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ABSTRACT 

Knowl edge of pr imary to secondary heat transfer dur i ng the TMI -2 

accident i s  necessary for ana l ys i s  of the acc i dent therma l -hydrau l i c s  and 

t he core d amage progres s i on .  Unfortunate l y  n e i ther the  secondary l i qu i d  

i nject i on rates nor the steam i ng rates were recorded dur i ng the ac ci dent .  

A n  anal ys i s  h as been performed to prov i de est i mates o f  these rates based 

upon the changes i n  the secondary l i q u i d  l eve l s .  The i nj ec t i on and 

s team i n g  rates c a l cu l ated from th i s  ana lys i s  are presented i n  t abu l ar 

form . The pri mary to secondary heat transfer rates c a l c u l ated from t he AFW 

i nj ect i on and s teami ng r ates are presented graph i c a l l y ,  and the i ntegrated 

rates compared to the core decay energy and the est imated energy f l ow out 

of the P i l ot Operated Rel i ef Va l ve ( PORV ) .  
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Know l edge of tne primary to secondary heat transfer dur ing the TMl-2 

accident i s  necessary for the anal ys i s  of the accident thermal-hydrau l i cs 

and the core damage progressi on . Unfortunatel y  neither the secondary 

liqu i d  inJection rates nor the steaming rates, required for calculat ion of 

the overal l heat transfer rates , were recorded during the acc i dent . An 

analys 1 s has been performed to provide estimates of these rates based upon 

the changes i n  the secondary liquid l evels. The crux of th i s  analysis is 

tne assumpt ions that (a) during peri ods of secondary level decrease there 

was no Auxili ary Feedwater ( AFW) injecti on i n  the Once Through Steam 

Generator ( OTSG), w i th mass loss  by steam i ng from the OTSG; and (b) dur i ng 

peri ods of l evel  i ncrease resul t i ng from Afw i njecti on. the steaming 

continued at approx i mate l y  the same rate as fol l ow i ng the cessati on of the 

Afw. Use of these assumptions , i n  conjunct i on w i th known events and timing 

from the a l ar. printer. permi ts the calcul ation of the Afw injection and 

steaming rates. and thus the pr i mary to secondary heat transfer rates for 

both stea. generators. 

The Afw i njection and steaming rates cal culated from this analysis are 

presented in tabular form, and the resu l t t ng total secondary mass compared 

to tne secondary mass calculated from the measured liquid l evels, w1th very 

good c�ari son. The primary to secondary heat transfer rates calcul ated 

from the Afw i nJettlon and steaming rates are presented graphically,  and 

tne i ntegrated rates ca.pared to the core decay energy and the estimated 

energy f low out of the P i l ot Operated Relief Valve (PORV).  The cal cul ated 

neat transfer rates are rec ommended for use as boundary cond itions i n  

analysis o f  the TMI-2 acc i dent thermal-hydraulics • 
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TM I ·2 ONCE THROUGH STEAM GENERATO� 

AUXILIARY FEEOWATE� I NJEC T I ON RATES 

1. INTRODUCT ION 

un March 28, 1979 a reactor acci dent occurred at the Babcock & W i lcox 

\8&-) des i gned Three Mi l e  Is l and Unit 2 (TMI-2) nucl ear power plant . Th i s  

acc i dent was i n i t i ated by a tr1p of the pumps supply i ng ma1n feedwater to 

the Once Through Steam Generators (OTSGs). The subsequent fai lure to 

provide adequate decay heat removal capab i l i ty ulti mately resulted i n  

severe damage to the nuclear core. Understand i ng of the accident 

thenmal-hydrauli cs and fuel  behav i or is one of the pr i mary respons i bil i t i es 

of the TMI Acc i dent Evaluati on Program (AEP) , wh i ch is managed by EG&G 

I daho. Uuring the first day of the TM I -2 accident, the OTSGs were the 

-ajor heat removal �han i sms .  Knowledge of the secondary side cond i t i ons, 

i n  parti cu l ar the feedwater i nject i on rates, i s  a requi red boundary 

conditi on for performi ng thermal -hydraul i c  analys i s  of the reactor system 

during the acctdent.a S i nce the i n i t i ating event for the acci dent was 

tne tri p  of the ma1n feedwater pumps, the subsequent source of secondary 

l iquid was the Aux i l i ary (or Emergency) Feedwater ( AFW) pumps . 

Unfortunately, nei ther the AFW injecti on rates into the two OTSGs nor the 

s tea.i ng rates from the O TSGs were recorded. However, the secondary s i de 

l 1qu i d levels and pressure were recorded on the reacti meter system. From 

tne prev i ous analys1s of the recorded levels, 1 it i s  poss i b l e  to 

calculate the secondary s i de mass ana energy storage. Analys i s  of changes 

in the secondary mass and energy storage , i n  conjuncti on w ith certai n  

assumpt i ons and events recorded on the alarm printer, allows estimation of 

tne AfW and steam i ng rates . The primary assumpti ons used are; ( a) during 

periOds of secondary mass decrease there was no AFW i nject ion into the 

uT�G. w i th mass loss by steaming from the OTSG; and (o) dur i ng peri ods of 

mass i ncrease result i ng from AfW i njecti on ,  the steam ing cont i nued at 

a. The purpose of th is  s tudy was to prov i de secondary boundary conditions 
for use in the TMl-2 i nternat ional standard problem • 

• 



approx i mate l y  the s ame rate as fo l l ow i ng the  cessat i on of the  AFW. a Th i s  

report w i l l  descri be the secondary s i de of the  OTSGs, and d i scuss  the  

analys i s  approac h  used to obtai n the AFW i nject i on and OTSG steami n g  rates.  

Resu l ts from the analys i s  w i l l  be presented and d i scussed. In 

add i t i on ,  an an al ys i s  of the energy transfer i nto the  OTSGs w i l l  b e  

presented and compared t o  estimates o f  the core power decay energy and t h e  

energy f l ow o u t  o f  t h e  P i l ot Operated Re l i ef Val ve (PORV). 

�·. Th� AFW i nject i ?n rates and the  steami ng  rat es (i ndeed the  t i mi ng of 
l�J�Ctlon �nd steam1ng)  are unk nown . The stated assumpt i on s  resu l t  i n  the  
m1n1mum pr1mary to secondary heat t ransfer rates. These as sumpt i ons  seem 
to be the most reasonable as sumptions to use  based upon the operators u s e  
o f  AFW i n jec tion t o  establish and maintai n level s and t h e  use  o f  the 
turbine bypass control  valves and the Atmospheri c

'
oump Val ves (ADVs )  to 

c ontro l  secondary pressures . 
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2. SYSTEM OtSCAIPTIO� 

The level in the secondary s i de of the TMI-2 OTS�s was measured us i ng 

three overl app i ng ranged d i fferent i al pressure transm1tters to measure the 

hydrostatic head of the l i quid and steam columns i n  the steam generator. 

These measurements have prev i ously been combi ned to obtai n  a best est imate 

ca.posi te secondary liquid l evel for each OTSG (see Reference 1). 
�nowl edge of this l iquid level , and physical dimensi ons of the OTSG,  allows 

calcul ation or the total secondary mass , which will be discussed i n  the 

next section. Physical dimensions of the OTSG secondar ies are provided in 

Table 1. 

A f l ow d1agram of the steam system and measurement locat i ons  for the 

two OTSGs is shown in Figures l a  and l b. Note that the steam pressure 

measurements (SP-6A-PT1 and 2 and SP-68-PTl and 2) were l ocated in the 

containment buil ding. upstream of the Ma i n  Steam Isolation Valves (MSIVs). 

MS-V4A and B and MS-V7A and B. The turbine header pres sures (SP-lOA-PTl 

and 2 and SP-1 08-PTl and 2) were located downstream of the MSIVs , along 

with the mai n  steam temperature measurements (SP-4A-TE and SP-48-TE). A 

tabulation of the secondary side measurements wh i ch were recorded dur i ng 

the accident is provided i n  Table  2. From F i gures l a  and lb not i ce that 

the turb i ne  bypass l i nes branch off from the main steam l i nes upstream of 

tne MSIVs , with no branches between the MSIVs and the main steam stop 

valves in the steam chest. When the turbine tripped , the main steam stop 

val ves closed ana blocked s team f l ow to the steam chest and turbine. As a 

result ,  closure of the MSIYs had no effect upon steam generator isolation. 

The turbine bypass l i nes , controlled by the bypass i solat1on valves MS-V 15A 

and 8 ,  routed steam into the hot condenser. When the condenser was 

�nava1lable, the steam generators could be steamed through the Atmospheri c  

Oump Val ves (AOVs), MS-Y3A and B, located in fhe A2 and 82 steam l ines. 

A schemat i c  of the Afw injection and control system i s  shown in 

Fi gure 2. There are three Afw pumps (EF-P-1 , EF-P-2A, and tF -P-28) feed i ng 

1nto a common header , w i th cross connect block va l ves ( Ef-V5A and Ef-V58) 

tn the header between the pumps. Pump EF-P-1 i s  a steam turbine dr1ven 

pJmp w i th tw i ce the flow capac i ty of each of the other motor driven pumps • 

• 
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TABLE 1. OTSG SECONDARY SIDE PHYSI CAL D IMENSI ONS 

Vol ume Flow Area 
3 2 Length 

( m  ) (m ) (m) 

Riser Section 

62.68 3.946a 15.885 

Down comer Sectionb 

21.29 2.167 9.825 

Steam Outlet Re�ion 

13.05 2.167 6.022 

Steam Lines (2)C 

A - 58.64 0.502d 79. 1 
B - 60.40 0.502 81.7 

Turbine Bx�as s Linese 

A - o. 15 0.026 5.8 
B - 0.09 0.026 3.3 

a. The f l ow area of the riser section has been adj usted to provide the 
actual volume after subtracting the vol umes of the support grids. 

b. The downcomer section is considered to extend all the way down to the 
lower tube sheet for the purposes of this summary. 

c. Uimensions are to the main steam isolation valves, and are combined 
aimensions for both steam lines in each OTSG. 

d. The minimum f l ow for two 24-inch outside diameter (OD) s team lines is 
used. 

e. The vol ume for both of the bypass lines in each OTSG between the main 
steam lines are the bypas� control valves, MS-Vl5A and MS-Vl5B ,  is used. 

4 
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Figure la. TMI-2 main steam system flow diagram - A-loop. 
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TAdlt l. fHl-2 Sit� �lNl�ATOH R£�u�UlU Ml�SURlMEHTS LlSI 

ldlftt tf ictt i on 

MS·PT ·llOO·P 

MS·TE·l 10... 

SP-lOA-PTl-1 
SP-12A-TEI-P 

SP-IA-LTl-P 

SP-IA-l TZ-R 

SP-IA-l T4-l 

SP-2A-TE1 -P 

SP-2A-TES·P 

SP-lA-TE-P 

6P-4A-TE·P 

SP-6A-PTI-P 

SP-6A-PT1-R 

MS-PT-1099-P 

SP-1 28-TEI-P 

SP-18-L Tl-P 

SP-11-LT2-R 

SP-18-l T4-R 

SP-28-TES-P 

SP-48-TE-P 

SP-68-PTl-P 

SP-68-PTI-R 

MP T�rotne l Ste .. Generator Side A Pressure 

Ste .. ienerator AI Outlet T�rature 

TmtM Header Pressure - Loop A 

Ste .. Generator A - Upper Oownca.er Te�Ptrature 

Ste .. Generator A - Full R&n9f level 

Ste .. Generator A - Operating Level 

Stt .. Generator A - Start-up Level 

Ste .. Generator A- Shell T81Pfrlture 

Ste .. Generator A- Shell Te�Ptrature 

Ste .. Generator A - Oownca.er T�erature 

Ste,. Generator A - Matn Ste .. f.-perature 

Ste,. Generator A- Stea. Pressure tn Ste,. Ltne AI or A2 

Ste .. Generator A - Stea. Pressure 

HP Turbine I Ste .. Generator Stoe 8 Pressure 

Ste,. Generator B - Upper Oowncoaer T.-perature 

Ste .. Generator B- Full Range Level 

ste .. Generator 8 - Operating level 

Ste .. Generator B - Start-up Level 

Stea. Generator 8 -Shell f.-perature 

Ste .. Generator 8 - Main Ste,. Temperature 

Stea. Generator 8 - Steam Pressure 

Ste,. Generator B - Steam Pressure 

Mtuur.-nt Locat ton 

Turoine lfu11Citnt 

R.I. - Stt .. L1nt Al 

T .1. • Dawn fr011 MSIV 

Elevation 320'1• 

Elevation 294'9• - 346'4• 

E ltvatton 302't• - 327'1• 

Elevation 294•9• - 327'1• 

Elevation 303'2•: SG Shell 

Elevation 338'3•: Ste .. Outlet 

Eleva tion 29S'J•: �r 

r.a. - Ste .. Line AI 

R.I. • Stt .. L1ne Al or AZ 

R.B. - Ste,. Ltne Al or A2 

Turbtne 8u11dtng 

Elevation 320'1• 

Elevation 294'�· - 346'4• 

Elevation 302'9• - 327'1• 

Elevation 294'9• - 327'1• 

Elevation 338'3•: Ste.a Outlet 

Turbine Building 

R.B. - Ste .. Line Al or A2 

R.B. - Ste .. Line AI or A2 

Recorded Kl!!p! 

0 - 1500 psig 

0 - .,., 
600 - IZOO pstg 

70 - S7o-f 

0 - 600 tnches 

0 - 1001 

o - 200 tncnes 

70 - 60()-f 

70 - 6QO-f 

0 - 60()•f 

100 - 6SO•f 

0 - 1200 psig 

0 - 1200 psig 

0 - 1500 pstg 

70 - S70•F 

0 - 600 incnes 

0 - 1001 

0 - 2501 

70 - 60()•f 

100 - 650•f 

o - 1200 psig 

o - lZOO pstg 
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Figure 2.  Auxiliary feedwater injection flow diagram. 



Ste .. for th is pu.p 1s obtai ned from the At and Bl steam l ines, as shown i n  

f i gure 1. tach pu� is equ1pped with a bl ock val ve upstream of the header , 

with reci rculati on lines back to the condensate storage tanks , or into the 

not condenser . L i qu i d  for the suct i on to the Afw pumps i s  provided from 

any of three possio l e  sources. The nonma l pump sucti on is ali gned to the 

condensate storage tanks. Pump sucti on can also be al igned to the three 

condensate pumps , which use the condenser hot wel t as a l iquid source . 

Tn1s path i s  1�rtant s ince during one t iMe period (360-428 minutes) the 

secondary l iquid level  was increasing wh i le al l three of the AFW pumps were 

Jff.a A th i rd possible source of AFW pu.p suction was from the four 

nuclear serv i ces r1ver water pu.ps . Th i s  path would prov i de water at a 

�h lower suppl y t�rature than the other two sources ( river water was 

�t 4S•f on March 28, 1979). Characteristics of the d ifferent pumps are 

provided in Tao l e  3. 

a. At 282 •tnutes tne operators stoppea the AfW i njection pump EF-P-lA. 
At tn1s po1nt none of the AFW 1njection pumps were operati ng .  At 
360 minutes the operators began f1l l ing the A-l oop OTSu secondary from 491 
to �)I on tne operating l evel range. The operators started EF-P-2A at 
428 •i nutes. �etween 282-428 minutes the al arm pr1nter does not record any 
Af� puaps as operating. The most l og i cal  cho i ce i s  that the condensate 
p�s were be i ng used to f i ll the secondary. 

9 



TABLE 3. PUMP CHARACTERISTICSa 

AFW Pumps 

Motor Turbine 
Driven Driven 

Parameter (2l ( ll 
Flow , L/s 29.6 59. 2 
Flow , gpm 470 940 

Head , MPa 7.66 7.79 
Head , psid 1 '110 1 ,130 

Speed , rpm 3,560 4 , 250 

Horsepower 450 895 

Condensate 
Booster 

Pumps 
{3) 
608. 0 

9 , 650 

2.75 
399 

2 , 750 

River 
Water Pumps 

(4) 
1 , 077 

17' 100 

0.21 
30 

400 

a. Taken from the TMI-2 Final Safety Analysis Report (FSAR}, Tables 9. 2 
and 10.1. Parameters are given for a single pump. 

10 



3. THEORY 

Knowledge of the secondary l i qu i d  levels and pressures allows 

calculation or the total secondary mass and total energy (enthalpy ) ,  

assuming saturated cond i t i ons on the secondary s i de. a A s impl i f ied model 

of the secondary system is shown in F igure 3. Us ing the measured secondary 

pressure , and assuming saturat i on ,  the phase densit ies and enthalpies can 

be  obta ined from the steam tables . The total secondary mass, "tot' at a 

specific time can then be wr itten as, 

M • � + M + M . 
tot f g-sg g-p1pe 

where tne l iquid mass i s  g iven by 

and tne steam mass i n  the OTSG is given by 

M = t) • (V - A • L ) 
g-sg g sg sg 

and the steam mass in the steam l ines i s  given by 

ana where 

L = 

= 

the secondary l1qui d  level f rom the bottom tube 

sheet (m) 

the saturated l i quid and s�eam densities 

(kg/m3). 

( 1 ) 

(2) 

{3) 

(4) 

a. Assumi ng saturated secondary condit1ons is a reasonable assumption in 
l i ght of the known steami ng from the OTSGs . Superheated steam i s  unlikely 
whenever AFW t njectton occurred , or whenever a secondary level was 
establi shed . In add i t i on ,  after 570 minutes the A-loop OTSG lower 
downcomer temperature ( SP-3A-TE-P) was recorded on the util ity pr i nter once 
every two minutes . This temperature followed saturation temperature for 
the rest of the day. • 

1 1  
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• the total v o l ume of the steam generator secondary side 

A 
sy 

• 

• 

• 

• 

the volume of the steam l i ne p i p i ng ( m3) 

the flow area of the bottom port i on of the ste�n 

generator , i n  the sect i on where the liqu i d  level was 

established 

2 6. 1 13 m • 

The mass balance for the secondary side can be obtained from the summat i on 
• • 

of mass input from the AfW, �w. output from steaming. msteam• and 

changing mas s  storage in the secondary s i de obtai ned by differentiating the 

total mass g i ven by Equat i on (1 ). dM
tot/dt . Th i s  resul ts i n  the AFW mass 

flow rate g i ven by , 

. 
"Afw • dMtot/dt - lasteam 

The total energy s tored i n  the secondary side, Qtot• can be obtained 

froa the prOduct of the phas i c  enthalpies and phasic  masses contai ned in 

tne secondary side. Thus, 

� = h • � + h • (M + M ) tot f t g g-sg g-p i pe 

where 

• the saturated l i qu i d  and �team phas i c  enthalpies 

(J/kg). 

The bal ance of energy flows for the secondary can be obtained from a 

s� tton of the energy flow from the pri mary i nto the secondary, q
pr i m' 

the energy transferred tnto the secondary via the AfW, the energy 

13 
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transferred from the secondary via steam flow out of the secondary , ana the 

changing energy storage in the secondary obtained from differentiating 

Equation (6 ) ,  dQ/dt. The energy flow into the secondary from the primary 

system can thus be obtained as, 

• • 
qprim = dQ/dt - mAFw·hAFW + msteam•hg 

where 

= the enthalpy of the AFW liquid at an assumed injection 

temperature of 310K (l00°F) 

= 1.637 X 105 J/kg. 

14 
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4. A�ALYS I S  RESULTS 

Ia F igure 4, the secondary pressures for both steam generators are 

co.pared to the primary system pressure
2 

for the ftrst 300 minutes of the 

TMi-2 acci dent.• for approximately 2( minutes the pr i mary system 

pressure was nearly equal to the A-loop OTSG pressure. The B-loop OTSG 

pressure remained slightly lower than the A-loop.  The pr i mary and 

secondary pressures remained nearly equal until  about 75 minutes, after 

which the B-loop OTSG rap i dly depressurized due to reduced heat transfer 

and continued AFW injection, follow ing the B-loop pumps tr i p. The primary 

pressure continued to follow the A-loop OTSG, b until  about 1 30 minutes , 

when the A-loop OTSG began a sustained depressurization , reaching 

a�spher i c  pressure by 270 mi nutes. At 174  minutes the B-loop OTSG 

pressure abruptly jumped fr� about 1 to 4.8 MPa ( 150 ps i g  to 700 psig), as 

a result of the 2B pump trans i ent. A tabulation of known and surmi sed 

operator and Integrated Control System ( ICS ) actions i s  prov i ded i n  Table 4. 

The secondary side total mass and energy were calculated for the first 

300 minutes of the acci dent as outlined i n  the prevtous section. The total 

secondary .ass (liqu i d  and steam) for the A-loop OTSG is compared to the 

composite liqutd level i n  figure�- The total secondary mass ( li quid and 

stedm) for tne B-loop OTSG i s  compared to the compos i te liqui d leve l i n  

f igure 6. Since .est of the secondary mass changes were due to chang i ng 

l i quid mass, the total mass closely follows the liquid level. Followi ng 

tne calculation of the total mass , the data were filtered using a d igital 

low b and pass f i lter w i th an upper pass frequency of 0.013 Hz.' This was 

a. The analysis was only performed for the first 300 minutes, since this 
1s the extent of the standard problem requi r�nts under which thi s  
analysts was performed. 

b. An excepti on occurred during the per i od of 85-1 00 minutes, when the 
secondary pressure decreased below the pr i mary pressure. This is discussed 
1n �ect i on 4 . 1 .  

c. As a result of the d i gital f i lter, t i m i ng and magnitude of the data 
dur i ng rap i d  -.ss changes, such as the t nit t al boilof f ,  are somewhat 
•od1f ied relat i ve to the unf iltered data. 

15 
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TABLE 4. TMI-2 SEQUENCE OF EVENTS FOR THE STEAM �ENERATORSa 

T1me 
(•in. )  Event 

0.0 feedwater P� Trip 
(4 : 00 : 3 7) 

.o 

• 

* 

• 

* 

u.23 At� pumps (tF-P-1 , EF-P-2A, and EF-P-28) started and reached 
normal discharge pressures . 

I.) )team benerators were dry ing out (steam pressure dropping) . 

8.3 Af• injection started [Eaergency feedwater block valves 
\tt-Vl2A and EF-Yl2�) were opened] . Pressure automatically 
contro l led using the turbine bypass valves at a pressure of 
1010 t l O psig . 

ll. Pr i-.ry systa. pressure approaching secondary pressure. 

22. 7 

25.6 

26.8 

36. 1 

A-loop OTSu l ow l evel a l arM cleared (26. 6  inches). 

EF-P-1 Stopped. 

B-l oop OTSb l ow  l evel alarm cleared (26.6 inches). 

Operator stopped Eaergency feedwater Pump 28 (EF -P-28) after 
fil ling both SGs to an indicated l evel of about 38 inches on 
the start-up range. 

SS. Operator shut Eaergency Feedwater Control Valve ( EF-VllB) 
after attempts to throttle the valve failed to stop the 
increas ing l evel in SG-d. 

60.8 Operator transferred steam generator pressure control from the 
Turo1ne Bypass Valves (MS-V25A), (MS-V258), ( MS-V26A), and 
( HS-V268) to the Ma in Steam � Valves ( MS-V3A) ana 
(MS-V3ti) . Pressure control was maintained by intermittent use 
of these valves until use of (MS-VJB) was terMinated at 
86 . 4  minutes . 

13 �- l oop ma1n reactor coolant pumps orf. 

11. Operator c l osed the Emergency Feedwater Slock Valve (Ef-V128 )  
to ha l t  the rise in B - l oop  OTSG level which had reached 
90 inches . 

86.4 T"e B- l oop MSlVs (MS-V48) and (M)-V76) and the cross connect 
Va l ve (EF-•J�) were closed . Operators believed that the 
o- l oop OTSb was comp l etely isol ated. 

92 A-loop OTSG boi led dry. 
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TABLE 4. (continued ) 

Time 
{min.) Event 

94.2 Feed increased to A-loop OTSG to increase level from 8 inches 
on start-up range to 50% on operating range. 

100 A-loop main reactor coolant pumps off. 

153 B-loop OTSG level increased (operator action) .  

174.1 Main reactor coolant pump RC-P-2B s tarted. 

174.3 B-loop OTSG steam pressure increased from 140 psig to 720 psig 
in two minutes. 

174.8 Steam pres sure control was automatically transferred from the 
Main Steam Dump Valves (MS-V3A) and (MS-V3B ) to the Turbine 
Bypass Valves which were �nder manual control. 

* 176.1 Operator opened MSI Vs (MS-V4B) and (MS-V7B ) for 12 seconds .  

* 

* 

* 

* 

* 

* 

* 

183.7 Turbine Bypas s Isolation Valve (MS-Vl5B) * , AFW injection 
val ves (EF-VllB) and (EF-Vl2B) , and AFW cross connect valve 
(EF-V5B ) were closed. Operators believed that B-loop OTSG was 
isolated for a second time. 

190.5 

192.� 

215.1 

248 

249 

282.2 

359.9 

428.5 

437. 

589 

693.7 

Operator stopped Emergency Feedwater Pump 2A (EF-P-2A) .  

Main reactor coolant pump RC-P-28 was stopped. 

Operator started Emergency Feedwater Pump 2A. 

Main reactor coolant pump RC-P-lA was started. 

Main reactor coolant pump RC-P-lA was stopped. 

Emergency Feedwater Pump 2A was stopped. 

Operator commenced filling A-loop OTSG level from 49% to 95%. 

Operator started AFW Pump EF-P-2A. 

Operator stopped AFW Pump EF-P-2A. 

Hydrogen burn 

Operator started AFW pump EF-P-28. 

18 
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TA8Lt 4. (continued) 

Time 
lmin-.! Event 

• 71.:.1 uperator stopped AfW pump EF-P-28. 

932 RC-P- l A  bumped for 10 seconds Temperatures and Pressure drop 

950 RC-P-l A  started . 

a. This sequence of events is based upon the alarm printer output and the 
bPU sequence of events (see Reference J). 

b .  * - T1ming for these items are verified from the alarm printer output. 
Note that the a l arm pr inter output is unavailab l e  from 73.3-159.5 minutes 
due to an operator clearing the a l arm memory buffer • 
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done in an attempt to smooth the data prior to d i fferentiat i on for 

obta1n1ng the mass f l ow rate changes from Equati on (S). Unfortunately , 

th i s  procedure was unsuccessfu l  due to the inherent problems of 

differentiati ng data . The method f i nally used was to take the d ifference 

in total m4SS over t ime segments in wh i ch the total mass was changing at a 

reasonably constant rate, and d iv i de the difference by the t i me  per i od .  

The average rates o f  change i n  the total secondary mass for the vari ous 

t i me  se�nts are tabulated in Table 5 for the A-loop OTSG and in Tab l e  6 

for tne B-loop OTSG. A l so tabulated are the steaming rates assumed dur i ng 

per iods of increasing mass, and the calculated AfW i njection rates . The 

pri.ary assumptions used were; (a) dur ing periods of secondary mass 

decrease there was no Afw injection i n  the OTSG, with mass l oss by steaming 

fro. the OTSu; and (b) during peri ods of mass increase resulti ng from AFW 

i njecti on, the steami ng continued at approximately the same rate as pr i or 

to and fol l owing the AFW i njecti on. Note that during peri ods of mass 

i ncrease the actua l steaming rate i s  unknown, and may be s ignificantly 

greater than the assumed rate, wh ich would result i n  greater heat transfer 

rates than cal cul ated in this analysis. Secondary pressure was bei ng 

contro l led by the use of the turb ine bypass control valves, and during 

per iods of  Afw injecti on ,  increased steam generation i s  l ikely. Th i s  was 

particularly signi f i cant during the i nitial AFW i njection into dry steam 

generators. As a resu l t ,  using the above assumptions resu l ts in 

ca lcu l at i on of the • i n imum AFW i njection rates. 

4.1 A-loop OTSG Results 

The steami ng rates tabulated i n  Table S for the A-loop OTSG are 

p lotted in f i gure 7.a By about 1 . 3  minutes the A-loop OTSG had 

essential l y  boiled dry, and the steami ng rate dropped from a value of  

140 kg/s to about 3 kg/s just before AfW injection started at 8 mi nutes. 

At 8 •inutes the AFW block valves were opened, allowing l iqu id i njection 

a. The tabulated AfW flow rates are a l ower bound estimate of the actual 
f l ow rates dur ing the acc ident. A reali stic  upper bound estimate is not 
possi ble. A max imum poss i b l e  flow rate could be determi ned from the pumps 
which were operating at any t ime; however , th is estimate would be 
unrea l istical ly  h igh. 
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TABLE 5. A-LOOP OTSG AFW ANALYSIS RESULTS 

Time 
{min ·l Secondary Mass 

Assumed Steaming Rate Rate of Change AFW Rate a b 

Start Sto� {kg/sl (kg/s) (kg/s) 

0.0 0.3 -140.0 o.o 
0.3 1.25 -140.0 0.0 

1.25 1.5 -10.0 o.o 
1.5 2.0 -2.7 0.0 

2.0 5.0 -5.3 o.o 
5.0 8.0 -2.88 0.0 
8.0 10.2 11.05 -2.85c 13.9 

10.2 19.8 0.3 -2.80 3. 1 

19.8 24.15 14.56 -2.64 17.2 
24.15 25.5 -2.56 0.0 
25.5 26.8 -0.95 0.0 
26.8 30.5 -2.81 0.0 

30.5 34.05 3.11 -2.69 5.8 
34.05 38.95 -2.55 o.o 
38.95 42.8 2.74 -2.75 5.5 
42.8 48.5 -3.02 0.0 

48.5 52.4 9.02 -3.58 12.6 
52.4 59.0 -4.03 o.o 
59.0 61.9 4.15 -4.65 8.8 
61.9 64.90 -5.11 0.0 

64.9 69.0 2.94 -4.96 7.9 
69.0 71.95 -4.79 o.o 
71.9 73.2 1.63 -5.08 6.7 
73.2 80.3 -5.08 0.0 

80.3 84.7 12.77 -6.63 19.4 
84.7 89.7 -7.81 o.o 
89.7 91.8 -18.0 0.0 
91.8 94.65 -4.74 0.0 

94.65 100.00 0.85 -4.45 5.3 
100.0 115.5 16.25 -3.55 19.8 
115.5 124.55 23.32 -2.58 25.9 
124.55 129.3 -2.22 o.o 

22 



• 

TABLE 5. (continued) 

Time 
�lltn.l 

Start Stop 

129.3 134.45 
134.45 144.8 
144.8 147.4 
147.4 157.9 

I )7. 9 174. 1 
114.10 178.7 
118.1 195.3 
195.3 ll5.o 

215.6 217.45 
211.45 221.5 
l21.5 223.2 
U3.2 226 . 2  

226.2 228.7 
228.1 232.8 
232.8 24.0.5 
244.5 273.0 

273.0 2 76. 
276. 300. 

Secondary Mass 
Rate of Change 

a 
(kg/s) 

3.26 
-2.25 

9.28 
-2. ll 

a. 11 
3.38 

-4.07 
-2.90 

9.98 
-5.30 
-8.21 
15.17 

10.05 
4.89 

-2.62 
-1.73 

-0.44 
0.92 

Assumed Steaming Rate 
b 

{kg/s} 

-2.24 

-2 . 22 

-2.09 
-3.22 

-4.32 

-7.43 

-5.65 
-3.91 

o.o 

AFW Rate 
{kg/s) 

5.5 
0.0 

11.5 
0.0 

10.2 
6 . 6  
o.o 
0.0 

14.3 
o.o 
o.o 

22.6 

15.7 
8.8 
o.o 
0 . 0  

o.o 
0. 92 

a. The tabulated rate of change in the secondary mass is the average rate 
over the specified time segment, from the filtered total secondary mass. 

b. The steaming rate assumed for calculation of the AFW injection rate 
during increases in secondary mass. 

c. The actual steaming rate was prooably significantly larger tnan this 
value. However, no data exists upon which to base a better estimate, 
•lthout performing a primary side mass and energy balance • 
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TABLE 6. B-LOOP OTSG AFW ANALYSIS RESULTS 

Time 
l min ·1 Secondary Mass 

Change Rate Assumed Steaming Rate 
a b AFW Rate 

Start Sto� (kg/s) (kg/s) (kg/s) 

0. 2.05 -99.33 0.0 

2.05 5.00 -5.20 0. 0 

5.0 8.0 -2.92 o.o 
8.0 10.1 8.16 -2.92c 11. 1 

1 0. 1 23.85 0.22 -2.68 2. 9 

23.85 29.25 14.01 -2.49 16. 5 
29.25 32.9 -2.47 0.0 
32.9 36. 1 l. 91 -1.89 3. 8 

36. 1 37.5 -1.32 o.o 
37.5 46.7 -3.01 0.0 
46.7 50.0 7.36 -3.04 10.4 
50.0 51.5 1.89 -3.20 5. 1 

51.5 58.0 5.84 -3.36 9.2 
58.0 62.5 2.51 -3.59 6. 1 
62.5 68.0 1.08 -3.72 4. 8 
68.0 77.0 7.99 -4.01 12.0 

77.0 80.5 -4.19 o.o 
80.5 83.0 -6.21 0. 0 
83.0 85.0 -1.82 o.o 
85.00 88.0 -4.54 0. 0 

88.0 91.65 -12.22 o.o 
91.65 94.65 34.82 -6.84 41.66 
91.65 103.2 -6.84 o.o 

103.2 152.5 0.10 0.0 o. 10 

152.5 165.5 19.05 o.o 19.05 
165.5 173.5 10.33 o.o 10.33 
1 73.5 175.35 -34.6 0.0 
175.35 183.5 8.24 0.0 8. 24 

183.5 191.0 2.82 o.o 2.82 
191.0 223.0 . 

0.38 0.0 0.38 
223.0 237.0 0.43 0.0 0.43 
237.0 257.0 0. 15 0.0 0.15 
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TA�LE 6. (continued) 

lHnt? 
(min.) Secondary Mass 

Change Rate 

Start Stop 
a 

(kg/s) 
Assumed Steaming Rate 

b 
(kg/s} 

AFW Rate 
(kg/s) 

2 S7.u 
290.0 

290.0 
300.0 

o. 1 2  
0. 03 

o.o 
0. 0 

o. 12 
0. 03 

a. The tabulated rate of change in the secondary mass is the average rate 
over the specified time se�nt, from the filtered total secondary mass. 

b. Tne steaming rate assumed for calculation of the AFW injection rate 
during 1ncreases in the secondary mass. 

c. Tne actual stea-ing rate was probably significantly larger than this 
w3lue. However, no data exists upon whicn to base a better estimate, 
without perforaing a primary side mass and energy balance • 
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into both steam generators.a This resulted in increased secondary 
l did pressures and tota l secondary steam masses , a l though the l iquid l eve 

not begin increasing until 22 minutes. The AFW injection rates , ca l cul ated 

from this ana l ysis , are shown in Figure 8 for the time period of 

0 -300 minutes and in Figure 9 for the first 100 minutes of the accident. 

The initial AFW injection rate ca l cul ated for the A-l oop OTSG from the 

increased secondary mass is 13 . 9  kg/s. This v a l ue is significantl y  l es s  

than the nominal injection rate of 59 kg/s per OTSG ( 940 gpm )  when a l l  

t hree AFW pumps were running.b The actual  injection rate was probabl y 

closer to the nominal rate; however, it is not possib l e  to ca l cu l ate a 

better estimate from t his anal ysis technique. At about l l  minutes the AFW 
pumps discharge pressures abruptl y  increased , indicating a cut back in the 

f l ow. The independent AFW ana l ysis indicates a decrease in injection rate 
at about 10.2 minutes. At about 13 minutes. the dis charge pressures again 

dropped. At 22 minutes the l evel in the A-loop OTSG beg an increasing, and 

the ca l cul ated AFW injection rate increased up to a val ue of 17.2 kg/s , 

s til l significantl y  les s  than the nominal injection rate. At 24 minutes 

the AFW injection into the A-l oop OTSG apparentl y  was terminated. 

Supporting evidence is the s topping of the AFW pump EF-P-1 at 

25.6 minutes. The AFW injection rate into the A-l oop OTSG during the 

initial injection period of 8-24 minutes was probably s ignificantl y  greater 

than the rate calculated from this analysis. However , the inj ection rate 

was not measured and thus the actual  injection is unknown , and cannot be 

accuratel y  calcul ated. 

a. Simu l t aneous with opening of the block v alves , the discharge pres sure 
from t�e AFW pumps abruptly dropped , indicating flow from the pumps. The 
pump d 1 sc�arge �res sur�s were o�l y  recorded on the util ity printer a s  the 
memory �r1p rev 1 ew dur�ng ±15 m1nutes of the reactor trip. Therefore , no 
dat a  ex 1 sts after 15 m 1 nutes f or use in ana l ysis of the AFW injection rates. 

b .  Not� that the difference
.
between the ana l ysis resu l ts of 14 kg/s and 

t he nom 1 nal rate of 59 kg/s 1 s  not representative of the expected 
�n�ert�inty resulting from this analysis. This time period h ad the l arges t 
1 nJect 1 on rates , and the l argest heat transfer rates during the entire 
accid�nt. With  no l evel  established in the second ary , this ana l ysis 
techn1que only account s for the increase in the secondary steam mas s wit h 
the s teaming rate an unknown. 

' 
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During the period of 24-85 minutes, the operators were cycling the AFW 

in an attempt to maintain a level of about 89 em (35 inches) on the 

start-up range. At 85 minutes the AFW injection into the A-loop OTSG was 

terminated until 100 minutes. During this time the A-loop OTSG boiled dry 

(at about 92 minutes). This resulted in decreased heat transfer, which in 

turn, allowed the primary system pressure to begin increasing relative to 

the steam generator secondary pressure. At 94 minutes the primary system 

began depressurizing and the secondary pressure began a small increase. 
This is an indication of AFW injection, which is supported by a small 

increase in secondary mass. However, the secondary mass did not begin 

significantly increasing until 100 minutes, which is the tabulated AFW 

injection. The primary pressure continued to follow the A-loop OTSG 

secondary pressure until 130 minutes, when the primary system began to 

repressurize. At 100 minutes, when AFW injection was resumed, the level 

began a rapid rise up to 630 em (50% on the operating range) in the next 
20 minutes. This approximate level was maintained during the remainder of 
the first 300 minutes of the accident, as the secondary pressure continued 

to decrease to near atmospheric pressure. 

Adding together the previously presented AFW injection and steaming 
rates, and integrating allows direct comparison to the total secondary 

mass.a This comparison is performed in Figure 10 for the A-loop OTSG. 

As expected, the integrated rates compare quite well to the total mass, 

from which they were derived. 

4.2 B-loop OTSG Results 

The analysis results for the B-loop OTSG are presented in Table 6. 
The resulting steaming rates are shown in Figure 11. As with the A-loop 
OTSG, the initial large steaming rate (for the B-loop OTSG this was 

99 kg/s) decreased significantly when the OTSG dried out around 2 minutes, 

�·. �n initial secondary mass of 20,240 kg was used. The unfiltered 
1�1t1a� seconda�y mass was 26,580 kg. The difference is due to the 
f1lt�r�ng te�hn1que used to permit differentiation. Only a few initial 
�ond1t1on po1n�s 

.
w�re used, and the rapid secondary mass depletion resulted 

1n the stated 1n1t1al mass after filtering. 
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decreasing to a value of about  3 kg/ s  j u st  prior to the beginning of AFW 

injection at 8 minutes. The calculated AFW injection rates for the B-loop 

OTSG are s hown in Figure 1 2  for 0-300 minutes and in Figure 1 3  for the 

first  1 00 minutes. The initial injection rate calculated in this analysis 

was 1 1  kg/s , as compared to the nominal injection rate of 59 kg/ s. As  with 

the A-loop OTSG, the calculated rat e  significantly decreased shortly after 

lU minutes. The inj ection rate significantly increased at 25 minutes when 

the secondary level began increasing (the OTSG was dry up to this time ) .  

This i s  supporting evidence t hat the calculated injection rates during this 

initia l inj ection period are significantly low. At 25 minu tes the AFW pump 

EF-P-1 was turned off. At 29 minutes  the B-loop OTSG secondary mass began 

decreasing , indicating that AFW injection into the B-loop UTSG had been 

terminated. At 36 minutes the AFW pump EF-P-2B was turned off. From this 

time until 191 minutes , when the AFW pump EF-P-2A was turned off , only a 

single AFW pump was in operation. 

At 47 minutes the B-l oop OTSG s econdary mass began increasing. At 

approximately 55 minutes the operator shut the AFW control valve (EF-VllB ) 

after attempt s to throttle the v a l ve fai l ed to stop the increasing level. 

At 58 minutes the calculated AFW injection decreased from 9.2 to 6. 1 kg/s. 

I t  is apparent that the control valve did not close completely. This 

continued increase in level is apparently what led the operators to believe 

t hat there was a primary to secondary leak in the B-loop OTSG. At about 

77 minutes the operator closed the AFW bloc k valve (EF-Vl2B ) ,  at which time 

the AFW injection stopped. At 86 minutes the operators closed the MSI Vs 

and the cross connect valve (EF-V5B ) .a They believed that this 

completely isolated the B-loop OTSG. However , closure o f  the MSI Vs does 

not preclude s teaming from the UTSG through either the turbine bypass o r  

t he AUV , a s  i s  evident from the continued decrease i n  secondary mass until 

92 minutes . At this time the B-loop OTSG secondary mass began a 

s igni ficant increase over the next 3 minutes , before beginning to decrease 

again. This sequence  i s  not discussed in the previous analys i s  reports 

( see References 3 ,  4 ,  and 5 ) . At about  this s ame time , the operators began 

a .  C l osure o f  these v a l ves  is  not verified on the alarm prin ter since the 
a l arm pr i n ter data  was lost for 73. 3 to 1 59 . 5  minutes. 
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filling the A-loop OTSG. It is probable that in doing this fill , the 

operators brief ly opened the wrong valves , thus injecting l iquid into the 

B-loop OTSu rather than the A-loop OTSG. This is supported by the fact 

that the B-loop OTSG mass stopped increasing at 94. 6 minutes , and the 

A-l oop OTSG mass began increasing at the same time. Following the B -loop 

OTSG AFW injection, the secondary mass continued to decrease until 

1 03 minutes. During the time peri od of 1 03-1 52 minutes the B-l oop OTSG 

mass remained fairly constant (there was a very slight increase 

corresponding to an injection rate of 0. 1 kg/s) .  It is apparent that the 

operators f i nal l y  managed to isolate the B-loop OTSG during this period. 

Fol l owing the period of the B-loop OTSG isolation, the operators began 

fil ling the steam generator up to a level of 60% over the n ext 40 minutes. 

At 174 minutes the 28 mai n  reactor coolant pump was restarted. This 

resulted in a several minute period of significantly increased heat 

transfer in the �-l oop OTSG , which resulted in a large steam generation and 

decrease in secondary mass. The AFW injection was apparently decreased 

several times until it was finally  shut off (mostly ) at 1 9 1  minutes (the 
AFW pump EF-P-2A was stopped at 1 90. 5 minutes according to the alarm 
pr i nter).  The operators had closed the B-loop turbine bypass isolation 

val ve ( EF-Vl5B ) at 1 83. 7 minutes (verified on the alarm printer) ,  and 

supposed l y  cl osed the AFW injection valves (EF-VllB and EF-Vl2B ) and the 

cross connect valve (EF-V5B ) .  However, the secondary mass continued to 

sl ow ly  increase (at rates of . 03-. 4 kg/s ) until after 300 minutes. This 

occurred during the period of 1 9 1 -21 5 minutes , in which no AFW pumps were 

running. The on l y  explanation is that the condensate pumps were aligned to 

provide l iquid from the condenser hot well, and provided sufficient 

d i scharge pressure to sl ow the increase level in the B -l oop OTSG at a 

secondary pressure of about 2. 8 MPa (400 psig) .  

The resul ts from adding together the AFW injection and steaming rates 

presented in Figures 1 1  and 1 2 , and integrati ng , a are compared to the 

total �-l oop UTSG secondary mass in Figure 1 4. As expected the two data 

sets compare very wel l .  

a .  An i nitial u T�u secondary mass of 19 , 0 1 5  kg was used. Tne actual 
�nf i l tered, i nit i a l mdss was 23 , 780 kg. (This incl udes the mass of s�eam 1 11 the steam l 1 nes of about 3200 kg. �
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4. 3. Energy Transfer Ratesa 

The integrated energy transfer rates from the primary to the secondary 

calculated from Equation (7 ) are compared to the integrated decay energy 

from the core in Figure 15. Also shown is the sum of the total energy 

transferred from the primary into both secondaries. During the first 

few minutes all of the cores energy was transferred to the secondaries. 

However , after the first 1.5 minutes the secondaries both boil ed dry and 

energy removal temporarily stopped. Although energy continued to be 
removed from the primary by the OTSGs, particul arly during the first 

100 minutes, the total energy removed was much less than the total energy 

generated in the core. By 300 minutes the steam generators had on l y  

removed about 45% of the energy that had been generated in the core ( n ot 

accounting for oxidation in the core ). During the first 100 minutes the 

amount of energy removed by each steam generator was about the same . After 

1 00 minutes little energy was removed by the B-loop OTSG , except during the 

� �  RCP transient at 1 74 minutes. 

The integrated energy transfer rates from the primary to the secondary 

are also compared to the integrated decay energy from the core in Figure 1 6  

for the first 139 minutes of the accident,  whil e the PORV block valve was 

open . Also shown for comparison is an estimate of the energy flow out the 

PORV. I t  is apparent from this figure that the energy transfer during the 

first 139 minutes was dominated by the energy flow out the PORV. The mass 

flow rate out the PORV , upon which this analysis was based , is shown in 

Figure 17 in comparison to the all liquid and all steam flow rates out the 

PORV ( from Reference 6 ) .  The energy flow rates during periods o f  al l 

liquid or two-phase flows out the PORV ( the high mass f l ow rate periods ) 
account for most of the energy loss from the system through the PORV . 

Since the integrated energy flow out of the PORV exceeds the integrated 

decay energy released from the core after 75 minutes there obviousl y  is a 

problem in the estimated PORV flow rates. I t  shou l d  be n oted that the 
e nergy t ransfer from the primary system by letdown and makeup flows is n ot 

a. This presentation is preliminary in nature , and will be expanded upon 
in a subsequent analysis report. 
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i ncluded 1n F i gure 1 6 ,  and should be for a complete energy balance of the 

system, along w1th stored energy terms . a 
However , th i s  f i gure i s  

i ncluded to prov i de a relat i ve c ompar i son of the tota l OTSG heat tran sfer 

to the l osses out the PORV and the core decay energy . 

a .  The 1 n 1 t i r l f l u id  energy in the pr imary system ( ht • Mpr im) was 
a bout 3 x J o l J. An an alys t s  u t i l 1 z i ng the reported heat transfer r ates 
for a syste� analys i s  wou l d  need to include th i s  i n i t i al fluid  energy . I n  
add i t i on ,  structural heat capac ity and the heat capacity o f  the core wou l d  
need to be considered. 
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5. CONCLUS IONS 

The  est imated AFW f l ow rates , based upon a second ary s i de mass 

ba l ance , for both TM I - 2  OTSGs have been presented . W i th the except i on o f  

t he i n i t i a l i nject i on per i od ( 8-24 m i nutes ) t h e  presented f l ow r ates are 

reasonab l e .  Dur i ng the i n i t i a l i njec t i on per i od the presented f l ow rates 

are probab ly  l ess  than 30� of the actual  i nj ect i on rates . However , a 

better es t i mate i s  not poss i b l e  from th i s  ana l ys i s  techn i que . The 

i ntegrated steam i ng and i nj ec t i on r ates compare we l l  w i th t he tota l  

secondary mas s ,  from wh i ch they were der i ved . 

The i ntegrated pr i mary to  secondary heat transfer r ates , b ased u pon 

the secondary mass  and energy ba l ance,  h ave  been presented and compared t o  

the i ntegrated decay energy from t h e  core . The resu l t i ng i ntegrated 

energ i es are reasonab l e ,  and compare favorab l y  for each OTSG . Compar i so n  

t o  the current est imate o f  energy f l ow out the  POR V ,  i nd i c ates that  energy 

remov a l  from the pr i mary system was dom i n ated by the f l ow out  of the POR V 

d u r i ng the f i rst  1 39 m i nutes . The h eat transfer rates wh i ch h ave been 

presented are the m i n i mum rates wh i ch wou l d  be expected to h ave  occurred , 

as  a resu l t  of the ana lys i s  techn i que u sed . 

There are severa l  pos s i b l e  comb i n at i on s  of secondary cond i t i on s  to  u s e  

a s  ooundary cond i t i on s  i n  a thermal -hydrau l i c c ode a n a l ys i s  o f  t h e  

acc i dent . One poss i b i l i ty i s  t o  u s e  t h e  secondary l ev e l , i n  comb i n at i o n  

w i th t he secondary pressure , and a c ontro l scheme to  adj ust  the AFW f l ow 

rate to ma i nta i n  the measured l evel , and a second contro l to adj ust  the  

s teami ng rate  to  match the s econdary pressure . Th i s  method wou l d  resu l t  i n  

an AFW f l ow rate wh i ch was spec i f i c  to the code and mode l i ng method used . 

A second pos s i b i l i ty i s  to  u se the reported AFW f l ow r ate s , and c ontrol  the 

steam i n g  rate to ma i n ta i n  the measured secondary pressure . Th i s  method 

wou l d  res u l t i n  a m i n i mum heat transfer rate ( as a resu l t  of t he AFW 

i nj ec t i on be i ng the mi n i mum f l ow rate wh i ch wou l d  match the secondary l eve l 

ch anges ) .  A f i n a l  pos s i b i l i ty wou l d  be to use  the h eat tran sfer r ates 

presented i n  th i s  report as a boundary cond i t i on ,  and i gnore the other 

s econd ary parameters .  Aga i n  th i s  wou l d  resu l t  i n  the  m i n i mum heat t r ansfer 
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rate . In  add it1on , the spec i f i ed heat transfer rate i s  for the ent i re 

ste .. generator , thus preclud i ng f i ne nodal 1 zat 1 on and model tng of the heat 

transfer d i str i buti on .  Obv i ously each techni que has t ts l i m i tat i ons . 

C ho ice of the boundary cond i t i on to use would depend on the objecti ves of 

the analysis.  
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