)  the  normal containment penetrat ions , 
generat ion of  mis s iles p roduced in s t eam explos ions or a t  the t ime o f  
reactor v e s s e l  failure , melt-through of the concrete  f loor of the con­
t ainment , over-pres surizat ion due to excessive generat ion o f  s team and 
non- condensable s , and over-pre ssurizat ion due to hydrogen burning . With 
the building coolers working , rap id burning of large amount s  o f  hydrogen 
presents the maj or mechanism for an early above ground failure of  the 
containment . 
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Uncertainties in the calculat ion o f  the containment pres sures 
ob t ained in hydrogen burning are ( 1 )  the amount o f  hydrogen p roduced 
dur ing the meltdown accident , ( 2 )  the t iming o f  the burn , and ( 3 )  whether 
the b urn is localized o r  involves the whole containment .  The various 

MARCH mel tdown models  produce about a factor o f  two range in the amount 
of  hydrogen produced dur ing t he period of  core meltdown ' within the pres­
sure vessel . The t iming of the burn can become important , if _ it is 
assumed burning is delayed beyond the t ime · when f lammable mixtures are 
f ir s t  obtained . I f  the hydrogen is slowly r eleased from the primary sys­
t em and burned as it is released , relat ively low pressures are obtained 
if  containment saf eguard s  are operat ional . However , if large amounts of 
hyd rogen are released from the primary ·at one t ime ( such as at  head 

failure ) or if the c ontainment s tores hydrogen in excess  of the f lam­
mab ility limit , large pres sures can be obtained . Complete  burning �t 
one time of · the hydrogen potent ially ava ilable from oxidat ion of 

I 
lOp percent of the core cladding could p roduce containment failure by 
overpressur izat ion . 

MARCH calculat ions ·generally predict that 3 0  to ' 60  per cent o f  
the core cladding is oxidized dur ing core meltdown , prior to  the t ime 
the core collapses into the bot t om head of the reactor vessel ; The 
range of the c ladd ing oxidat ion resul t s  from uncertain t ies  in modeling 
assump t ions and on the type of  meltdown scenar io being analyzed . Addi­
t ional cladd ing oxidation may occur when the molten core cbllapse�  into 
the w�ter in the bottom head of  the reactor vesse l .  Calculat ions . per­
formed using MARCH s ubrout ine HOTDROP ( Sect ion 3 . 0 ) ind icate signifi­
cant add it ional c ladding oxidat ion in the bottom head requires very f ine 
part iculat ion of the debris . Cladding oxidat ion is also enhanced if  the 
remaining metallic z irconium is s eparated f rom the core debr is rather 
than being mixed or alloyed with the Z r02 and U02 . I f  the core par t i­
culates into  1 em or larger par t icles , HOTDROP predicts  lit tle add i­
tional cladding oxidat ion dut ing core �lump int o  the bot tom head . How­

ever , if the part icles are suffic ient ly small ( e . g . , 0 . 01 em) and there 
is direct  contact between z irconium metal and the water , complete oxida­
t ion can occur . The particle s iz es 'required for complete z irconium 



6-3 

oxidat ion are in t he range assoc iated with t he degree _ of fr�gmentat ion 
observed in vapor exp lo s ions . The HOTDROP �alculat ions and the data o f  

Baker ( 6 ) indicate  tha t , i f  a steam explos ion doe_s n o t  happen , l i-t tle  . . 
addi t ional c ladd ing oxidat ion would b e  expected  during the . core slump 

int o . the water in the bot tom head . 
In order t o  scope t he uncertainties  in hydroge� produc t ion due 

to  metal-wa t er rf\a c t ion in the bot tom head , two MARCH calculations  were 
p er formed ( for the e ar ly meltdown c as e ) . In one, calculat ion , _no addi­
t ional react ion in . the b o t t om hea� was assumed and , in the. o t her- cas e , 

complete  rea c t ion . was a ssumed . 
A second area o f - uncert a inty in the MARCH calculat ion results  

from t he model ing of  the intera c t ion o f  the  core debris  with water in 
the  cavity below t.he reactor vessel foll owing bot t om head failur e . As 

in the modeling of t he interac.t ion · in the b ot t om head , the .extent o f  
debr i s  fragmentat ion i s  uncer t�in . . However . •  for th_e reactor. cavity  
processes_ ,  t he s iz e  o f  the  part icles  i s  o f  less  concern t han whe t her 
or not  fragmentat ion occurs  at all . *  This  is �ecause t he rate  o f  
par t icle  q�enching and s team product ion i s  relat ively unimportant�  The 
containment pressurizat ion , is a ffected , primarily by the total . amount of 
s team produced rather t han the rat e . For p art icle  s iz�s les� than a 

'· , , . � , I .  • 

f ew inches . in diame t er , about . the s ame peak pressy�es are predi c t ed . . . 
Normally , t he . reactor cavity would no t b e  exp e c t ed t o  cont a i_n . 

water  at  the  t ime o f  vessel _bead f ai l ur e .  For . t he ear ly mel tdown case , 
the TMI r.eactor cavity  is  as sumed to  b e  dry . . However ,  a t  the t ime of  
head failur� , t�e primary system will . depressur i z e . and the core flood 
t anks will dump ,water  into the c avity . Thu's ,  for �he - early n:teltdown 
cas e , i t  i s  assumed t ha t · the core f lood t ank water . ( 1 2 4 , 000  'lb )  can be 
vaporized in the  reactor cavi t y . 

For the case . with mel tdown delayed unt i l . a f t er 3 days , the 
reactor cav ity _ was believed to b e  f +ooded by the  water on the conta in­
ment f loor . Thus , a much larger source of water i s  poten t ially . available . 

*This  s t a t ement i s  s t r ic t ly val id only if  i t  i s  assumed the que s t ion of 
c ladding oxidat ion has b een previously s e t t led while the core debris 
is  s t ill  in the reactor vessel . Some of the same fragmen tat ion uncer­
taint ies ab6u t  c ladd ing ox idat ion exist for the react or cavity . 
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However , vaporizat ion of the core f lood tank water ( 1 2 4 , 000 lb ) coo l s  the 
core debris t o  below 2600 � .  Vaporizat ion of this quantity  o f  wat e r  in­
creases the TMI containment pres sure about 2 5  p s i . With the coolers on , 
the containment would not be threa tened . Vaporiz a t ion o f  addit ional 

1 water  would increas e  t he p ressure but imply complete  quenching of the 
debr is , so the boiloff  rate  would become controlled by the decay hea t . 
With the coolers on , boiloff  o f  water  by decay heat is  eas ily handled . 
For the d elayed meltdown case , i t  was as sumed in the MARCH calculat ions 
that only 1 2 4 , 000 lb water would be rapidly vapor ized by the core d ebr is 
in the reactor cavit y .  

Tables  6 . 1  and 6 . 2 l i s t  the calculated event t imes in the mel t­
down scenar ios . F igures 6' . 1 , 6 . 2 ,  and 6 . 3  are p lo t s  o f  the amount s  o f  
hydrogen and the p re ssures  i n  t h e  containment as a funct ion o f  t ime . 

For the early . mel tdown case , two calculat ions were per formed assuming 
the building coolers wor k .  One calculation max imiz es the hydrogen pro­
duct ion dur ing meltdown (complete react ion of  all the cladding) and the 
s t eam generat ion in the r eac tor cavity . The other calculat ion assumes 
no metal-water -reactor in the bottom head and a ssumes no fragmentat ion in 
the reactor  cavity . For the second cas e ,  models  in the INTER subrout ine 
( S e c t ion 3 . 0) assume simultaneous a t tack of the c oncrete containment 
f loor and boiling of water  from the top surface . The INTER models  also 
oxidize  the Z ircaloy in the core debris and release hydrogen to the 
containment . The calculat ions were repeated assuming the coolers do 
not work . 

Early Meltdown , Minimum 
Hydrogen Product ion 

Figure 6 . 1  shows MARCH results  for. the early mel tdown and 
minimized hydrogen product ion . During core meltdown within the vessel , 
4 0  percent of  the cladding is ox id ized producing 9 2 1  lb o f  hydrogen . 
As seen in Figure 6 . 1-A , hydrogen begins  to b e  released t o  the contain­

ment in s ignif icant amounts  j us t  pr ior to core collapse into the head . 
All o f  the hydrogen is r e leased to  the containment when the head fails 
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TABLE 6 . 1  EARLY CORE MELTDOWN 

Event T ime , minutes  

Case  A* Case B** 

star t core uncovery 101 101 
s tart core mel t  133  1 3 3  
core collapse into head 165 165 
head failure 190 167 

s tart concrete attack 190 220 

* Case A :  no me tal-water reac tion in the bottom 
head , and no debris particulation in reactor 
cav i ty . 

** Case  B :  100% me tal-water rea c t ion in the bottom 
head , and deb r is par ticula tion in reac tor cavity 
are  ass umed . 

TABLE 6 . 2  DELAYED CORE HELTDOWN* 

-

Event Time , minutes 

steam generator 90% dry 4626  ( 3 d , 5 . 1  hr ) 

saf ety valves lif t 4695  (3d , 6 . 3  hr ) 
s tart core uncovery 5495  (3d , 19 . 6  hr ) 
s tart core melt 5585  ( 3 d , 21 . 1  hr ) 

core collapse  into head 5 7 98 ( 3 d , 24 . 1  hr)  

head f ailure 5808 (3d , 24 . 8  hr)  
s tart concrete  at tack 5821  ( 3 d ,  25 . 0  hr ) 

* Event s tarts  at 3 day s . Case B assump tions 
(Table 6 . 1 ) made . 

= 
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a t  1 9 0  minutes . The hydrogen release t o  the containment approxima tely 
doubles  over the next 10 hour s  a s  add i t ional cladding is  oxi4ized during 
the concrete  at t ack phase of the acciden t . Figure 6 . 1-B shows t he con­
ta inment building pres sures with t he coolers on for two cases : ( 1 )  i f  
there is  n o  hydrogen b u r n  and ( 2 )  i f  a l l  the hydrogen . i n  t h e  cont a in­
ment is burned a t  t he indicated t ime . Figure 6 . 1-C shows resul t s  with 
the coolers o f f . Note  that  in order t o  obtain these pres sures  it  is  
as sumed no  hydrogen is  burned p r ior to the ind icat ed . t ime . At  a con­
t ainment pres sure of  20 p s ia , a hydrogen mole frac t ion of 0 . 04 ( the 
f lammab ility  limit )  correspond s  to about 4 6 0  lb hydrogen.  Rap id burn� 
ing of 4 6 0  lb of hydrogen would produce about a 25 p s ia pres sure spike . 
Thus , · cont inual burning a t  the flarnrnab ilit'y l imit with the coolers 
operat ing would not lead t o  exce s s ive pressures .  If  hydrogen burning 
is delayed unt il  10 hours a f t er head failure , containment burning could 
begin to threaten the conta inment . For the TMI des ign pressure of  
60 p s i ,  a nominal . f ailure pressure o f  about 135 p s ia would be expected . 
For the case in whi ch t h e  buildin g  coolers do n o t  opera t e , con t ainmen t  
failure ( at 1 3 5  p s ia)  b y  overp ressurizat ion would o ccur a t  4 5  hours without 
hydrogen ·burning . 

Early Meltdown , Maximized 
Hydrogen Produc t ion 

Figure 6 . 2  shows resul t s  for the early me ltdown case in which 
conta inmen t pressures  are max imized by . assuming 100 percent cladding 
react ion in add i t ion to debris f ra gment a t ion in the reactor cavity  . .  
Figures 6 . 2-B  and 6 . 2-C show that the comb inat ion o f  (delayed ) hydrogen 
combu s t ion and rapid s t eam generat ion in the reactor cavity  could lead 
to containment fa ilure . The pressures  in Figures 6 . 2-B  and 6 . 2-C 
assume hydrogen burn ing is de layed b eyond the t ime flammaQle mixtures 
are f ir s t  obt ained . A MARCH calcula t ion , in which hydrog en burning at 
a mole frac t ion o f  0 . 04 was assumed , produced a peak con tainmen t  pres­
sure of 138  p s ia for  the case in Figure 6 . 2-B with the coolers on .  This 
occur s  because mos t  o f  t he hydrogen burning is co inc ident with head 
f ailur e . If  the bu ild ing coolers don ' t operate , conta inment fai lure (at  
135  psia )  is  predicted  a t  3 7  hr . 
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Delayed Me ltdown 

Figure 6 . 3  shows results  for the case with  core mel tdown s tart­
ing after 3 days . Pres sures ar� maximized by making the same assump t ions 
as those made ; for F igure 6 . 2 .  �owever , for the present case it  was 
assumed tha�  jO percent of the �ladd ing was oxid ized and the hydiogen 
previously burned . This is cons i s t ent with the hydrogen burri at tually 
occurr ing at  10 hours in the TMJ acc ident . Thus , 1620  lb oL hydrogen 

. · are released to the containment when thei head fai�s . F igur� 6 .1-g 
,, 

shows that ih� cbntainment pre�sure coul� approach the f ailure � res­
sure with com� ined hydrogen� co�btist ion ahd rap id s t eam generat ion . 
Unt il a b e t te� understand ing ii developed of ignition source require-

1 l 
. ments  for hydrogen/ st eam/air m�xtures an8 o f  mol ten fuel co6iadi {nter-

' . ,; . act ions , ·  it  mas t  be assumed th�t containmen t fail�re by this mod e  is  
· poss ible : 

Base  Pad Melt-Through 

j. F igure 6 . 4  shows the �vert ica l  penetrat ibn of  the mol ten core 
· : debris in t o  t�e concrete  base 
. were cal�ulated by subrout ine 

<]i'f t he con,tainment building . These  result s  . 
� 

INTER ( Sec:t ion 3 . 0 ) . The resuTts:.; show 'a ;. 
high penet rat icin rate  ( 10-20 c�/hr)  for �he first  10  hr o f  concre t e  

� at tack f�llowed b y  a much low�r ( O . ��l . d cm/hr)  penetra tion rate . The 
pene trat ion rqte dur ing the f ir s t  iofb hr :is dominated by the loss  o f  
s t ored heat i n  t h e  debr is . Af teri" lO h r  �the debr is  approaches equil ibr ium 

\ 
'�' ! temp eratures' j

�·
ust  above the melt ing P?,ihts  o f  the j me tal  ("-'2450 F )  and 

· oxide ("-'2100 F; �  debris lay��-.8- : The· · heat loss to the concrete  and , hence , 
,, j•" • •• 

the pene t rat i�n rate becom� coni�ol led by the decay heat . 
t , : � .. 

- � f-�·� 

The iresult s,/0 f'" the · INTER calcula t ions ind icate tha t  p ene t ra-
�· . ' ,.· .. _,_� ·:::-t- , 

... � �· . 

· t ion of  the concret�t basemat would no t occur . However , the mode ls in 
t .  • j. 

' 

INTER are not 'ad��u�t e  to pred ict  the long-term pene trat ion behavior o f  
' • ' : · , 

the molten cor� _·,�ith enough conf idence t o  determine whether or not 
pene trat ion would event ually resul t . 

" J  
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Summary 

S ince the imp l icat ion of some of the "what if"  alterna t ive 
acc ident sequences  which were examined was that core meltdown could 

result ,  a number of  core meltdown scenarios were  analyzed with the 
MARCH code . I t  should b e  emphas ized t hat  the magn itude of release of  
rad ioact ivity  t o  the  environment in a core meltdown acc ident is  very 
sensi t ive to t he mode and t iming of  containment fa ilure . As shown in 
WASH-1400 the mo s t  severe consequences occur · for an above-ground f ailure 
of t he containmen t  shor t ly following core melt ing . If  the integr i t y  of  
the cont ainment boundary . above-ground remains intact or i f  t he failure 
of the containment is  delayed a number of hour s ,  the release of  rad io­
a c t ivity  to the atmosphere will be reduced bi orders of  magnitude . 
This is part icularly t rue for containment designs such ' as at  Three Mile 

Island 2 in ·which containment spray s can rap idly reduce the airborne 
concentrat ion of  radioac t ivity . . 

The purpose of  the · ana lyses that were p erformed was to ex­
plore mechanisms that are bel ieved to repre sent the greatest  threat t o  
containment int egr ity : rap id s team generat ion from the quenching of  
ho t fuel debr is  and the combust ion of hydrogen produced in steam-metal  
react ions . Containment fa ilure by overpres surizat ion result ing from 
fa ilure of  the conta inment hea t removal sy s tem was also examined . This 
mode of failure was found to be delayed s ignif icantly in t ime and the 
cons equences  would be much less  severe than those assoc iated with early 
failures , e . g . , those due t o  hyd rogen burning . A number o f  uncertain t ies 
regard ing the behavior of the sys t em under core mel tdown cond it ions make 
it impos sible to pred ict  with conf idence whether or not conta inment 
integrity will be ret ained in a me ltdown accident . Some of  the important 
uncertainties  that can only be res olved by more research are : 

1 .  The extent of metal-water react ion taking place dur ing 
t he core s lump ing and reactor  vessel mel t t hrough phases 
of  the acc ident . 

2 .  The degree of core fragmentat ion and steam generat ion 
when ho t fuel interac t s  with wa t er in the reac tor cavit y .  
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3 .  The magnitude of  ignit ion source r equired to  produce 
s ignif icant burning as a f unction of  atmosphere 
composition f or various hydrogen/air / s team mixtures .  

4 .  The pressure leve l and mode o f  f ailure of  reactor 
containment .  

As illus trated in Figure 6 .·2-B , under the most adverse condi­
t ions o� metal-wat er reac t ion and steam generat ion in the reactor cavity , 
the qua s i-equilibrium pres sure f o llowing rapid hydrogen combustion coul<,i 
b e  well in excess  of the e s t imated f ai lure pressur e .  Even a t  pressures 

below the nominal f ailure pressure , the comb inat ion of  t he quas i-static 
loading and po t ent ial shriek  waves generat ed in an exp losion could result 
in conta.inment f ailur e . In the scenarios cons idered , mos t  of t he hydrogen 
produced dur ing meltdown is  p redic t ed t o  b e  rapidly released t o  contain­
ment at the t ime o f  reactor vessel f ailure ; t hus , t he pos?ib il it y  of  
obtaining a high  hydrogen concentrat ion prior  to  ignit ion appears t o  b e  
s ignif ican t . With our presen t  s tat e o f  knowledge , it i s  n o t  pos s ible  t o  
rule o u t  t he possib ility  of  containment _ f ailure short ly fol:)..owing _ pene­
tration of the reactor vessel head . 
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7 . 0  INTERPRETAT ION OF THERMAL AND HYDRAULI C  CONDIT IONS 

During the  f i rs t s ixteen hours o f  the ac ciden t ,  a complex s equence  
of  changes o ccurred i� th e thermal and hydraul i c  condi t ions o f  the  p rimary 
sys t em .  Some measured d a t a  from t h e  accident a r e  available  to a i d  in explain­
ing the b ehavi or of the  sys tem . However , to an exten t , the da ta are amb i guous 
and c ons i s tent w i th a ran ge of  pos s ib l e  cond i t i ons . Fur thermo re , the f low 
rates and o th e r  data requi red to e s tab l ish the  b oundary condit ions for the 
p rob lem a re no t known wi th suffici en t  accuracy to pred i c t  the thermal and 

hydraul ic b ehavior well . In the following discus s ion , a quali t ative  descrip­

tion o f  the hydraulic  b eh avior of the  primary sys t em is  p r es ented . This  
des crip t ion i s  essent ially the  s ame as developed by  the  MARCH computer code 
for  th is t ime perio d .  Al though th e agreemen t be tween the MARCH resul ts  and 
the measured hydraul i c  and thermodynami c data is  good , it s hould be recogni zed 

' 

that the  MARCH code p rovides an over s impl i f ie d  repre s entation o f  primary 
sys t em hydraulics . Add i t i onally , variations wer e  made w ithin the r ange  o f  
uncer tainty in t h e  b oundary condit ions to  ob tain good agreemen t . For this 
reason , we have a t temp ted in the reconciliation with measured data to use 
examples  of h and c al culati ons which a re mor e  eas i ly unders tood and checked 
by the r eader . than c omp aris on w ith MARCH calculat ions . The t imes reported 
in the  dis cuss ion ar e rela tive to  t h e  be ginning o f  the accident . Mos t  o f  
the  even t t imes a re known wi thin a n  unc e r tainty o f  a few minutes . 

7 . 1  General Description of Accident Con d i t ions 

Becaus e o f  the  failure o f  the  electroma t i c  relief  valve to re clos e 

following the  ini t ia l  s ur ge o f  p res s ur e , reactor coo lan t was con t inuous ly 
l eaked thr ough the valve greatly in excess  of the makeup rate for approxi­

ma tely 140 minutes un til  the  b lo ck valve ( ano ther valve in the s ame l ine ) 
was c los e d . Alt hough the  data  i ndicate  a h igh water level was maintained 
in the p ressur i zer , the quan t i ty o f  l iqui d  in the reac tor p rimary sys t em 
decreas ed throughou t this p eriod . Wh ile the reactor coolant pumps were in 
op�rat ion , a mixture of s team and l iqui d  water was pumped through the core 
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e f f ec tively cooling i t .  When the las t  set o f  reac tor coo lan t pumps was shut 
off  at  1 : 4 1 ,  however , the  l iquid and s team phases s epara ted , w i th the liquid 
p]l.ase apparen tly f alling to the  level o f  the  top of  the c.ore . For the next 
half  hour , s team genera ted by decay heat in the core was p ar t ially releas ed 
t o  the p ressur izer and ou t the open valve and p art ially c ondense d  in the "A" 
s te am generato r .  The wat er level in the primary s id e  o f  the s team generator 
was not  high enough , however , to  p ermi t the  condens ed wa ter t o  flow b ack into 
the reac tor ves s el t o  resupply the core . For this reason , the wa t er level in 
the core cont inued to drop to approximately four to s ix feet  from the b o tt om 
o f  the core . 

At  2 : 18 the b lock valve in the relief  line was closed and the 

loss of water f rom the sys t em was s topp e d .  The wat er level in the core 
apparently b e gan to rise  s lowly over the next half  hour a t  whi ch t ime one 
o f  the reac tor coolan t  pumps in the B loop was t urned . cin for .

19 minutes . 
During the first  few minutes  o f  operation s u f f i c ien t water was pumped t o  
fill  t h e  annul ar downcomer region i n  th e ves s el arid io force some addi tional 
wa ter  in to the core . Al though a part o f  the core remained uncovered follow­
ing the operation of the reac tor coo lan t pump , s ome quenching of the core  
oc curred a t  this  t ime . 

The h igh presstire inj e c t ion sys tem was ac tuated for a few minu tes 
at 3 : 20 ,  apparen tly recovering the core . High pres s ure inj e c t ion was a gain 
a c t�ated at  3 : 5 6 for  a shor t t ime p eiiod . Follo�ing this t i�e , the core was 
prob ab ly , never uncovered aga in ,  al though some s everely damaged regions o f  
t h e  cor e  remain ed very ho t and s te am b l anketed for  approximat ety f our days . 

Th e s team released from the h o t  regions was condens ed in water in the upper 
plenum befo re reach in g  the hot legs . 

At  4 : 2 7 ,  s igni f i c an t  makeup flow to the primary sys tem was es tab­
l ished from makeup pumps B and C and main tained unt il 9 hours . The flow 
through the core during this  t ime period was h igh enough that all o f  th e 
decay h eat in the  c ore co uld b e  removed wi thout boi ling the water . After 

} 
leaving the core , the h eated wa ter flowe d through th e pressurizer and out  
the  relief  valve to the containmen t b uild ing . In this t ime period , the 
upper por t ions of the  two ho t legs and s team generators were blocked 
to s tean1 f low by hydrogen which had b e en p roduced earl ier from reac tion 
o f  s t eam w ith zircon i um .  Becaus e  t h e  h o t  legs and s team generat ors a r e  
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we ll insulated , the  t emp eratures meas ured a t  the  tops  o f  the h o t  legs 
remaine d  ne arly cons t ant  for a number  o f  h ours a t  approximately 750  F ,  the 
temp era ture to which th ey had b e en h eated dur ing 'the  period of  core uncovery . 

Short ly b efore  16  h ours the lA reacto r coolan t  pump was turned  on , 
es tab l ishing f low through the loops and allowing the decay heat from the 
core to b e  removed b� the s team generator . This concluded the ini t ial 
trans ien t  p eriod . 

7 . 2  Reconcilia tion with Measured Da ta 

Time Period 0 to 2 : 1 8  

The s our ce r ange mon i to r  measures n eutron f lux external t o  the 
reac tor vess el . In the f irs t few hours o f  the TMI acciden t , th e s ource 
range moni tor p rovided a measure of th e h e ight o f  wat er in the annular 
downcomer o ut s i de of the reac t or core region . In a s ens e ,  the water in the 
downcomer acted as a shut ter which obs cured the d e tector  from th e s ource 
of neutrons in th e core . A h igh reading on the s ource range moni tor 
should , the refore , b e  in terpr e t ed as a low water level in the downcomer 
an d cor e .  In addi t ion , as th e wa ter temp erature increas es and the  d en s i ty 
of  wa ter in the  down comer de creas es , the ou tpu t o f  the s ource range moni tor 
should increas e .  

Followin g the  thr o t t l ing o f  the makeup pumps to a low flow rate 
at  4 minu tes , the  water added to the  sys t em was not adequate to balance 
th e loss o f  water dis charging thro ugh the  open r elief valve . As the den­
s i ty o f  fluid ( liquid  and s team) b e ing p umped through the sys tem decreas ed , 
th e neutron flux meas ured external to  the r eactor vessel by the s ource  
ran ge mon i t o r  b egan to increas e .  At  1 : 4� when the last  operatin g  reactor 
coo lant pumps we re shutof � , separ ation of th e two phas e mixture of s team 
an d wat er res ul t ed .  In addi t io n ,  the .h ead o f  wa ter, which had b een main­
tained above th e core  by operat ion of the pump , se ttled  b ack into the core 
and downcomer .  Th is e f fe c t  i s  seen as a dip in the source range monitor 
output . 



7-4 

The water level at  this time mus t have b een approximately at ' the 
top of the core . Wi th in a f ew minutes ,  th e hot  leg temp erature readings 
began to rise .rapidly above the saturation temperature of  the water indi­
cat ing that s team had . . b een superheated by uncovered fuel . The source 
range  monito r  �haws that the ,water level in the co.re ( and . downcomer) con­
t inued t9 decrease . un ti l , approximately 2 : 20 . 

Good heat trans fer occurred. t:o the A s team ·generator f rom 1 : 30 to 
2 : 15 .  Dur ing this p eriod the p rimary sys tem p r es sure closel� followed the 
saturation temp erature qf : the . A  s.team ·generator ;  The •water condensed on the 
primary s ide ·of . the. s te am generator:  was n6t able  to · flow b ack into the reactor 
ves s e l ,  however·, . un til the .liquid  level reached th·e elevation · of  the cold 
legs . 

Time Period 2 : 18 .  to 3 : 20 

. At 2 : 18 the b lock.. valve in the l ine o f  the electroniatic  relief  valve 
was closed and the pressure: in :the· primary sys tern b egan to ris e .  The water 
level' in .the :  core also began to increase during · this period .as indicated by 
the decreas e in . the s ource , range moni tor . At 2 : 54 th e reacto r .  coolant pump 
2B was ac�ivated·  fo r 18·  minutes .  Ehough . flow pccurred during the operation 
of . the pump to fill, ; the clowncomer and .  to p art ially . quench the · ho t  core . Fill­
ing of  the down comer . can b.e seen in the b ehavi0r of the . s ource range moni tor .  

The increas .e in pres surize r  level from 2 : 4 5 t o  3 : 00 .  i s  b el ieved to 
be the result of condensation in the. pres suri zer. .  A� suming that the wa ter in 
the p ressurizer remains sa turated , the change in level corresponds to an 
increase of 4 ,  200 . lb s . · · The . . mass  of  s team that . could potent ially b e  condensed 
in h eat ing the wa ter . in the pressurizer to sa turation at  2 1 00 psia is 12 , 600 

lbs .  Thus ; _ condensation can eas ily account . for  the obs erved level increase .  
Although the top o f  the core remained uncovered for a period o f  time 

following operat ion . o f  • the  2 B  reac tor . ·cooLmt pump , the partial quenching that  
res ul ted . from ope ration of  the  pump was  probab ly important in  limiting the 
maximum heatup of th e cor e .  
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Time Period 3 : 20 t o  5 : 1 5 

At 3 : 20 and a t  3 : 5 6 the  high pres s ure  inj e c t ion s ys t em was t urned 
on for a f ew minutes  and then reduced in f low rate . The rapid pressur e  drop 

from 2000 to 1500 ps i a . wh ich occurred at  3 : 20 w i th the b lock valve c losed is 
apparen t ly t h e  resul t of s team in the sys t em f lowing through the core barrel 
check valve and c ondensing on the emergency core cool in g  wa ter . As shown b y  
t h e  source range moni tor , the c o r e  was rapidly refilled fol lowing t h e  initial  
ac tua t ion o f  the h igh pres sure inj e c t ion sys t em and prob ab ly r emained covered 

f o r  the res t o f  the acciden t . Refill ing of  the pressuri zer af ter  3 : 30 is  

prob ab ly an indicat ion that  the  wa ter level h ad increased t o  the s urge line 

at  this  t ime . Some s everely damaged regions o f  the core  remained very hot  
f or a numb e r  o f  days f ollowing the init ial trans i en t  as shown b y  thermocouple 
reading above the core . Although s up erh ea t ed j et s  of  s team from the  damaged 
regions would be expected  to pene tra t e  into the upper p lenum , c ond ensation 
and mixing would have occurred b e fore the fluid reached the hot legs . 

A s ignif icant event happen ed a t  3 : 45 whi ch produced a large 
quanti ty of s team . A s imul taneous rapid increase  occurs. in the recorded 

values of reac tor pr es sure , cold leg. temp era tures and the s ource  range 

moni tor .  The EPRI /N SAC group expla ins this  response  as the resul t o f  the 

s lumping a'nd q uenching of  emb r i t t led core ma t er ial . ( 2 ) The increas e in cold 

leg temp eratures was th e result  o f  b ackf low of s team through the core 
barrel check valves . Th e offset  in the r ead ing o f  the source range monitor  is  
inte rpre ted as a change in the fuel  configura tion .  

At  4 : 2 7 the makeup flow to the  ves s e l  was increas ed t o  a level 

whi ch was ab le to remove the entire  decay heat from the core wi thout b oil­
ing . The inj ected  '.;ra ter f lowed i nto the c old legs , through the core , through 
the hot  leg in the A loop to the pressurizer  s urge l ine , and out the elec­
troma t i c  r el ief  va lve . Th e temp eratures meas ured in th e s urge line and in 
the pres suri zer in this t ime period show tha t  this wa ter was subcooled . 
Th e  inj e c t i on rate from the  borated wa ter s torage tank o f  640 gpm repo rted 
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in NUREG 0600 is  probably higher t han was typical for this t ime p eriod be­
cause the average includes  two per iod s of  high  inj ect ion rat e .  However , 
at  5 : 4 5  for a . decay heat l evel o f  6 . 2 x 1 07 Btu/hr , a f low rat e o f  640 gpm 
and an inlet t emperature o f  �1 0  F ,  the core outlet t emperatur e  would b e  300 F .  
The t emperature measured at the pressur iz er surge  l ine at this  t ime is 3 1 0  F .  
The agreement is  good evidence t hat  the above explaination of the hydraulics 
in this · t ime period is correct . 

Time Period 5 : 1 5 to 7 : 39 

At 5 : 1 5 the b lo ck valve in the line o f  the electromatic relie f  valve 
was closed and the system was repres surized to 2000 psia .  The pressure was 

main tained at this level by a series o f  openings and clos ings o f  the valve . 
As jn the previous t ime period the core decay h eat was removed by the makeup 
flo� pass ing through the core and out the press urize� . With the water in the 
system subcooled , the primary sys t em p ressure in this perio d  was determined 
by the compres sion of the non-condens ible gases  t rapped in the upper regions 

of the hot legs and s team generators . Assuming a net makeup flow rate of 565 gpm 
(based on NUREG 0600 ) and a perfect gas , a gas volume o f  2540 f t 3 ( 2000 psia )  can 

be in ferred _ f rom the system p ressurizat ion rate during the periods o f  pressure 
inc rease . A pos s ib le b reakdown of this gas vol ume could have been : the reactor  

3 
. . - . 3 coolant pump vo lume (400 ft ) ,  1 / 2  the volume o f  the cold legs ( 4 7 6 f t ) ,  1 / 2  . 3 3 the volume o f  the hot legs (469 f t . ) ,  1 / 2  the volume o f  the . upper head ( 2 54 ft ) 

3 . and 500 f t  in each st eam generator . Although it is  d if f icult to accurat ely pre-

d ic t  the d is t r ibut ion of ga s among t he diff erent volumes in t he pr imary sys t em,  
the gas volume inf erred from the pressurization rate is reasonable for this 

t ime per iod . 
Earl ier in the ac cident when the core wa s un covered , s ome o f  the 

hyd rogen gene ra ted f rom z irconium water react ion flowed in to the hot legs and 
upper port ions o f  the stea� generators . The presence o f  the hyd rogen in the 

legs effectively b l o cked the flow of s team from the core to the s team generators.  
Because the  pr imary syst em is  well insulated (the charac t er ist ic thermal d ecay 
per iod for t he walls  'is approx ima tely 1 5 0  hour s ) , t he ho t l eg s  which had b een 
heated to 7 50-800 F d�r ing core uncovery remained ho t for a number o f  hour s . Even 
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the flow o f  subcooled water  through the A loop ho t l eg into  the pressurizer 
s urge line was ine ffec tive in cooling the upper por� ion o f  the hot  leg .  The 
th ermal conduc tance along  the pipe·  is too small to have reduced the wall t ern­
perat ur e  s ignificant ly . Fur thermore , the hydraulic regime o f  h o t  fluid above 
cold f luid is thermally s tab le ' and would no t · havei ' induced convective cooling . 

Time Period 7 :  39 to  10': 20 

At 7 : 39 th e b lo ck valve was opened and the sys tem. was d epres s uri zed . 
As the volume of gases  exp anded l to the level o f  the pressuri zer s urge line 
s ome of the hydrogen in the hot legs was prob ably released  through the 
pressurizer to the containmen t .  At  9 : 0 �  the rnake�p flow rate was decreas ed 
and by  10 : 20 the wa ter temp era ture in' the p ressuri ze'r . reached s a tur.a t ion . 
Based upon a de cay h ea t  level o f  5 x 10 7 Btu/hr , · th e net  makeup flow (including 
the discharge· · of f lo�d i�g tanks ) mus t h ave b'een . iess than 2 70 gprn to result in 
s aturated c o�di tibns a t  the core o utlet . This  is �onsis tent wi th the opera tion 
o f  one makeup pump in this time period . ·  

. .  : ·  

Time Period 10 : 20 � o  13 i io 

While · th e wa ter in th e A loop hot  ' leg was · subcooled , there was lit tle 
conceri tra tion gra�ien t  to  di ffuse  s t eam through th� hydrogen in the hot legs 
to . condense in the s te am g'enerator . A s imple one.:_dirnensional analysis o f  the 
coun tercurrent d i ff us ion of s t eam and hydrogen in the hot leg ind icates that 
the mas s  flow ra te o f . � tearn through the hydrogen would b �  very smal l .  How­
ever , with the mas s  o f  hydrogen deple ted by the p re ceding depres suriza t ion and 
wi th the wa ter in the hot  leg near sa t�ra tion , the dr iving force for dif fus ion 
in creases . At 10 : 30 flow o f  s team began �n the A ho t leg  as can b e  seen in 
the trace o f  the hot  leg  temperature . The pres s ure increas e �n the � econdary 
side of the s team genera tor also ind icates flow in the hot l eg at this time . 

From 11 : 00 to 1 1 : 20 approxima tely 6 40 f t 3 o f  wa ter appears to have 
drained from the p ressurize� . I f  the p ressuri�er level read ing is correc t ,  
a consis tent hydraulic pic tur e mus t be able to explain where this large quan­
ti ty o f  wa ter could have gone . A plaus ib l e  explana t ion is  that the A loop 
cold legs and p umps a ls o  contained hydrogen following core uncovery . Th is may 
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also explain the reason t h e  lA pump could no t b e  opera ted at  4 : 10 .  The exis t-
.. 

ence of hydrogen in the  A cold legs would not only make tha t  volume po ten-

t ially avai lab l e  t o  receive w£ter: f low from the pressurizer , but  would also 
in troduce an offse t in the  wa ter levels b e tween the A s t eam generator and the 
h o t  leg . Th e m�ximum possib l e  o ffse t �ould be 29 ft corresponding to the 
e l evation d i f ference b e twe en the �old legs ' and th e b o t tom o f  the s team genera­
tor . If the  hydrogen in the �A c·old leg w�re relieved to the  pressurizer 
through the  open pres s uri zer spray l ine , the  wa ter in the p ressurizer would 
f low back t hr ough the core (or th e core barrel che ck valves )  into the cold 
legs . Equali zation o f  pressure h eads would f orce  the hydrogen out o f  lA cold  
leg  and would equali ze the  levels  in  the A s team genera tor and h o t  leg . 0 . 

Since the  cross  � e c t ional area of � the s team gener�tor is greater than that o f  
the h o t  leg , a n  additio nal  1 5 . 5  f t 3 o f  liquid volume becomes available  for 
every foo t of  cHange in lev�l . The to t al volume poten t ially availab le  in the 
A loop is therefore the reac tor coolan t  pumps . ( 200 f t 3) , .  the cold legs 
( 4 7 6  f t 3 ) ,  and through equaliza t ion of  the levels in the s team generator and 
ho t leg  ( 2 2 5  f t 3 ) for a total  of 900 f t 3 . A fract ion of this po ten tially 
availab l e volume coul d  the refore h ave accommodated the l iquid draine d from ·the 
pressurizer . Cons is t en t  with · this explanation , the temp eratures in the two A 
loop cold legs rose rapidly a t  11 : 15  indicating b ack flow of ho t wat er into the 
legs . 

The rate of  rise o f  the . p res surizer level a t  11 : 30 is consis tent 
wi th a ne t makeup rate o f  80 gpm which is within a fac tor o f  two of  the  aver­
age makeup ra te  in this t ime pe riod from NUREG 0600· 

Time period 13 : 20 to 16 : 00 

At 13 : 2 3 ,  the  makeup flow rate was again increased . Since the b lock 
valve was c losed� the inj ec ted wa ter acted _ to  p ressurize the non-condensib l e  
gas regi ons in the h o t  legs . As expec t ed , pres s urizer t emperature during this 
time period b ecame s ub cooled as a res u� t of the pres-s uri zat ion of · the non­
condens ib l e  gases . The tempera ture did n o t  decreas e ,  however ,  because with 
th e block valv� flos ed , the flow l eaving the core would no t enter the pres­

surizer . At  15 : 50 ,  · the lA pump was opera ted res ul t ing in the flow o f  water 
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through th e A . ho t · �e g  . to the s team gen�rator and e f fectively termina ting the 
transient . : . · 
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8 . 0 . ANALYS IS OF HYDROGEN BURNING 
DURING THE TMI-2 .ACCIDENT 

On March 2 8 ,  19 79 , approximately 9 hours and 50 minutes after 
t he turb ine trip that  ini tiated the TMI-2 accident a pres sure spike of  
approximately 28  p s ig was obs erved within the  containment bu'ilding . The 
cause of this pressure rise is b el ieved to be hydrogen burning . The 
purpose  of this analysis  is to assess  the nature and extent of hydrogen 
burning required t o  produce such a pressure increase and to  consider its  
potential implications . 

8 . 1 Cons iderat ion of  the Observat ions at TMI-2 

For t he purpose of  this analys is the containment atmos phere 
conditions prior to the turb ine trip were taken to be 14 . 7  psia and 120 ° F ,  
with a relative humidity o f  50  percent . Th e containment f ree volume i s  
g iven �s 2 . 1  x 106 f t 3 in the TMI-2 FSAR . The se values lead to  an init ial 
dry air inventory in the containment of 4 , 6 75 . 5  lb-mo les ; this was used 
as the s tart ing point o f  the sub sequent analyses . The compos i tion o f  the 
dry air was taken a s  21  v/o o2 and 79  v/o N2 . 

A key que s t ion with regard to the pressure spike is i t s  spac ial 
extent , i . e . , did the ent ire containment volume experience this pressure 
rise  or was it localized . The 28 psig  pressur e  spike was measured by the 
reactor containment build ing pressure monitors. as  well as be irig reflected in 
the reference pressure s of both the st eam generators . Since the two st eam 
generators are widely separated i t  may be  inferred tha t the 28  psig  pressure 
rise was indeed  seen throughout the containment volume . Th is  need no t 
necessarily preclude the exis tence o f  loc�lly higher pres sures . 

Jus t prior to the t ime o f  the pres sure spike ins ide the containment 
the t emperature and pressure were measured t o  b e  about 128 ° F  and 1 . 5  p s ig , 
respec t ively . This temperature may possibly no t b e  representative o f  the ent ire 
containment atmosphere , though it was assumed to be so in this analysis . 
As suming the quan t ity o f  air to  b e  unchanged from that  initially in the con­
tainment and keeping the total pres sure at  1 . 5  psig , various quantit ies o f  

hydrogen were added to  the atmosphere ; a s  the amount of  hydrogen wa s increased 
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t he quantit� 6f  water · vapor �as decr��s�d , s ince ' th e  total mole� o f  
gas are constant . The pressure inside the con.tairunent was · then c·al- .  
culated for a numb er of  such atmosphere composi tioris , assum'ing uniform 
mixing and cons tant  volume , · adiabatic burning of all the ' hydrogen • .  

Frorri these calculations '  it  was determined that the coinbus t i.on o f· 564  lb . . 
of  hydrogen would  b� iequired  to  rais� the pr�isu�e to  4 2 � 7  p s ia ' (28 
p s ig ) . The inf erred ·composition O f '  the atmo sphere j us t  prior · t·o the 
hydrogen burn is 86 . 7  v/o air , 5 . 2  v/o hydrogen , · · and 8 . l. : v/o  water • vapor . 
Th is · composition is  on the edge of the·  flammab ility reg ion· and w�l l  away 
f rom commonly accepted detonable l imi t s �  . . . .. 

The first  post  accident analyses 6 f  the ' conta inment building 
atmosphere were performed ort March 3 1 ,  197 9 ,  and gave the following 
average resul t s  on' a dry gis basis : J 1 . 1 v/o 'hydr6gen , : l6� 1 v/o : oxyg�n , · 

and 82 . 2  v/o nitrogen . Us ing the resul t s  of these analyses· togethe r  with the 
prev'i'ously determined ini t ial air inventory , an oxygen Clepletion ' ci f . 25 8 . 5 
lb-m61e is  determine d .  This cortes ponds to ·. the burning o f ·· 5 1 7 . 0  lb"'-mo1e 
( 1034 lb) o f  hydrogen . I f  this quatitity' o f . hydrogeri · as ·well . as that 
remaining at  the·  t ime o f · the analyses were pres en t · · in the ' containment 
atmo sphere j us t  prior to the hydrogen burn , the inferred atinosph�re • com� 
pos i tion would have been 86 . 7  �/o air , 11 . 0  v/o hydro�en� · arid 2 � 3  v/o water  
vapor .  This  composition is  wel l  into the  flammabie region· but  not  near 
the a�cepted detonable l irriifs �  If' the �uantitj o f  hydrogen· burrie� deter� · 
mined f rom the oxygen deple t ion analyses is assumed to  be · uniforinly 
distributed throughout the containment ' volume and undergoes · const an t  
volume burning the resul t ing contidnment pressure would b e  about 6 2  psia . · 

This i s ,  o f  cour s e ,  sub s tantially higher than the measured p eak pressure . 

The foregoing analyses wer� · bas�d on the assumpt ion ;f  uniform 
hydrogen d i s tribut ion throughout the contain�ent volume '. there i s ,  o f . 

course ,  a wide vadety o f  irihoni�geno�s hydrogen.....:air · distd.but ions pos s ible . 
Some limit ing cases we r� cons idered and are discussed beldw . I f  all the 
hydr'og

.
en that burned was concentrated in a iocal i zed volume ·; t�gether with 

the s to ichiome tric quant ity of air required for · the reac t ion , this hydrogen­
air "bubble"  would only occupy some frac t ion o f  the total containmen-t volu�e .  



8- 3 

U sing the hydrogen b urned as determined from the oxygen deplet ion as the 

referenc e ,  this bub b le was found to occupy about one-third of  the total 
volume . I f  the hydrogen-air bubbl e  i s  assumed to  burn at  cons tant volume 

and then expand into . the cold or unburned gas unt i l  the p ressure throughou t  

containment equa l iz e s , t h e  result ing pressure is  46 p s ia .  The pressure in 

the reacted gas prior to  expansion is 127  p s i a ;  this pressure would not be 

seen by the entire containment , however .  The foregoing assump tions o f  

cons tant volume burning followed b y  adiabat ic expansion were made for 
analytical convenience ; phys ically , these cond i t ibns could only b e  approached 
if the hydrogen-air mixture underwent detonat ion. . In a deflagrat ion the 
pressures throughout the containment volume woul d  remain equalized . We have 

not calculated the detonat ion parameters for the above configurat ion ; based 
on s imilar analyses in the pas t , however ,  we would expec t  that the Chapman-Jouget 
pressure , if detonat ion did t ake place , would be approximately twice the above 
quas i�equil ibrium pres sure in the burned gas . While the above highly ideal-
ized approxima t ion to  the b urning of a non-homogeneous hydrogen-air mixtur.e 
may or may not repres ent what . actually took place , the calculated f inal 
pressure is suff iciently c lo se to the measured value to lend p lausib ility 
to an explanat ion o f. this typ e .  

The quantity . o f  hydrogen burned as determined from the measured 
oxygen deplet ion is sub stantially at variance with that required to raise 
the containm�nt pres sure to 28  psig under homogeneous burning as sump t ionS:. 
A po ssible scenario for reconc iling the high quantity o f  hydrogen burned �� 
indicated b y  the oxygen deplet ion with the observed pressure increase was .. . 

pre sented . Some further comment s  relat ing to this  apparent d ichotomy are� . . . . 

noted below. 
I f  the quantity of  hydrogen �urned was l imited to  that required 

to  produce the observed _pres sure increase  under the assump tion of uniform 
d is tr ibution , i . e . , 5 64 lb , . then the inferred containment atmosphere j us � _ 
prior to the burn would have .been : 86 . 7  v/o air , 5 . 2  v/o hydroge n ,  and 
8 . 1  v/o water vapo r .  Such a composition would be on the borderline of the 
flammab ility region and , if ignited , would not be expected to result in 
complete react ion of the hydrogen . I f  the residual hydrogen as indicated 
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by the March 31 containment atmosphere analyses were included , the result ing 
a tmosphere compos i t ion would b e : 86 . 7  v/o air , 6 . 8  v/o hydrogen , and 6 . 5  

v/o water vapor . This composition is s till near the edge o f  the f lammab ility 
region and would not be expec ted to  result  in a complete reaction ; hydrogen 
concentrations in excess  of  about 8 v/ri are b e lieved to be �equir�d t o  
approach complete reac t ion.  While there is  undoub t edly some containment 
atmosphere compos it ion which would result in the burning of the above quantity 
o f  hydrogen , such a composit�on would require a s ignificantly greater initial 
quant i ty of  hydrogen than the above 5 6 4  lb and imply a res idual hydrogen 
content susb s tant ially greater than that measured . 

The quantity o f  hydrogen burned as inferred f rom the oxygen deple­
t ion analyses i s  sub s tantially greater than the quan t i ty required to  explain 
the measured containment pressure increase .  This discrepancy can apparently 
be explained by a ssuming a nonuni form distribut ion of  the hydroge n .  Implicit  
in this  explanation are  the following : 

1 )  The measured 2 8  psig pressure increase exis ted throughout 
the containment volume . 

2 )  Much higher pressures could have existed locally . 
3 )  I f  such higher pre s sures did indeed take place ; the instru­

mentat ion that recorded the containment p res sure response 
e i ther did not experience these localized p re ssures or was 
not capable of  recording them .  

8 . 2  E f f e c t  o f  Containment Design 

Consideration has al�o b een given .to the e ffect  of containment 
design on the pos s ible implicat ions of hydrogen burning of the magnitude 
occurring during the TMI-2 acc ident , i . e . ,  the same hydrogen burning event 
was assumed to ' t ake place in different containment designs . In this way 
some ins ight could be developed on the relat ive vulnerability  of different 
containment designs to this type of  acc iden t .  

The principal threat t o  the TMI-2 containment was associated with 
the 28 psig  pressure spike from hydrogen burn ing . At all other t imes during 
the course of the accident the containment pres sure remained below 5 p s ig . 
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S ince the des ign pressure of  the containment s tructure is 60 psig ,  no 
real threat to  the integr i ty of  the containment is b elieved to  h ave 
exis ted at any t ime during the accident . 

Table 8- 1 gives some of t he key characteris t ics for a select ion 
of des igns repre sentat ive of the spectrum of containments used for large 
commerc ial reac tors in this coun try . Examinat ion o f  the charac teris t ics  
o f  large dry  containment s  indicates  t hat these  are  comparable t o  the TMI-2 
containment ;  thus , i t  would b e  expec t ed tha t o ther containments o f  this 
type would no t have b een threatened by the hydrogen burning experienced 
at  TMI-2 . 

The containments clas s i f ied a s  b eing o f  the pressure suppress ion 
type are charact eri zed by low des ign pressure or small  free volume . Some 
o f ' these may be more vulnerabl e  to damage due to hydrogen burning than are 
the large d ry containment types . Each t ype of pressure suppress ion con­
tainment is d iscu s s ed below. 

The ice condenser containment des ign is  included in one of s everal 

reactors  b e ing evalua ted in the Reac tor Safety S tudy Met hodology Applications 
Pro gram. For the spec i f ic ice condenser containment cons idered in this 
program a· nominal failure pressure o f  45 p s ia has been determined . This 
failure pres sure was based on s tat ic loading condit ions . As applied in 
the Reac tor Safety S tudy Methodology App lications Program , at the nominal 
failure pr essure there is a 50 p ercent probab ility of failure . This  prob­
ab�ity increases above the nominal level and decreases  b elow i t . If the 
28 p s ig pre ssure rise ob served at  TMI-2 were applied to  th e ice condenser 
containment , a s igni f icant l ikel ihood o f  fail�re would b e  expected . I f  the 
1034 lb of  hydrogen burned , as  determined from the oxygen deplet ion analyse s ,  
were uniformly d i s tributed and burned in this ice cond enser containment , a 
pressure o f  96  psia would be pred icted . At this level , failure of  the 
s truc ture would have to  be considered a virtual certainty . 

A Mark I BWR containment was one o f  the two designs evaluat ed in 
the Reac tor Safety S tudy . That part icular des ign had a design pressure o f  
5 6  p s ig and a predic ted nominal failure pressure of  160 ps ig ( 1 75 psia) . 
That containmen t  was inerted , thus hydrogen burning �as not a cons ideration 



Containment Type 

Large Dry Containment 
� Prestre s s ed Concrete  
- Free S tanding S teel 
- Sub-atmo spheric , 

reinforced concrete  
- S pherical Steel  Shell 

Pressure Suppress ion 
Ice Condenser 

- BWR Mark I 
- BWR Mark I I  

BWR Mark III  

TABLE 8 . 1 ;  TYP ICAL CONTAINMENT DESIGN PARAMETERS 

Example P lant 

TMI- 2  
St . Luci e  

Surry 
Perkins 

Sequoyah 
Peach Bot tom 

. Z immer , 
Grand Gulf 

· Free Volume ( f t3 ) 

Z X 106 

2 . 5 . x 106 . 

1 . 8  X 106 . 

') 3 106 
J .  · x 

1 . 2  X 10 6 

2 . 8 x 105 : 
3 . 9  X 105 

1 .  7 X 106 

Des ign Pressure ( p s ig) 

6 0  
4 4  

45 

12 

56 
55 
15 

00 I 
(J'\ 
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in t he Reac tor Safety S tudy analysis  for this plant . In what follows · 

i t  i s  as sumed that the a tmosphere o f  the BWR Mark I containment i s  
n o t  inerted . Due to  t he small f ree  volume o f  thi s  type o f  con t ainment 
the quan t i ty of hydrogen tha t  could be burned will be l imit ed to about 
2 80 lb-mole ( 5 6 0  lb) by the amount of oxygen availab l e .  This is roughly 
hal f  the quan tity o f  hydrogen burned in TMI-2 , as  inf erred from the 
oxygen deplet ion analy s i s . Assuming an init ial pres sure of about one ( 1 )  
atmosphere , t h e  burning o f  this amount o f  hydrogen would  produce a 
pressure o f  120 - 130 p s ia in the Mark I containment . At this l evel only 

a small  probab il it y  of failure would be predic ted . However ,  as  the initial 
pressure in the containment is  increased , due to further addition of hydrogen 
or other f ac tors , · the f inal pressure f rom hydrogen b urning could reach 
and exceed the predic ted f ailure level ( even though the quan t i ty o f  hydrogen 
burned is the s ame as previously) . Thus , by virtue of its h igher expected 
failure pressure , the Mark I containment could  have some margin of protect ion 
f rom hydro gen burning , but this margin could be removed as a result o f  
potentially higher init ial pressures  arising f rom the small f r ee volume . 

The BWR Mark II containment des ign i s  characterized by  a s omewhat 
larger f ree volume and a s imilar design pressure  to the Mark I design .  I t  
is  cons truc ted o f  pre-stressed concrete rather than s teel  as i n  t h e  Mark I .  
As in the Mark I ,  the quan t i ty o f  hydrogen that could be burned i n  the 

Mark I I  containment would b e  l imited b y  the available  oxygen t o  less than 
the quant i ty inferred to  have burned in the TMI-2 accid ent . For an assumed 
initial pressure of about one atmosphere the burning of a s to ichiome t ric 
a ir-hydrogen mixture would  lead to  pressures of  120 - 130 p s ia . While no 
specific analyses have b een performed for the Mark II  containment , these 
pressures would be expected to  be near the expected failure p res sure . Wi th 
increas ing ini t ial pressure the resul t ing f inal pressure would also increase . 
Thus it is suggested  t hat  the Mark II  design could b e  vulne rable to  hydrogen 
burning of the magni tude experienced at TMI-2 , part icularly s ince these 
des igns are not normally ine rted . 

The BWR Mark III  des ign is  roughly comparable in free volume and 
des ign preG sure t o  tqe ice condenser design . Th is comparab ility in character­

is tics sugge s t s  that the Mark III containment would have a s imilar vulnerab ility 
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to hydrogen burning ; that i s ,  i t  appears unlikely that the Mark I I I  
conta inment would survive hydrogen burning s imilar to  that occurri,ng 
in TMI-2 . 

· The above observat ions on the potential vulnerabil"ity to 
hydrogen burning of  various containment  des igns were l imited to  cons ider­
a t ion of  the extent and characteris t ics  o f  burning as they have been 
infe�red for the - TMI-2 accident . Th is is not meant to sugges t  that 
sub s tantially d i f ferent burning event s  are impo siible . Clearly greater  
as well · a s  lesser  quan t i t ies of  hydrogen generation c an be  postulated ; 
als6 , o ther modes  o f  burning are pos s ib le . Also , this discus sion has 
not touched on o ther potential modes  of  containment f alur e ; these may 
be e i ther more or less  l ikely , as well  as more or les s s ignificant t han 
hydrogen burning . 
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