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ABSTRACT 

An international analysis exercise has been organized to evaluate the 

ability of nuclear reactor severe accident computer codes to predict the 

TMI-2 accident sequence and core damage progression dur1ng the first 

300 minutes of the accident. A required boundary cond1t1on for the 

analysis exercise is the High Pressure Injection or make-up rates 1nto the 

primary system during the accident. Recommended inject1on rates for the 

first 300 minutes of the accident are presented. Recommendat1ons for 

several sensitivity studies are also presented. 
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SUMMARY 

Aft \nttr�t\onal analysts txerc\st has been organtztd to evaluate the 

ab111tJ of nuclear r .. ctor stvtrt acc\dtnt co.puttr codes to prtd1ct the 

�1-2 acctdtnt sequence and core da .. ge progress1on durtng the ftrst 

300 •tnutts of the acctdent. A rtqutr.-ent for code calculat1on of the 

acctdent ts spec1f1td boundar, condtttons. One of tht rtqutred boundarr 

condtttons ts H1gh Pressure Inlectton (HPIJ or .. kt-up rates durtng the 

acctdtnt. Unfortunately, these rates vert not recorded durtng the 

acc1dent. Estt .. tes of these rates have been .. de based upon analysts of 
the HPI syst..s and analysts of the known acctdent progresston. However, 

these •�lyses only result tn posstble ranges of HPI rates. The per1od of 

perhaps greatest unctrtatnty 1s durtng the core uncovery and 1ntt1al core 

�91 per1od of 100-174 •1nutes . Our1ng thts per1od the reco..ended HPI 

rate 1s 4 kg/s averatt 1nJect1on. It ts rec�nded that the base case 

calculatton bt perfor-.d us1ng a constant 1nJectton rate of 4 kg/s dur1ng 

the 100-174 •tn pertod, start\ng fro. an tntttal collapsed 11qu1d level at 

the top of the heated core length follow1ng shutdown of the A-loop p�s at 

100 •1n. 

To evaluate the effects of d1ffer1ng average 1nJect1on rates, 1t 1s 

rec�nded that a senstttvtty study be perfor .. d tn wh1ch constant 

tnJect1on rates of 3 and 5 kg/s also be used. To evaluate the effects of a 

changtng 1nject1on rate durtng thts pertod, 1t ts further reca..ended that 

cal culat1ons be perfor .. d us1ng two step changes 1n flow rate whtch result 

tn the base case average 1njectton rate of 4 kg/s. The f1rst step change 

case would bt an 1nject1on rate of 6 kg/s for 100-125 •1n and 3 kg/s for 

126-174 •1n.a The second step change case would be for an 1njec t1on rate 
of 8 kg/s for 100-125 •tn and 2 kg/s for 126-174 •1n. S1nce the ttme 

chosen for perfor•1ng the step change \s s�at arb1trary, another 

rec�nded calculatton ts to evaluate the effect of the t1me a t  wh\ch the 

a. The tt .. of 126 •tnutes for a step change 1s based upon the observed 
dra .. ttc decr,ast 1n the stea• condensatton 1n the A-loop steaN generator 
at thts t '•· 
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step change occurs. The recommended HPI rate 1s 8 kg/s for 100-137 m1n and 

0 kg/s for 138-174 m1n. These rates result 1n an average 1nject1on rate of 

4 kg/s, the base case rate. 

The final recommended calculation (to study the sens1t1v1ty of the 

calculated results on the HPI rates) 1s to evaluate the effect of an 

increasing HPI rate after the minimum core level has been reached. Th1s 

scenario may result 1n the observed end-state condition of a 

crucible-shaped lower crust zone, with the bottom at 0.& m and the sides at 

about 1.2 m. The first recommended set of HPI rates are 7 kg/s from 

100-125 min, 1 kg/s from 125-1&0 min, and 11 kg/s from 1&0-174 min. The 

second set of recommended rates are 8.4 kg/s from 100-125 min, 0 kg/s from 

125-1&0 min, and 11 kg/s from 1&0-174 m1n. Both of these HPI scenarios 

result in a minimum core level of 0.& m (2 ft) at 1&0 m1n, and an increase 

1n core level to 1.2 m (4ft) by 174 min. 

The seven recommended sensitivity studies, in addition to the 

recommended base case, should provide sufficient calculational results to 

adequately evaluate the effects of different assumed HPI rates with1n the 

possible HPI bounds established from previous analysis efforts. 
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RECOMMENDED HPJ RATES FOR THE 

TMI-2 ANALYSIS EXERCISE 10-300 MINUTE S) 

1. INTRODUCTION 

The TMJ-2 acc1dent on Mirch 28, 1979 prov1des the only full-scale 

1nt.grated fac111ty data for a severe nuclear power reactor acctdent whtch 

can It th1s tt .. be used to bench .. rk severe acc1dent computer codes. In 
order to fully ut111ze the ex1sttng TMJ-2 data base, an 1nternat1onal 

analysts exerctse was organ1zed to evaluate the capab111t1es of the severe 
2 

acctdent ca.puter codes such as RELAP/SCDAP. The events on March 28, 

1979 were not planned to prov1de a bench .. rk data set; the plant 

1nstrw.entat1on was tntended for nor.al operat1ons, not expert .. nts, and 

.. ny cr1t1cal para..ters were not recorded. One of the cr1t1cal para .. ters 

not recorded was the .. ke-up or H1gh Pressure lnJectton (HPJ)  rates durtng 

the acc1dent. Thts 1s a cr1t1ca1 boundary cond1t1on, for wh1ch estt .. tes 

have been .. de based upon core end-state cond1ttons and analysts 

tndependent of the severe acctdent analysts codes. Thts docu.ent presents 
the reca..ended HPJ rates for use tn the analysts exerc1se dur1ng the 

pertod of 100-174 •tnutes after acc1dent 1ntttatton, durtng wh1ch t1me 

tn1t1al core �91 occurred. For ca.pleteness, the reca..ended HPJ rates 

durtng the r..a1nder of the f1rst 300 •1n of the acc1dent are also 

prov1ded. Because the rec�nded HPJ rates are est1-.tes, alternate HPI 

rates for the 100-174 •1n per1od are also reca..ended tn order to evaluate 

the senstttvtty of the calculated results to th1s cr,t1cal para..ter. 

1 



2. HPI ESTIMATION TECHNIQUE 

The rates at which liquid was injected 1nto the pr1mary system dur1ng 

the TMI-2 accident were not recorded. For certa1n t1me periods, reasonably 

accurate estimates of the injection rates can be made from knowledge of 

actuation of the Safety Injection (SI) system. Unfortunately, during the 

period of current interest (100-174 min) there are no records of an SI 

actuation. As a result, the HPI rates must be estimated using other 

information such as knowledge of the end state of the core, observation of 

superheated steam temperatures in the A-loop hot leg at 112 min, and 

calculation of the system void fraction at 100 min based upon the Source 

Range Monitor (SRM) neutron count rates external to the vessel. These 

items, combined with mass balance analysis, were used to obtain the HPI 

estimates. 

From the end-state condition of the core, the lowest levela of 

observed damage in the core region is about 0.6 m (2 ft).
3 

It is 

bel1eved that the m1n1mum water level 1n the core during the accident was 

at this level. It is further believed that this m 1nimum level occurred 

dur1ng the 100-174 min period. Therefore, the estimated HPI rates dur1ng 

this period must result 1n a minimum liquid level of about 0.6 m. 

An estimate of the coolant level at 100 min, immediately follow1ng 

tr1p of the A-loop pumps, was obtained from analysis of the SRM output 

recorded on the reactimeter system. This has two useful analys1s results. 

F1rst, the average void fraction in the downcomer/core reg1on can be 

calculated from the increasing neutron count rate dur1ng the 20-100 min 
4 

period, in which 1t 1s assumed that a homogeneous two-phase m1xture was 

flowing through the A-loop and the vessel. The core void fraction of 45% 

(calculated at 100 min, just before shutdown of the pumps) allows 

calculation of the coolant level through use of a mass balance at that 

time. Analysis of the SRM data after 100 min results in a collapsed liquid 

a. All levels are referenced to the bottom of the fuel pellets in the 
core, which corresponds to a reference elevation 298.75 ft above sea 
level. For comparison, the center of the vessel nozzles (hot and cold 
legs) are at an elevation of 315. 5  ft. 
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level near the top of the core heated regton. Both of these analyses 

result tn an estt .. te of collapsed ltqutd level near the top of the core. 

It ts therefore reca..ended that a collapsed ltqutd level of 3.67 • (12 ft) 

be used as an tntttal condttton for start of phase 2 of the analysts 
exerctse (1.-.dtatelJ followtng shutdown of the A-loop pumps at 100• •tn). 

At 112 •tn, the t..,erature recorded tn the A-loop hot leg began 

\ncreastng above the saturatton t..,erature correspondtng to the recorded 
pressure. Fro. thts observatton, tt can be concluded that core uncovery 

had occurred before thts tt .. (the two-phase •txture level below the top of 
the fuel pellets tn the core). Because the extstence of droplets tn the 

core outlet would tend to elt•tnate superheat. tt can be further concluded 
that the •txture level �s stgntftcantlJ below the top of the core, 

probably resulttng tn 0.3-1.3 • (1-4 ft) of the core betng uncovered. Thts 

concluston provtdes another bench .. rk for evaluatton of the core ltqutd 

level. and thus HPI rates. durtng the 100-174 •tn pertod. 

The afor ... nttoned aa�lyses and observattons can be s�r\zed to 

provtde the followtng bench .. rks durtng the 100-174 •tn pertod. 

1. The collapsed 1\qutd level at 100+ •tn was at the top of the 
heated core. 3.7 • (12 ft). 

2. Core uncovery occurred before 112 •tn, w\th a two-phase tnterface 

level of about 3.0-3. 4 • (10-11 ft). 

3. The l�st two-phase \nterface level occurrtng tn the core dur\ng 

the 100-174 •tn per\od was about 0.6 • (2 ft). 

2.1 Mass Balance Analxs\s 

To evaluate the effects of dtfferent HPI rates dur\ng the 100-174 a\n 

perto6, a ca.puter progr,. was developed to perform a .ass balance analysts 
of the TMI-2 prt .. ry syst.- . Where data on prt .. ry para .. ters was 

ava\lable, these data were used to dr\ve the ca.puter program as boundary 

condtttons. Thts \ncluded the prt .. ry pressure and hot and cold leg 

3 



temperatures recorded on the react1meter and str1p charts (the qual1f1ed 

composite data included in the ICBC data base). Results of other analysis 

efforts were also used as boundary condit1ons 1n the mass balance 

analys1s. These 1ncluded the letdown flowrate calculated from the letdown 

coolers analysis,5 the PORV crit1cal flowrate calculated from the 

pressurizer analys1s, and the energy transfer 1nto the two Once Through 

Steam Generators (OTSG) .1 Use of these results perm1tted calculat1on of 

the total primary mass, in addit1on to the mass d1str1but1on w1th1n the 

primary system. By vary1ng the assumed HPI rates, and compar1ng the 

result1ng calculated coolant level to the requ1red bench marks presented 

previously, a best est1mate of the HPI rates can be obta1ned. These rates 

are summarized 1n Table 1 for the 300 m1n of the analys1s exerc1se. The 

result1ng 1nject1on rate for the 100-174 m1n per1od 1s 4 kg/s (8.8 lbm/s) 

averaged over the per1od. 

The est1mated inject1on rate of 4 kg/s results 1n the coolant 

two-phase 1nterface levels shown 1n F1g. 1. The 1nterface level was 

obta1ned from the collapsed 11qu1d level result1ng from the mass 

d1str1but1on analys1s, us1ng the core decay power and the vo1d d1str1but1on 

model of Cunn1ngham and Yeh.6 Th1s 1nject1on rate results 1n core 

uncovery beg1nn1ng at 106 m1n, w1th a level at 2.7 m (9 ft) by 112 m1n, 

wh1ch 1s perhaps sl1ghtly low. The coolant level rap1dly decreases between 

100 and 125 m1n due to bo111ng 1n the core and condensat1on 1n the A-loop 

steam generator. The analys1s of the steam generators1 1nd1cates that 

the heat transfer 1nto the steam generator, and thus condensat1on on the • 

pr1mary s1de, abruptly decreased by a factor of approx1mately 7 at about 

125 m1n. Th1s may have been due to blockage of the steam generator by 

f1ss1on product gases or hydrogen. In any case, the decreased condensat1on 

reflects the decreased bo1ldown of the core, result1ng 1n the fa1rly 

constant level of 1 m (3 ft) shown 1n F1g. 1 from about 130 to 170 m1n. 

The 4 kg/s 1nject1on rate results 1n a m1n1mum core level of 0.6 m (2 ft) 

at 174 m1n, just before the restart of the 28 reactor coolant pump. 

4 



TABlE 1. DATA LISTING FOR HPIIMAKE-UP 

"• HPI 
f•1n) fkq/sl 

0. 0 5.4 
0.683 5.4 
0. 683 25.0 
2.0 25.0 

2.0 61.0 
3.25 61.0 
3.25 6.0 

10.40 6.0 

10.40 0.0 
11.711 0.0 
11.717 6.5 

100.0 6.5 

100.0 4. 0 
173.0 4.0 
173.0 4.0 
200.2 4.0 

200.2 60.5 
217.00 60.5 
217.00 9.50 
236.1 9.50 

236. 1 61.7 
257. 3 61.7 
257.3 0.00 
262.0 0.00 

262.0 10.0 
267.0 10.0 
267.0 64. 0 
300.0 64.0 

• 
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3. RECOMMENDATIONS 

The best estimate of the average HPI rate during the 100-174 m1n 

period ts 4 kg/s. This is an esttmate based upon the mass balance 

analysis, which is independent of the severe accident analysis code 

calculations. Therefore, results from the severe acctdent analysis codes 

may differ slightly from the mass balance analysis results. Because of 

possible variations tn results between different analysis codes, it is 

important to perform sensitivity studies. One of the largest unknowns in 

the boundary conditions, probably the largest unknown, 1s the HPI rate 

during 100-174 min. It 1s therefore 1mportant to perform calculat1ons w1th 

d1fferent HPI rates for th1s per1od. 

The recommended base case 1s to use an average HPI rate of 4 kg/s 

during 100-174 m1n. To evaluate the sens1tiv1ty of the calculat1ons to the 

average injection rate, two other calculat1ons are recommended w1th average 

1njection rates of 3 and 5 kg/s. The results of the mass balance 

calculation for the core \nterface level using these two 1nject1on rates 

are compared to the results from the recommended 1nject1on rate of 4 kg/s 

in Fig. 2. The 3 kg/s injection rate results 1n a level of 0.5 m (1.5 ft) 

after about 135 min, and decreases to below the bottom of the core by 

174 m1n. This rate results in an unreal1sttcally low mintmum core level. 

The 5 kg/s injection rate results in a minimum level of about 1. 2 m (4ft) 

at 135 min. This result1ng level 1s higher than the m1nimum observed 

damage level of 0.6 m (2 ft). 

Another unknown is how the HPI rates may have varied dur1ng the 

100-174 min period. There 1s some evidence, based on operator 1nterv1ews, 

that coolant injection may have started at a h1gher rate and then was 

decreased later 1n the per1od. To evaluate poss1ble effects, several 

simulat1ons were performed 1n wh1ch a step change occurred in the HPI rate 
a 

at 125 min. The injection rates before and after 125 min were var1ed 1n 

a. The time of 125 m1n was chosen because th1s was the time at whtch the 
steam generator analysis indicated that the heat transfer rate tnto the 
A-loop steam generator abruptly decreased by approx1mately a factor of 1. 

6 
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order to ma1nta1n a average 1nject1on rate of 4 kg/s, the recommended base 

case 1nject1on rate. The core 1nterface levels resulting from three 

different step changes in HPI rates are compared to the base case 

calculat1on in F1g. 3. The three cases used were step changes of 6/3, 8/2, 

and 10/1 kg/s. Each of these cases started from the same 1nit1al collapsed 

11qu1d level at the top of the core, and resulted 1n the same level at 

174 min. As the in1t1al inject1on rate (before 125 m1n) was increased, the 

period to core uncovery was also increased. In add1t1on, the level at 

wh1ch the core stab111zed after 125 min was higher for each h1gher initial 

injection rate. The case of 8/2 kg/s results in what may be the most 

reasonable core uncovery timing, in which the interface level was at 3.3 m 

(11 ft) at 112 m1n. The case of 10/1 kg/s results in a late core uncovery, 

and should provide an upper bound on the initial HPI rate. It is therefore 

recommended that sensitivity calculations be performed using three 

injection scenarios utilizing a step change in the HPI rate at 125 min. 

The three recommended rates are 6/3, 8/2, and 10/1 kg/s. 

The choice of the time for the recommended step change is somewhat 

arbitrary, based only on the observation that the steam generator heat 

transfer significantly decreased at this time. As a result, it ts 

recommended that a further calculation be performed in which the timing of 

the step change be a variable. It is recommended that the initial 

injection rate of 8 kg/s be continued until 137 min, and then terminate 

HPI. This will result in a average injection rate of 4 kg/s during the 

100-174 min time period. The results of the mass balance analysis from 

this inject1on rate scenar1o is compared in Fig. 4 to the base case rate 

and the 8/2 kg/s step at 125 m1n. The step change at 137 min results in an 

increase in level between 125 and 137 m1n before decreasing to a m1nimum 

level of 0.6 m (2 ft) at 174 min. This extended inject1on at 8 kg/s may 

result in more steam being available for hydrogen generat1on during th1s 

per1od. 

The observed end-state condition of the lower crust of the core 1s a 

cruc1ble shaped crust, with the bottom center at a level of about 0.6 m 

(2 ft) and the outer bottom at a level of about 1.2 m (4ft). A poss1ble 

explanation for th1s configuration is that the water level in the core 
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1ncreased after reach1ng a m1n1mum level of 0.6 m (2 ft), reach1ng a level 

of 1.2 m (4 ft) before the start of the 28 reactor coolant pump at 

174 min. This level 1ncrease could have occurred as the melt front 

progressed rad1ally, with the water level stopp1ng the melt front from 

progressing downward and thereby creating the observed shape of the outer 

crust. In order to evaluate this scenario, two add1t1onal sets of HPI 

rates are recommended for sensitivity studies. The f1rst recommended set 

of HPI rates are 7 kg/s from 100-125 m1n, 1 kg/s from 125-160 m1n, and 

11 kg/s from 160-174 min. The second set of recommended rates are 8.4 kg/s 

from 100-125 min, 0 kg/s from 125-160 m1n, and 11 kg/s from 160-174 m1n. 

The core 1nterface levels for these two scenar1os are compared to the base 

case level in F1g. 5. Both of these HPI scenar1os result 1n a m1n1mum core 

level of 0.6 m (2 ft) at 160 m1n, and an 1ncrease 1n core level to 120 em 

(4 ft) by 174 m1n. The d1fferent 1nject1on rates from 100-125 m1n result 

in sl1ghtly d1fferent core uncovery t1mes [the 1 kg/s rate results 1n a 

sl1ghtly more reasonable level of 3.1 m (10.2 ft) at 112 m1n], and may 

prov1de 1nsight into the effect of the HPI rates during th1s per1od on the 

oxidat1on rates 1n the core. 

5 
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