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ABSTRACT 

Based on valve test data and theory of cr1t1cal flow through an 

or1f1ce, the flow h1story through the TM I-2 electromat1c rel1ef valve 

dur1ng the acc1dent 1s calculated. The cumulat1ve flow amounts to 

8.0 x 10
5 

kg based on the Wyle test data, about 20% below the 1nventory 

deplet1on est1mated for the Borated Water Storage Tank dur1ng the 

acc1dent. Based on pressure changes dur1ng a per1od of valve cycl1ng 

before system depressur1zat1on and hydrogen vent1ng to the conta1nment, the 

hydrogen stored 1n the pr1mary system 1s calculated to be about 450 kg, 

cons1stent w1th other est1mates of total hydrogen generat1on dur1ng the 

acc1dent. 
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1. INTROOUCTION 

Th� core-41 .. g� acc\dent at the Thr�� Mtle Island, Untt 2 (TMI-2) 

nucl�ar reactor on March 28, 1979, can, \n a certa1n sense, be attr\buted 

to the fatlure of an �lectr�t1c rel\ef valve (fRY) on the top of the 

pressur\z�r of th� prt-.ry coolant syst�. The valve fa11ed 1n the 

stuck-open pos\t\on and the resulttng coolant loss from the pr1.ary cool\ng 

syst .. was unrecogn\zed for over tvo hours. W\thout adequate coo11ng, the 

reactor cor� exper\enc�d a h\gh-t.-perature excurs\on. Hydrog�n was 

g�nerated \n the core as t he z\rcaloy cladd\ng of the fuel reacted wtth 

stea•. It was subsequ�ntly vent�d through the ERV to the contatnment. 

Ftss\on products vere also rel�as�d fro. the fu�l and they, too, found 

thetr way to the conta\nment, mostly through th� ERV. Therefor�. to 

und�rstand to d�t a\ls of the core-da .. ge sequence, hydrogen g�nerat1on, and 

f\ss\on products transport to th� conta\nment, one n�eds to quant\fy the 

operat\on of the ERV (op�n\ng and clos\ng t\Mes) and �st1mate the loss of 

coolant fro. the ERV dur\ng t he acc\d�nt. Thts report docuMents some of 

the f1nd1ngs of such a study. 

Sect1on 2 presents an analys\s of th� flow test data on valves 

bel\eved to be st•tlar to the TMI-2 ERV. The analysts g\ves the eff�cttve 

d\scharge coeff1c1ent s of the valves wh\ch are cruc\al to  the accurate 

predtctton of the flow rates. Sect\on 3 g1ves the status of the b lock 

valve located upstrea• of th� ERV. It was th\s valve that controlled the 

flow through th� ERV durtng the acctdent. Sectton 4 estt.ates the flow 

through the ERV based on \ts character\sttcs, the block valve posttton, and 

the hydrau11c cond\t\ons dur\ng the acctd�nt. Th\s flow w\11 provtde a 

basts for calculat 1ng f\sston product transport rates to t he conta\n.ent. 

Through a s\�1� observat ton of the pressur� b�havtor dur\ng a per\od of 

regular block valv� cycltng, th� hydrogen tn·the pr\ .. ry syste. \s 

deduced. Th\s \s gtv�n \n Sect\on 5. The maJor ftndtngs of the study are 

su�r1zed tn Sectton 6. 
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2. ELECTROMAT IC RELIEF VALVE D ISCHARGE RATES 

The ERV used in TM I-2 was manufactured by Dresser lndustr1es. It 

carried the model number of 31533VX-30, but due to confl1ct1ng reports, the 

s1ze of the flow or1f1ce 1nstalled in the valve 1s uncerta1n. Table 1 

summar1zes the several references to the valve and the deta1ls are g1ven 

below. 

TABLE 1. CONFL ICT ING REPORTS ON THE TM I-2 ERV S IZE OR REL IEF CAPACITY 

Source 

TM I-2 FSAR 
Table 5.1-2 
p. 5.5-1 1  

NSAC-80-1 

EPRI-NP-2628-SR 

Data 

1 12, 000 lbm/hr 
1 18,909 lbm/hr 

100,000 lbm/hr 
l-5/32-1n. or1f1ce 

l-5/16-1n. or1f1ce 

The TM I-2 final Safety Analys1s Report (fSAR) gave two references to 

the ERV flow rate, one 1n Table 5.1-2 as 1 12, 000 lbm/hr ( 14. 1 kg/s) 

saturated steam between open and closed des1gn pressures of 2255 ps1g 

(15.65 MPa) and 2205 ps1g ( 15.30 MPa), respect1vely, and one as 

1 18,909 lbm/hr (15.0 kg/s) on p. 5.5- 1 1  1n a paragraph descr1b1ng the 

des1gn bases of the Radwaste D1sposal, Reactor Coolant leakage Reco very 

System. NSAC 80- 1 reported (Ref. 1, Append1x ERV. p. 1) a rel1ef capac1ty 

of approx1mately 100,000 lbm/hr ( 12.6 kg/s) saturated steam through a 

1-5/32 1nch or1fice at approx1mately 2255 ps1g ( 15.65 MPa). In the EPRI 

safety and rel1ef valve test program, the ERV chosen for test1ng had the 

same Dresser model number of 31533VX-30, but w1th an or1f1ce s1ze of 

1-5/ 16 1nch (Ref. 2). The EPR I report (Ref. 2) 1dent1f1ed the TMI-2 ERV as 

a Dresser valve with a model number of 31533VX-30 and an or1f1ce s1ze of 

1-5/ 16 1nch. In add1t1on, the report ga ve a d1str1but1on of the usage of 

the Dresser valve of the same model number hav1ng var1ous or1f1ces as 

(valve s1ze in 1nches, followed by the number of reactors, 1n parentheses, 

us1ng that s1ze) 1-3/32 (6), 1-5/32 (3), and 1-5/ 16 ( 1 1). Because the EPRI 
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report ca-. out later t han th� ot her reporls and spectf1cally addressed the 

rel1tf capac1t1es of valves used 1n nuclear power plants, the 

'deat1f1cat 1on .. de 1n the EPRI report may be .ar� reltable, but w1t hout 

substanttat 1ng 1nfor .. t1on, t he actual stz� used \n TMI-2 r�tns unc�rta1n. 

Table 2 shOW1 the EPRI valve test data. As menttoned earlter, the 

valves chosen for testtng had the Dresser .odel nu.ber of 31533¥1-30, w1th 

an ortftce stze of 1-5/16 tnch. Ten valves wer� tested. Ntneteen tests 

wer� reported wtth Measured flow rates; two were stea• t ests at Marshall 

Stea• Stat\on, and the r.-.1ntng 17 wer� stea• and subcool�d water t ests at 

W,le laborator\ts. In all tests, the valves opened fully on actuatton. 

The crtttcal .. ss flux, 6crtt' g1ven tn Table 2 comes fro. an E666 

prepared co.put�r progra•.
3 

Th� crtttcal flow models used tn the prograM 

are the Ha.ogeneous Equ1ltbr1� Model (HEM) for st eaM flow and the 

Henry-fauske (Hf) .odel for subcooled flow. The flow condtttons 

(pressure P and t.-perature T) ref�r to stagnatton cond\ttons upstreaM of 

the flow or\f\ce where the .. . ,� (crtttcal) .. ss flux occurs. 

The area gtven tn Table 2 \s an effecttve flow area of the or\ftce of 

the test valve ca.puted by dtvtdtng the Measured flow rate by the crtt tcal 

.. ss flux (6 tt). Based on the Marshall stea• tests (ftrst two tests tn cr 4 2 Table 2), t he effect 1v� area for stea• flow ts (8. 02 t 0. 03) x 10· • ; 
-4 2 

based on the Wyle tests, tt ts (6. 87 t 0.11) x 10 • .  The dtscharge 

coefftctent for subcooled flow, c0, as ltsted tn Table 2, ts obta\ned by 

dtvtdtng t he effect tve area for subcooled flow by the average effecttve 

area for stea• flow based on th� Wyle t�sts only. The average subcooled 

dtscharge coefftcten t thus obtatned ts 0. 77 t 0. 04. The phys\cal area 
-4 2 

based on the no.\nal 1-5/16 tnch ortftce ts 8.73 x 10 • .  If t hts 

na.tnal area ts used for the flow area, the stea• dtscharge coefftctent ts 

0. 919 t 0. 004 for the Marshall tests, 0.787 t 0.013 for the Wyle Tests, 

and the subcool�d dtscharge coefftctent (Wyle tests only) ts 0. 60 t 0. 03. 

The t wo sets of tests by Marshall and Wyle, taken by theMselves, have 

relattvely s .. 11 spreads but the Marshall test s gtve about 161 htgher steaM 

flow rates than the Wyle test s. Wtt h these uncertatnttes tn the results of 

• 
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TABLE 2. EPR I DRESSER MODEL 31533VX-30 VALVE FLOW TESTS 

p T
sat 

� _ill_ 
1. 15.82 6 19.6 
2. 15.89 619.9 
3. 16.24 62 1. 7 
4. 4.34 528. 4 

5. 16.75 624.2 
6. 16.07 620.8 
7. 16.27 62 1.8 
8. 15. 98 620.4 

9. 16.70 624. 0 
10. 4. 77 534.1 
11. 16.00 620.5 
12. 4.56 531.4 

13. 16.62 623. 6 
14. 16.27 621.8 
15. 15.83 619.6 
16. 16.55 623.2 

17. 16.48 622.9 
18. 15.72 6 19.1 
19. 16.55 622.9 

T F low 
(K) (kg/s) 

619.6 19.54 (s) 
619. 9 19.54 (s) 
626. 5 17.27 ( s) 
462.6 4 1.72 (R.)  
6 14.3 4 1. 34 ( R. )  
538. 2 7 4. 36 ( R.)  
503.7 80.79 (R.) 
620.9 16.79 (s) 

617.6 37.2 1 ( R. ) 
507.0 33. 12 (R.)  
508.7 78.49 (l) 
320.4 49.00 (t) 
616.5 38. 1 1  ( t) 
608.7 41.74 (l) 
615. 4 16.33 ( s) 
607.0 40.84 (t) 
609. 8 39.02 (l) 
613.7 16.70 (s) 
608.2 39.93 (t) 

* 
6

cr1t 

(kg/m
2 - s) 

24,3 15 
24,445 
24,876 
73,884 

75' 170 
133,727 
150,924 

24,585 

7 1. 465 
57, 202 

147, 477 
98,85 1 

72,072 
77.568 
24,333 
80,856 

77.933 
24,128 
79,796 

Note: F1rst 2 tests from Marsha l l  Steam Stat1on, Terrell, 
Co.), others from Wyle Laborator1es, Norco, CA. 

* Gcr1t from Ref. 3. 

Area ** 

(10
-4

m
2) � 

8.04 
7.99 
6.94 
5. 65 0.82 

5.50 0.80 
5.56 0.81 
5.35 0.78 
6.90 

5.2 1 0.76 
5.79 0.84 
5.32 0.77 
4.96 0. 72 

5.29 0.77 
5.38 0. 78 
6. 70 
5.05 0. 74 

5.00 0.73 
6.92 
5.00 0.73 

NC (Duke Power 

** Based on a verage f low area 
tests. 

(6.87 x lo-4 m2) for steam from Wyle 

(s) = steam 
(t) = 11qu1d 
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test\ng a spec\f\c type of valve, coupled v\th the uncerta\nty \n the 

actual s\re of the TMI-2 ERY, one probably should not expect an accuracy of 

better than 201 \n pred\ct\ng the flov rate out of the TMI-2 ERV dur1ng the 

acc\dent. 

• 
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3. ERV BLOCK VALVE STATUS DUR ING T HE TM I-2 ACC IDENT 

The ERV (also referred to as the p1 1ot-operated re 11ef valve, 

power-operated relief valve, or PORV) in TM I-2 opened at 1ts set-po1nt of 

2255 psig ( 15.65 HPa) a few seconds after the in1t1at1on of the acc1dent 

and thereafter fa1 1ed 1n the stuck-open pos1t1on. Based on the EPR I tests, 

wh1ch showed that all the tested valves of the TM I-2 type opened fully upon 

actuat1on,
2 

1t 1s reasonable to assume that the TM I-2 ERV opened fully 

dur1ng the accident. After the open1ng of the ERV. flow through the ERV 

depended on the status of the block valve s1tuated upstream of the ERV. 

Dur1ng plant operat1on 1mmed1ately before the acc1dent, the block valve was 

1n the open pos1t1on. When 1t was recogn1zed by the operators that the 

reactor was losing coolant through the ERV, the block valve was closed 

(about 139 m1n into the acc1dent). Subsequently, the block valve was 

cycled open and closed many t1mes for var1ous reasons unt1 1 1t was closed 

permanently at about 795 m1n into the acc1dent. 

Table 3 is a h1story of the open1ng and clos1ng of the block valve 

during the TH I-2 accident. The t1mes 11sted are relat1ve to the t1me of 

turb1ne tr1p. Except for the per1od from 343 to 455 m1n, when the block 

valve was undergo1ng rap1d cycl1ng, the t1mes were obta1ned from the GPUN 
4 

sequence-of-events report. Dur1ng the rap1d block valve cyc 11ng per1od, 

the primary system pressure recorded on the react1meter was used as a gu1de 

1n determ1n1ng the open1ng and clos1ng t1mes of the block valve. As shown 

1n Figure 1, the serrated pressure curve leaves 11ttle doubt that the 

system pressure was respond1ng to the open1ng and clos1ng of the valve. 

The t1me when the pressure started to drop 1s 1dent1f1ed as the t1me when 

the block valve was opened, and the t1me when the pressure started to r1se 

1s 1dent1f1ed as the t1me when the block valve was closed. 

The block valve open/closed h1story g1ven 1n Table 3 1s cons1stent 

w1th other pub 11shed reports except for the per1od between 192 and 

210 m1n. The table g1ves the GPUN vers1on, wh1ch 1s cons1stent w1th the 

Rogov1n report (Ref. 5, Vol. I I, Part 2, Append1x 11. 2), but d1ffers from 

the NRC's Off1ce of lnspect1on and Enforcement ( I&E) report (Ref. 6, 
Append1x 1-A) and the NSAC report.

1 
The I&E report noted that the block 

6 



TABLE 3. ERY BLOCK VALVE OPENING AND CLOSING TI"ES 

Op@n\ng T\M Clos\n� T\lle Interval Total Open T\me 
l•'nl l•'nl l•\n) l•1n) 

. 0  139. 0 1 39. 0 139. 0 
192. 5 210. 0 17. 5 156.5 
220. 0 318. 0 98. 0 254. 5 
343. 0 343. 6 .6 255. 1 
345. 5 346. 0 . 4  255. 5 

349. 3 349.8 . 5  256. 1 
350.5 352. 5 2 . 0 258. 0 
356. 0 357. 0 1 . 0 259. 0 
359.1 360. 4 1 . 3  260. 3 
362. 3 363. 8 1. 4 261. 7 

366. 5 367.9 1 . 4  263.1 
370.0 371. 4 1 .4 264. 4 
374. 0 375. 5 1 . 4  265. 9 
317. 3 378. 7 1.4 267. 3 
381. 1 382. 5 1. 5 268. 7 

384. 7 385. 9 1 . 2  269. 9 
387. 9 389. 2 1. 3 271. 2 
391. 1 392.3 1. 3 272.4 
394.4 395. 6 1 . 2  273.6 
397.7 398.9 1. 3 274.9 

401. 1 402. 7 1. 6 276. 5 
405.0 406.2 1.2 277.7 
408. 2 409.6 1.4 279. 1 
411.7 413. 1 1. 4 280. 5 
415.5 416. 9 1. 4 281.9 

418. 9 420.3 1. 5 283. 3 
422. 5 424. 1 1 . 5  284.8 
426.1 427. 1 1 . 0  285. 8 
429 . 9  430.6 . 7  286.5 
434. 0 43S. O 1.0 287. 5 

438. 7 440. 4 1.7 289.2 
445. 8 447. 6 1.8 2CJ1. 0 
452. 5 454. 3 1'. 8 292.7 
459.0 554. 4 95. 4 388. 2 
560. 5 570.0 CJ.S 397. 7 

589 . 0  589. 1 . 1 397. 8 
601. 0 672. 0 71.0 468. 8 
754. 5 763.0 8. 5 417. 3 
772.0 795. 0 13. 0 500. 3 

• 
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f1gure 1. Pr1mary coolant system pressure response to block valve cycl1ng. 
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valve was opened at 193 •\n, c losed 3 m\n later, and poss\bly cycled once 

before \t was closed sa.e t\-. before 211 m\n . The NSAC report gave an 

opentng t\ .. at 192. 5 •'n and a clos\ng t\.e at about 197 m\n. These 

d\screP�nc\es apparently vere caused by the d\ff\cult 1es assoc1ated v1th 

un\quely \nterpret\ng the conta\n.ent t emperature and pressure response, 

and also the pressure response of the reactor coolant dra1n tank (RCDT) 

\nto vh\ch the pressur\zer effluent vas d\scharged. Based on the pressure 

responses of t he RCDT and the pr\.,ry syst ... 1t was recently suggested7 

thit tvo open and closed cycles occurred dur\ng th1s per1od: (1) 191.6 •1n 

open, 194. 8 •1n closed, and (2) 197.9 •\n open, 198. 4 m\n closed. for the 

purpose of calculat\ng the d\scharge to the conta\n.ent fro. the 

pressur\zer. as doc�nted \n the next sect\on, the h\story g1ven 1n 

Table 3 was used. The uncerta\nty 1n the block val ve open and closed t1.es 

between 192 and 210 •'n does not .ater1ally affect the calculated total 

d\scharge fr� the pressur\zer. 

9 



4. PRIMARY COOLANT LOSS FROM THE PRESSURIZER TO THE CONTA INMENT 

Ourlng the EPRI tests,
2 

all the electromat1c rel1ef valves of the 

THI-2 type (Dresser Hodel 31533VX-30) opened fully on demand. Therefore. 

1t may be assumed that the TH I-2 ERV on top of the pressur1zer opened fully 

at the design set-po1nt of 2255 ps1g ( 15.65 MPa) and fa1led 1n the fully 

open pos1t1on. Accord1ng to the plant p1p1ng d1agram ( Jersey Central Power 

and L1ght Co., Pr1nt 27615, Rev. 7). the 11ne connect1ng the ERV to the 

pressur1zer was a 2-1/2 1nch, schedule 160 p1pe (1.0. = 2. 125• = 0.0540 m). 

and a block valve (a 2-1/2 1nch motor-operated gate valve) was 1nstalled 1n 

th1s 11ne to prov1de 1solat1on 1f needed. Because the block valve flow 

area was more than tw1ce that of the ERV (1-5/ 16 1nch or1f1ce, accord1ng to 

the EPR I  Valve Test Report), the flow out of the pressur1zer to the 

conta1nment was 11m1ted to the cr1t1cal flow rate through the ERV when both 

valves were open. 

F1gure 2 1s a plot of the pr1mary system pressure h1story from 

acc1dent 1n1t1at1on to 900 m1n. To est1mate the outflow through the ERV, 

sans a deta1led hydraul1c model, 1t was assumed that the flow rate was 

proportional to the square root of the pr1mary system pressure 

(approx1mately the same as the pressur1zer pressure) for a g1ven 

temperature and vo1d cond1t1on 1n the pressur1zer just upstream of the 

ERV. As shown 1n Table 4, the outflow from the ERV was d1v1ded 1nto 

several per1ods when the block valve was open. Our1ng each of these 

per1ods, the square root of the pressure was averaged over the t1me 

1nterval when the block valve was open. 

For the per1ods after 343 m1n, measurements of the surge 11ne or 

pressur1zer temperature were ava1lable and the pressur1zer water level was 

1nd1cated full. (See F1gures 12 and 13 1n Ref. 7.) Therefore, 1t may be 

assumed that the cond1t1on upstream of the ERV was e1ther subcooled or 

saturated w1th 11qu1d, as 1nd1cated by the measurements. 

The per1od from 220 to 318 m1n can be cons1dered trans1t1onal 1n 

nature 1n that the flu1d 1n the pressur1zer could have changed from 

saturated steam to saturated 11qu1d dur1ng th1s per1od. Emergency core 

10 
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TABLE 4. EST IMATED OUTFLOW THROUGH THE ERV DUR ING THE TM I-2 ACC IDENT 

Flow G
cr1t 

* 
* Flow 

({P)2 
Per1od T1me T Vo1d 

(kg/m2- s) 
Rate 

no
5 kg) (m1 n) i!!l1!!l � (K) Frac t1on (kg/s) 

0- 139 139.0 6.8 55 7 (sat) 0. 7 20. 15 7 13.85 1.155 
192-210 17.5 11.9 59 7 (sat) 1.0 17. 526 12.04 0. 126 
220-269 49 10.3 586 (sat) 1.0 14. 9 76 10.29 0.302 
269-318 49 8.8 575 (sat) 0 5 1. 99 1  2 7.50 0.809 
343-454 38.2 14.1 450 0 154,039 8 1.49 1.868 
459-555 95.4 5.0 450 0 84, 997 44.96 2.574 
560-800 112. 1 3.5 5 16 (sat) 0 33 , 0 17 1 7.5 1 1.178 

8 .012 

* To be cons1stent w1th 1nventory deplet1on 1n the Borated Water Storage 
Tank, the rate and the flow should be mu1t1p 11ed by 1.2. 
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cool1ng water was del1vered t o  t he prtmary coolant system under �nual 

contro l of t he operators fr� 220 to 267 M1n, but w1t h t wo h1gh-pressure 

1nJect1on pu�s runn1ng only 1ntera1t tent ly. From 267 to 318 •1n, two 

h1gh-pressure 1nject1on p�s were 1n cont1nuous operat1on, so 1t ts 11kely 

that dur1ng th1s per1od the pressurtzer was betng f11led w1th 11qu1d. Thts 

hypothests \s supported by the pressur1zer level 1nd1cat1ons wh1ch 

fluct uat ed on and off scale near the full-scale �rk. It was assUMed 1n 

th1s study that, durtng the f1rst half of the per1od (220 to 269 M1n), the 

cond1t1on upstrea• of the ERY was saturated stea•, and dur1ng the second 

half (269 to 318 •tn), tt was saturated 11qu1d water. 

Before 200 a1n, 1t 1s bel1eved that a neg11g\ble amount of ..ergency 

core coolant water was del1vered to the pr1mary coolant syste., and the 

prtaary coolant tnventory was near 1ts lowest potnt 1.med1ately after the 

block valve closure at 139 atn. When t he b lock valve was bel1eved open 

froa 192.5 to  210 •1n, t he \ndtcated pressur1zer level was less than full. 

Therefore, tt \s assuMed that the condtt\on upstrea• of t he ERV dur1ng th1s 

pertod was saturated st eaa. 

The ass\gned vo1d fract1on of 0. 7 for t he per1od 0-139 •1n shown 1n 

Table 4 ts an tnferred quanttty based on the est1.ated prt.ary coolant 

tnventory loss. By 139 •1n, 1t 1s be11eved t hat some of the fuel rods 

ruptured due to heatup to 1200 K. Therefore, the water level 1n the core 

�st have been at some d\stance below the top of the core. After the 

pr1aary coolant puaps stopped runn1ng at about 100 •1n, the water must have 

settled 1n t he lower part of the systeM, except 1n the pressurtzer where 

the 11qu1d was held up by cont1nuous stea• flow from the surge 11ne. 

Between 100 and 139 •tn, water was bo1led off 1n the core, replen1shed fro. 

the rest of t he systea, untt1 the water level 1n the system dropped below 

t he e1evat1on of the 1nlet and out let nozzl.s of the vessel. Therefore, 

the 11qu1d 1nvent ory tn the prt.ary system, exclud1ng t he pressurtzer, was 

11•1t ed to  t he voluae below the nozzle elevat 1on 1n the cold legs and stea• 

generat ors, and approx1.ately below the •1d-core elevatton tn the vessel; 

the rest was lost fra. the systeM. If 1t ts further assumed that the 

.. keup flow was one-half of the letdown flow of 7. 4 kg/s (120 gpm) (froa 

Ref. 8), a total flow of approx1.ately 1.2 x 10
5 

kg through the ERV 

13 



dur1ng the f1rst 139 m1n 1s obta1ned. A vo1d fract1on of 0.7 just upstream 

of the ERV 1n the pressur1zer would g1ve the necessary flow out of the ERV 

dur1ng th1s per1od (et seq). 

The computer program g1ven 1n Ref. 3 was used to calculate the 

cr1t1cal flow rates, Gcr,t
· 1n Table 4 for the hydraul1c cond1t1ons 

11sted 1n the table. The flow rate 1s based on the Wyle results of a flow 
-4 2 

d4 area of 8.73 x 10 m (1-5/16 1nch or1f1ce), and .scharge 

coeff1c1ents of 0.787 for steam and two-phase flow, and 0.60 for subcooled 

flow (upstream stagnat1on cond1t1on) . 

The total flow through the ERV dur1ng the acc1dent 1s calculated to be 

8. 0 x 10
5 

kg. It 1s about 20% lower than that est1mated by others from 

volume changes 1n the Borated Water Storage Tank (BWST).
6

•
9

•
10 

The total 

cumulat1ve flow from the pressur1zer through the ERV to the conta1nment as 

a funct1on of t1me and a compar1son curve for the BWST 1nventory deplet1on 

(computed from values g1ven 1n Table I.4-3 of Ref. 6) are shown 1n F1gure 3. 

If the d1scharge coeff1c1ents had been 1ncreased by 16% to match the 

Marshall steam flow test results, the total calculated outflow would have 

agreed very well w1th the 1nventory loss from the Borated Water Storage 

Tank, wh1ch suppl1ed the emergency core coolant water. 
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5. HYDROGEN IN THE PRIMARY COOLANT SYSTEM 

The regular cycling of the ERV block valve between 343 and 454 m1n 

provides a conven1ent means to estimate the amount of noncondens1ble gases 

1n the pr1mary coolant system dur1ng that period. The regular response of 

the pr1mary pressure to the cycl1ng of the valve suggests that the 

noncondens1bles were trapped 1n the system, and the pressure changes were 

due to the compress1on and expansion of the gas bubbles in the system as 

the liqu1d volume 1n the system changed. The noncondens1bles were mostly 

hydrogen generated from the steam-z1rcon1um reaction. 

Table 5 g1ves the primary coolant system pressure at the block valve 

open1ng and clos1ng t1mes between 380 and 420 m1n. Dur1ng th1s t1me 

1nterval the pressure responses were espec1ally regular, 1nd1cat1ng a 

s1mple process of expans1on and compress1on of a noncondensible gas. We 

assume that the process was isothermal and followed Boyle's law. When the 

block valve was closed, the liqu1d volume was increased as a result of the 

makeup, so the gas volume contracted. If we consider one pressure cycle, 

as shown 1n Figure 4, the constancy of liquid volume at the beg1nn1ng and 

the end of the cycle (same system pressure) g1ves the follow1ng 

relationship between flow through the ERV when the block valve was open, 

and the makeup flow dur1ng the ent1re cycle: 

where 

F
o 

= outflow through the ERV 

F
1n 

= makeup flow 

6t
0 

= block valve open interval, and 

6t
c 

= block valve closed interval. 

16 



TABU 5. PRIMARY SYSTEM PRESSURE CHANGES DURING BLOCK VALVE CYCLING, 
380-420 MIN 

Openhg H• Pressure C1os\ng T\11e 
l•\n) (MPa) 

381.1 14. 68 
384.7 14.62 
387.9 14. 57 
391.1 14.56 

394.4 14.56 
397.6 14.57 
401. 1 14.62 
405.0 14. 54 

408.2 14.55 
411.7 14. 52 
415.5 14.67 
418.9 14.66 

Average open t 1-. • 1. 33 "'" 

Average pressure at open\ng t 1-. • 14.59 MPa 

Average closed t\  ... 2. 12 11\n 

Average pressure at c1os\ng t\111. 13.70 MPa 

17 

( "' n) 

382.5 
385.9 
389. 1 
392.3 

395. 6 
398.9 
402. 7 
406.2 

409.6 
413.1 
416.9 
420.3 

Pressure 
l"Pt) 
13.71 
13.74 
13.79 
13. 72 

13. 74 
13.75 
13.60 
13.72 

13.65 
13. 67 
13.75 
13. 54 



t 

� Block valve / opened 

... l ...... ---6to----t•..,.l•..,-----6tc-----�� ... l 

Time • 
7·3194 

F1gure 4. Illustrat1on of pr1mary coolant system pressure response dur1ng 
block valve cycl1ng per1od. 
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• 81. S kg/s • 

Fro. Table 5, ve use the average open and c losed t,mes, 

• 1 .33 •'n 

• 2. 12 .. ,n • 

The Makeup flow 's t herefore, 

vh' ch 's approx, .. telJ 500 g�. Th's .. keup flow rate 1s about 2� lower 

t han that calculated fro. t he decrease ' n  'nventorJ ,n t he Borated Water 

Storage Tank (b40 g�. p. 1-4-20 of Ref. 6), s1M,lar to t he underest,mate 

of t he calculated total outflow t hrough t he ERV when compared to the 

1nventorJ decrease 1n t he borated Water Storage Tank (see Sect,on 4 of t h1s 

report). 

Let V be the total volUIIe of t he noncondens1ble gas (hJdrogen) ' n  the 

SJSt ell and 6V t he decrease 'n volume when the gas was ca.pressed. Fro. 

ao,le's law, we have 

p - p t 
6V - ....;:U=-=-_....;::, 
v- pt 

p 
u 

a 

• 

pressure at block valve closure 

pressure at block valve open,ng. 

lCJ 



From Table 5, 

= 14.59 MPa 

= 13.70 MPa. 

The change 1n volume, 6V, 1s s1mply the 11qu1d volume 1ncrease 1n 

the per1od when the block valve was closed, \.e., 

6V = 

= 

= 

3 1.4 X 2. 12 X 60/900 

3 
4.44 m . 

3 
We have used 900 kg/m as the 11qu1d dens1ty, p, at 14 MPa and 

450 K. 

The total hydrogen volume 1s 

= 13.7 X 4.44/(14.59- 13.70) 

3 
= 68.3 m . 

If we further assume that some of the hydrogen f1lled the reactor 
3 vessel upper head ( 12 m at 14 MPa, 450 K) and the rest the hot legs and 

the upper parts of th� steam generators (56.3 m
3 

at 14 MPa, 670 K), the 

total mass of hydrogen gas, M, 1s 

20 



where A \s the MOlecular we\ght of hydrogen, P the pressure, R the 

un\versal gas const ant, Y the volume, and T the absolut e t �erature. The 

subscr\pt s 1 and 2 denot e the upper head, and the balance of the gas space 

\n t he pr\.ary syste., respect\vely. So 

If the pr\.ary 1\qu\d (vol� of 226 •3• exclud\ng the pressurtzer 

1\qu\d) was saturated w\th hydrogen at 14 MPa and 450 K ,  the total 

d\ssolved hydrogen \s 

where Y \s the volu� of the 1\qu\d, Pt \s t he dens\t y of the 1\qutd, 

� \s the solub\1\ty rat\o, and P \s t he pressure. Then 

The solub\1\ty rat\o � (2.776 x lo-6 kg/kg-at•) \s calculated fro. 

a correlat\on developed by H\-.elblau.
11 

The total hydrogen \n t he 

syst e. \s t herefore 451 kg, al.ast exact ly the sa-. as the total product\on 

of 450 kg est\ .. ted \n Ref. 5 (VolUMe 2, Part 2. p. 530), and s1\ght1y less 

than that est\ .. t ed by Ref. 1 (472 kg, Append\x HYD, p. 10). 

In t he above calcu1at\on, the part\al pressure of water vapor has been 

\gnored. The vapor pressure \n the upper head of the vessel would be 

negl\g\ble \f the water t.-perature was at 450 K .  Because the gas 

te.perature \n the stea• generators and the hot legs was assumed to be 

670 K ,  the vapor pressure cannot be determ\ned w\t hout a heat transfer 

MOdel to  calculate t he gas-1\qu\d \nterface temperature. Any vapor 

pressure present would -.an that the aMOun t of hydrogen \n the syste. was 

over-est\ .. ted. On the ot her hand, \f the ERV flow rate was \ncreased 201, 

the aMOunt of hydrogen calculated would have been \ncreased by 201. It .ay 

have been fort u\tous that these two factors balanced out to y\eld the same 

21 



amount of hydrogen est1mated by others. If the calculated amount 1s 
correct, th1s would mean that the hydrogen produced dur1ng the acc1dent had 

not been vented to the conta1nment dur1ng the per1od when the block valve 

was undergo1ng rap1d cycl1ng. 

22 



6. CONCLUSION 

6\ven t he uncertatnty tn the TMI-2 electromat1c re11ef valve des1gn 

and the stat1st1cal fluctuat\ons tn the test data of stmtlar valves, the 

pred1ct\on of t he flow rates through t he ERV dur1ng the acc1dent would not 

be expected to have an accuracy better t han 201. In fact, the esttmated 

flow rates out of the ERV gtven 1n Sectton 4 fell some 201 short of t he 

supply to the prt.ary syst ea estt.ated fro. the decrease 1n 1nventory 1n 

the Borated water Storage Tank. In calculat\ng f1ss1on products carryover 

by t he flu\d flow t hrough the ERV to  the conta\nment as a functton of t\me, 

such an uncerta\nty should be borne 1n a\nd. It should also be noted t hat 

.are than 801 of the 1\qu\d flow to the conta\nment through the ERV 

occurred after 200 a\nutes, when .ost of t he ftss\on products may have 

already been released fro. t he fuel to t he prtmary coolant systea. 

Fr� the staple analysts of pressure change when t he block valve was 

betng cycled, as presented 1n Sect\on 5, the calculated amount of hydrogen 

(450 kg) \n the prtmary system just prtor to pr\mary system 

depressurtzatton (vent\ng of hydrogen to  the conta\nment before the 

hydrogen burn tn t he contatnaent) agrees surpr\s\ngly well w\th other 

tndependent estt.ates of hydrogen generatton durtng the acctdent. The 

uncertatnty, however, \s dtfftcult to  quanttfy wtthout a crtttcal 

evaluat\on of t he t heory upon whtch the calculatton was based. The ftnal 

results of the exa•tnat \on of the extent of ztrcaloy ox\datton tn the core 

are needed to substanttate the calculatton . 

• 
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