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This report presents the results from the MELCOR 1.8.4 calculations for Steam Generator

Tube Rupture (SGTR) with stuck open of all the safety valves in faulted SG as a severe

accident. The calculations are based on Surry nuclear power plant. After performed using

the once-through primary system model alone by 1.0 X 105s, the calculations were conducted

with both of the once-through and hot leg countercurrent natural circulation models. The

results, including event sequences, processes and progressions of core degradation,

radionuclides release from core and reactor cavity, and source terms to the environment are

described in detail. It is concluded that the availability of High Pressure Safety Injection

(HPSI) can significantly delay the progression of core heat-up and approximately 7% of

cesium iodide (Csl) can be released to the environment directly through the stuck open

safety valve. Comparisons between the results from the two models are also given in this

report. The present analyses also showed that during SGTR accident, the hot leg

countercurrent natural circulation flow cannot be established well and therefore it has little

effect on the mitigation of the core degradation.
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Preface

This present work entitled "Analysis of Steam Generator Tube Rupture as a Severe Accident

Using MELCOR 1.8.4," was performed at Severe Accident Research Laboratory (SARL) in Japan

Atomic Energy Research Institute (JAERI), from May 12 through October 8, 1998, by Yang

Hongrun, who is from Nuclear Power Institute of China (NPIC), and supervised by Dr. J.

Sugimoto and instructed by Dr. A. Hidaka. The work is one of the subjects in the project of Severe

Accident Analysis and Countermeasures for the Qinshan NPP, sponsored by International Atomic

Energy Agency (IAEA). The objectives of the Agency's project, numbered by CPR/9/020, are to

provide assistance for China using the most advanced severe accident computer codes to perform

safety analysis as well as accident management for the Qinshan Nuclear Power Plant, and to

transfer the severe accident research methodology.
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1. INTRODUCTION

1.1 Outlines of MELCOR Code

The MELCORni code is a fully integrated, relatively fast-running code that models the

progression of accidents in light water reactor nuclear power plants. An entire spectrum of accident

phenomena is modeled in MELCOR. Characteristics of accident progression that can be treated

with MELCOR include the thermal-hydraulic response in the reactor coolant system, reactor cavity,

containment, and confinement buildings; core heatup and degradation; radionuclide release and

transport; hydrogen production, transport, and combustion; melt ejection phenomena; core-concrete

attack; heat structure response; and the impact of engineered safety features on thermal-hydraulic

and radionuclide behavior. MELCOR may also be used to analyze experiments and non-nuclear

facilities. MELCOR is being developed at Sandia National Laboratories for the US Nuclear

Regulatory Commission (NRC) as the successor to the Source Term Code Package. JAERI has

received the MELCOR code based on the CSARP (Cooperative Severe Accident Research

Program) agreement between JAERI and USNRC.

The MELCOR code has been designed to facilitate sensitivity and uncertainty analyses

through the use of sensitivity coefficients. Many parameters in correlations, which are hardwired

constants in most codes, are implemented as sensitivity coefficients in MELCOR. However, in

MELCOR the constants are coded as sensitivity coefficients that can be changed by the user to

determine the sensitivity of the results to the heat transfer correlation.

1.2 Brief Description of Steam Generator Tube Rupture (SGTR)

In the pressurized water reactor (PWR), water in the reactor coolant system (RCS) is

pressurized to prevent it from boiling. This high pressure water is circulated through the heat

exchanger tubes in steam generators where heat is transferred to the lower pressure secondary

coolant system (SCS), producing steam that is used to generate electrical power. The tubes

constitute a very significant portion of the RCS pressure boundary, and rupture of these tubes can

result in release of RCS coolant to environment through either the atmospheric dump valves or

secondary Power Operated Relief Valves (PORVs), bypassing the containment.

In NUREG-115012', it is estimated that the core melt frequency resulted from Steam

Generator Tube Rupture (SGTR) is about 10"6 per reactor-year (for Surry plant; 6.0 X 10"6 per

reactor-year, for Sequoyah plant; 7.1 X 10"6 per reactor-year). It seems that SGTR can be neglected

relative to other severe accidents. But, this event will lead to primary radioactive materials releasing

to environment directly.

q



JAERI-Tech 99-013

1.3 Outlines of Present Calculation

In the case of an SGTR accident initiated by the double-ended guillotine rupture of one steam

generator (SG) tube, if the operators fail to depressurize the RCS in a timely manner in a short

time, there is a high probability that the secondary coolant will be released through the PORVs

which are located at the secondary side of the faulted SG. The probability that the PORVs fail to

reclose under these conditions is estimated to be very high (close to 1.0)(2]. The failure to close of

PORVs by a local or manual action will result in a non-isolable path from the RCS to the

environment. After the entire content of refueling water storage tank are pumped through the

broken tube, the core uncovery would occur. The onset of core degradation is thus not expected

until 10 hours after the start of the accident. In order to understand the accident progressions and

consequences for SGTR as a severe accident, some calculations were executed using

MELCOR1.8.4 code and Surry-1 power station input deck prepared by USNRC.

2. ANALYTICAL METHODS

There are two different current models in the primary system according to the SGTR accident

progression time; one is the once-through model, the other is the hot leg countercurrent natural

circulation model. Thus, different nodalizations are used between the two models. In the present

analyses, the once-through model is used by 100,000 s. After that, both the once-through and the

natural circulation models are used.

2.1 Once-through Model

2.1.1 Brief Description of Once-through Model

A once-through model is used to simulate the process from SGTR start to 100,000 s and

provides the basis of further analysis. This has been the traditional modeling approach for

analyzing plant behavior. In this model, the fluid volumes modeled include the downcomer, lower

head, lower plenum, core, core bypass, upper plenum, and upper head, respectively. The core

bypass represents the fluid volume between the core barrel and baffle, and connects the lower and

upper plena. Flow paths are modeled between the inlet annulus and the upper head and between the

inlet and upper plenum. Flow between the upper plenum and upper head occurs only through the

guide tube assemblies. Heat structures modeled include the reactor vessel walls, the core barrel and

baffle, the thermal shield, the upper and lower core support plates, and structures in the lower and

upper plena. Especially, in this case, once-through model can represent one direction coolant flow

in hot leg and steam generator tubes, which is very different from the hot leg countercurrent natural

circulation model. The steam generator model includes the tubes, downcomer, boiler, dome, steam

- 4 -
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line, main and auxiliary feed water systems, main steam isolation valve, PORVs and SRVs. The

primary coolant flows through hot leg, tubes, pump suction in sequence, then goes to cold leg C,

which means 'through SG once time'.

2.1.2 Assumptions

The major assumptions for present SGTR analysis are as follows:

1) The prompt power was calculated with RELAP5/MOD2/36.04 under assumptions of 2 years

full power operation, an actinide yield factor of 0.52, and the ANS 79-3 fission product data.

Group power fractions of 0.51 U-238, and 0.42 Pu-239 were used. The thermal power was

normalized to 2297.65 MW, the difference between 2441 MW (100 % rated power) and

143.35 MW (steady state decay heat power from MELCOR DCH package).

2) Steady state is calculated for 200 s before a tube rupture initiation.

3) At 0 s, a double guillotine break in one SG U-tube occurs in the steam generator in loop C.

4) Reactor scram occurs at low pressurizer pressure.

5) The scram signal closed the feed water valve, and tripped reactor coolant pumps and turbine.

6) Auxiliary Feed Water (AFW) begins at 5 s after the main feed water isolation.

7) High Pressure Safety Injection (HPSI) is activated depending on low pressurizer pressure

signal, and initiated with 13 s delay. The HPSI is always available until Refueling Water

Storage Tank (RWST) is depleted.

8) There are no operator's actions.

9) All the safety valves in faulted SG are stuck open.

10) Faulted SG PORV is opened or closed according to the pressure conditions, or if the Safety

Relief Valve is stuck open or not.

2.1.3 Nodalization

Nodalization for MELCOR includes three basic parts, which are for control volumes (CV),

for core (COR) and for heat structures (HS) respectively. The followings arc the scheme of

nodalization.

(1) CV Nodalization

Figure 2.1.1 shows the nodalization of control volumes as well as the connected paths.

There are 36 control volumes for this SGTR analysis case:

1) CV001 —ENVIRONMENT

2) CV005 — BASEMENT

3) CV010 — CAVITY

4) CV020 — STG A/B/C CUBICL
- 5 -
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5) CV041 — PRESS CUBICLE

6) CVO5O — LOWER DOME

7) CV055 — DOME

8) CV100 — DOWNCOMER

9) CV110 — LOWER PLENUM

10) CV120 — CORE

11) CV130 — CORE BYPASS

12) CV140 — UPPER PLENUM

13) CV150 — UPPER HEAD

14) CV290 — FW SOURCE

15) CV291 — AFW SOURCE

16) CV295 — SG PRESSURE

17) CV296 — AFW DEPRESS SINK

18) CV400 — HOT LEG C

19) CV405 — SG U-TUBE UP C

20) CV406 — SG U-TUBE DN C

21) CV410 — PRESSURIZER

22) CV420 — PUMP SUNCTION C

23) CV440 — COLD LEG C

24) CV450 — SG DOWNCOMER C

25) CV460 — SG BOILER C

26) CV465 — SG DOME C

27) CV500 — HOT LEG AB

28) CV505 — SG U-TUBES UP AB

29) CV506 — SG U-TUBES DN AB

30) CV520 — PUMP SUCTION AB

31) CV540 — COLD LEG AB

32) CV550 — SG DOWNCOMER AB

33) CV560 — SG BOILER AB

34) CV565 — SG DOME AB

35) CV605 — BROKEN U-TUBE UP

36) CV606 — BROKEN U-TUBE DOWN

Here, CV001 is used for environment, CV005, 010, 020, 041, 050, and 055 are for reactor

building, CV100, 110, 120, 130, 140, and 150 are for primary - core system, CV400, 405, 406,

420, 440, 500, 505, 506, 520, 540, 605, and 606 are for primary - coolant system, CV410 is for

primary - pressurizer, CV290, 291 295, 296, 450, 460, 465, 550, 560, and 565 are for secondary

coolant system. There are total 62 flow paths to connect these control volumes. Loop A and B have

been combined to Loop AB to avoid much more expensive CPU time.

- 6 -
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(2) Core Nodalization

In the core, 3 rings and 13 levels are nodalized for this case, where, the first two levels (from

bottom to top) are for lower plenum, the third one is for the barrel base plate and the others are for

active core. Figures 2.1.2 and 2.1.3 give the nodalization of the core.

(3) Heat Structures Nodalization

In this case, there are about 140 heat structures nodalized as associated with control volumes,

flow paths, core, etc., to simulate heat transferring, materials depositing and other processes.

2.1.4 Input Deck

This input deck was originally prepared for USNRC for the analysis of SGTR sequence of

Surry nuclear power plant with MELCOR 1.8.3. However, the input deck was used for MELCOR

1.8.4 calculation in the present study.

2.2 Hot Leg Countercurrent Natural Circulation Model

2.2.1 Brief Description of Hot Leg Countercurrent Natural Circulation Model

Three natural circulation flow phenomena that can be important during severe accidents are

in-vesscl circulation, hot leg countercurrcnt flow, and flow through the coolant loops'4'. In the hot

leg countercurrent flow, superheated vapor enters the top of the hot leg, displacing saturated vapor,

which then flows back to the reactor vessel along the bottom of the hot leg. When the hotter vapor

enters the steam generator inlet plenum, it will rise toward the steam generator tubes. Vapor enters

some of the tubes, displacing the cooler steam that was in the tubes. The displaced vapor enters the

outlet plenum, then rcenters other steam generator tubes, forcing vapor into the inlet plenum. A

density gradient is thus established between tubes. This density gradient then pulls more hot vapor

into the tubes, displacing cooler steam. The process continues until a steady flow is established,

with hot vapor flowing from the inlet plenum to the outlet plenum through some of the steam

generator tubes, and cooler vapor returning to the inlet plenum through the remaining tubes.

In order to simulate the hot leg countercurrcnt flow, several modeling changes were made by

BNL. The hot leg was divided into top and bottom halves. The return flow from the bottom half of

the hot leg entered the hot leg nozzle connection. This approximated the elevation difference

between the top and the bottom halves of the hot leg, so that the driving force for the natural

circulation flow should be close to that of the actual situation. It also prevented the hot and cold

steam flows from mixing immediately in the upper plenum. The steam generator inlet plenum was

- 7 -
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divided into three volumes. A mixing volume in the middle connected to the flows entering and

leaving both the hot leg and the steam generator tubes. The volumes on either side of the mixing

volume passed the hot and cold vapors that did not mix with other fluid in the inlet plenum between

the hot leg and steam generator tubes. The steam generator tubes were divided into two sets, hot

flow tubes and cold flow tubes, which connected the inlet and outlet plena. The hot flow tubes

represented 35 % of the flow and heat transfer area; the cold return flow tubes represented 65 % of

the total flow and heat transfer area.'3' The reactor coolant pump suction piping was still connected

to the steam generator outlet plenum, so that clearing of the liquid from the loop seals could occur if

appropriate conditions existed.

For the in-vessel natural circulation, it can be calculated by fine-scaled control volume

nodalization of core with the option of dT / dz model (which is used in MELCOR for temperature

distribution calculation in core) being turned off, but currently the capability is seriously limited by

the increased CPU time required (due to a substantially larger flow matrix and a reduced material

Courant time step limit) and by calculational difficulties during rare degradation (caused by control

volumes completely filling up with debris).[2'

2.2.2 Assumptions

There were no other more assumptions (comparing with once-through model) except for

those characterized by the hot leg countercurrent natural circulation model.

2.2.3 Nodalization

Figure 2.2.1 gives the nodalization of control volumes associated with hot leg

countercurrent model (CV605, CV606 and Loop AB were not included in this figure). Due to the

differences between the once-through and the natural circulation models, the nodalization for the

natural circulation calculation is very different from once-through calculation. (See the description

of natural circulation model above in 2.2.1). The changes and additions focus on the CV

nodalization, heat structures and flow paths. The followings are the detailed schemes which are

different from the once-through model:

(1) Hot Leg Nodalization

In once-through model, only two CVs were nodalizcd, which were, CV400 (hot leg c) and

CV500 (hot leg ab). In natural circulation model, the hot leg nodalization is, CV401 (hi c top 1),

CV402 (hi c top 2), CV421 (hlc bot 1), CV422 (hlc bot 2), CV501 (hlab top 1), CV502 (hlab top

2), CV521 (hlab bot 1), and CV522 (hlab bot 2).

- 8 -
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(2) Steam Generator Nodalization (for Primary System)

In once-through model, there were 6 CVs, which were CV405, 406, 505, 506, 605 and 606

(See chapter 2.1.3 (1)).

In natural circulation model, the nodalization was including CV409, 411, 412 (sg c in hot,

mix and cold, respectively), CV413 (sgc tubesup hot), 414 (sgc tubesdn hot), 416 (sgc tubesup

cold), 417 (sgc tubesdn cold), 415 (sgc outlet), 509 (sg ab in hot), 511 (sg ab in mix), 512 (sg ab

in cold), 513 (sgab tubesup hot), 514 (sgab tubesdn hot), 516 (sgab tubesup cold), 517 (sgab

tubesdn cold), 515 (sgab outlet), 605 (broken u-tube up) and 606 (broken u-tube dn). Here,

CV409, 411, 412, 413, and 417 were equivalent to CV405 in the once-through model, CV414,

416, and 415 were equivalent to CV406 in once-through model. The changes for SG AB were the

same as those for SG C.

(3) Other Code Package Nodalization

The nodalizations for HS (heat structure) and FL (flow path) had been updated

corresponding to the changes in CV (control volume) package nodalization. The core nodalization

had no necessity to be modified.

2.2.4 Input Deck

The input deck for hot leg countercurrent flow natural circulation model was prepared by

USNRC. It is noted that the initial condition of the input deck was determined based on the results

from the once-through model calculation for 100,000 s from the start.

3. ANALYTICAL RESULTS AND DISCUSSIONS

3.1 Analytical Results of Once-through Model by First 100,000 s

3.1.1 Sequence of Predicted Events

The sequence of events and its timings of occurrence calculated using the once-through

model are summarized in Table 3 .1 .1 . Because of the high pressure safety injection (HPSI)

operation, it can be seen that the accidental progression was very slow and the core was still intact

till the time of 100,000 s from the accident initiation.

- 9 -
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3.1.2 Discussions of Calculated Results

The followings are the discussions based on the results calculated from -200 to 100,000 s

using the once-through model.

(1) Primary System Pressure

Figure 3.1.1 shows the primary system pressure. It can be seen that at the beginning of

the accident, due to the main coolant pumps stop, primary circulation flow decreased, causing the

heat removal decreasing and the temperature increasing accordingly, then primary system pressure

went up (the initial pressure of primary system was 15.73 MPa). After that, because of the

pressurizer adjustment and the SG U-tube break flow, energy loss made the pressure begin to

drop. When the pressure of primary system reached the low pressure scram set point (13.0 MPa),

reactor tripped, and the primary system pressure declined sharply and reached the set point for high

pressure safety injection (HPSI) at about 9 s. After 13 s delay, the HPSI began operating and the

primary pressure increased accordingly. Because the SG C PORV opened and closed cyclically, the

pressure became oscillating at high values. But after the PORV was stuck open, an obvious

depressurization could be observed. Then the pressure was controlled and adjusted by the

pressurizer. When the liquid level in pressurizer crossed the heater trip set point, the heater would

be turned on or off. During this period, after a series slight fluctuation, the pressure became stable

and was almost kept at constant.

At about 58,000 s, the refueling water storage tank was exhausted by HPSI, the safety

injection flow became zero, this caused the pressure drops sharply and deeply. This deep

depressurization would also cause a flash vaporization occurring in the intact SG tube which would

have an effect on the pressure in that SG boiler (see Fig. 3.1.6). When the pressure came to the

set point of accumulator safety injection, the accumulators of all three loops would be first initiated,

then, the depressurization would slow down but could not be halted because the operation status of

accumulators was strongly depended on the pressure in the accumulators. With the primary

pressure decreasing, the saturation temperature in core reduced, meantime, the core began to be

heated up (see Fig. 3.1.12 ~ Fig. 3.1.15) and the liquid temperature became closer and

closer to the saturation temperature (see Fig. 3.1.2). During this period, the pressure in the

affected steam generator secondary side began to increase due to the temperature increasing (see the

description in section (2)).

At about 70,000 s when accumulator injection stopped, steam began to be produced in the

core (see Fig. 3.1.3), and the pressure in primary system was nearly equal to that in the affected

SG secondary side and the break flow rate decreased considerably, these factors caused the primary

system pressure stopped decreasing and even increased a little. At about 98,000 s, because the

- 1 0 -
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volumes of affected steam generator tubes and boiler were full of steam, the condition for heat

transfer was worsened abruptly, no energy would be transferred to the boiler pool and very little

energy to the boiler atmosphere (see Figs. 3.1.4 and 3.1.5), this caused the pressure in primary

system increased suddenly and that in affected SG boiler decreased sharply (also see section (2)).

(2) Secondary System Pressure

For steam generator secondary side, Fig. 3.1.6 shows the pressures in the faulted steam

generator (SG boiler C) and in the intact steam generator (SG boiler AB). In the faulted steam

generator, as soon as the break occurred, due to the large amount of energy flow directly from the

primary coolant system, the pressure went up; then, after the main coolant pumps tripped, the

energy reduced and caused the faulted SG secondary pressure decreased. But immediately because

of the turbine trip, the pressure rose again. When the pressure reached the set point of PORV of SG

C, the PORV opened and closed cyclically according to the pressure, so the pressure appeared

oscillating. At about 7,500 s (see 3.1.1), the PORV in this faulted SG was stuck open and failed to

close forever, the pressure decreased quickly. When HPSI stopped, the core began to be heated up

and more heat was transferred to this SG boiler, then the pressure in SG boiler C increased

accordingly. In the affected SG, because the pressure on the primary side had decreased very

deeply and had a very small value at that time, the saturation temperature in the primary system was

not high enough to prevent the liquid temperature from reaching that saturation temperature (see

Fig. 3.1.7), then steam was produced. At about 98,000 s, the heat transfer condition worsened

abruptly due to change of break flow from liquid to gas phase and very little energy could be

transferred to the SG secondary side (also see section (1)), so its pressure decreased sharply. Then,

after the energy equilibrium between primary and secondary sides was developed, the pressure

would increase again.

For the intact steam generator secondary side, it shows that the pressure had the similar trend

to that in the faulted SG before the PORV of the faulted SG was stuck open. After the PORV of the

faulted SG was stuck open, the pressure in the intact SG secondary side was also decreased

because, at that time, the faulted steam generator removed most of energy produced in the primary

side through tube heat transfer and the break flow, and the intact steam generator almost had no

energy to be added or even had a reverse heat transfer from it to primary side (see Fig. 3.1.8, the

temperature of SG C liquid was nearly equal to the core liquid temperature, shortly after the HPSI

operation, the temperature of SG AB liquid would be higher than them), however, the decreasing

speed was very slow compared with that for the affected SG. At the moment when HPSI stopped,

there could be seen a sudden depressurization, this is because of a very high heat flux from SG AB

boiler to tubes (see Fig. 3.1.9). After that, because the temperature of primary system coolant

increased and the flashing in SG AB tubes made the heat transfer efficiency reduced, the heat

transfer from SG AB to primary side became much less than before and the pressure in the intact

- 1 1 -
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SG secondary side decreased slowly. At about 98,000 s, while the heat transfer condition in the

faulted SG worsened abruptly, contrary to the sharp depressurization of faulted SG secondary side,

the pressure in the intact SG secondary side increased rapidly, because the primary temperature

rose quickly and was high enough to match the temperature in SG AB and there was no longer any

heat transfer from secondary to primary but from the primary to secondary.

(3) Containment Pressure and Temperature

The containment pressure is shown in Fig. 3 . 1 . 1 0 . During the whole period from the

steady state -200 s to 100,000 s, though an SGTR occurred, the containment vessel was never

failed, so the containment pressure was only slightly affected by the pressurizer cubicle. The

temperature of the containment atmosphere is shown in Fig. 3 . 1 . 1 1 . The trend of curve is

slightly different from the pressure curve. Since the vessel did not fail, there was no unsafety trail

in the containment.

(4) Fuel Temperature

Figures 3 . 1 . 1 2 through 3 . 1 . 1 5 are the temperatures of fuel. The third ring of the core

was not listed here. A detailed figure (from -200 to 600 s) for level 13, ring 1 of the core was

drawn to explain the process in this period (see Fig. 3 .1 .16 ) . At the time when the tube break

occurred, because of the break flow which brought more energy out of the core, the fuel

temperature declined. When the reactor scrammed, due to the heat source loss, the temperature

decreased suddenly to a very low level. Then, after HPSI operation, the temperature continued

decreasing slowly. From Figs . 3 . 1 . 1 2 through 3 . 1 . 1 5 , it can be found that the temperatures

would increase at the time of HPSI stopped. After that, the core began to be heated up. From

Figs. 3 . 1 . 1 3 and 3 . 1 . 1 5 , it can be seen that the temperature of fuel in level 12 and 13 began to

increase, this indicated that the top of the core may begin to uncover. Figure 3 . 1 . 1 7 shows the

temperature trend of the cladding in Ring 1, level 13 which was similar to the fuel after reactor

scram. At the time of 100,000 s, it was still far from the cladding failure temperature of 1173 K.

(5) Collapsed Water Level in Core

Figure 3 . 1 . 1 8 shows the collapsed water level in the core, lower plenum and the core

bypass. From the curve of core collapsed level (the top of the fuel rod was 6.722 m high and the

lowest was 3.064 m high from the bottom head), it was seen that the level would decrease sharply

at the moment of break occurring due to the break flow. After the high pressure safety injection

system was activated, the level recovered to normal, but after the refueling water storage tank was

emptied and the accumulator stopped injecting, the collapsed level decreased again. Then, because

the core was heated up and the water in core swelled, the collapsed level increased slightly; but
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quickly, because of the break flow and the steam being produced in the core, the level decreased

sharply again. At about 80,000 s, because the increased pressure in the core (see (1)) raised the

core saturation temperature and made the steam production reduced (see Fig. 3.1.3) and also

because the break flow decreasing, the collapsed level in core was elevated accordingly. After that,

since temperature in core became higher and higher and steam production became more and more,

the level had to decrease again. Near 97,000 - 98,000 s, due to the sudden increase of pressure in

the core, there also could be seen an elevated level. Finally, the collapsed level would be lower and

lower. It did not reach the lowest location of the core till this calculation terminated.

For the bypass collapsed level, it also decreased when the core level did so, but the

decreasing speed was much lower than that of core because the temperature in the bypass water

was always lower than that in the core.

(6) Steam Generator Tube Temperature

Figure 3.1.19 shows the steam generator tube temperature. At the break beginning, the

broken tube temperature rose quickly at an increment of about 25 K. Then, after the coolant pump

tripped, the heat removed from the core to the steam generator decreased and this caused the tube

temperature dropped sharply. At this time, the temperature of other tubes in the affected steam

generator dropped also and were nearly equal to the broken tube, then their curves showed almost

the same tendency. When the high pressure injection system began to be activated, with the

increase of the energy transferred from the core and the increase of the faulted SG boiler pressure

and temperature, the tubes' temperature increased to nearly the normal temperature relatively to the

initial state. But after the PORV in the faulted SG was stuck open, due to the large quantity heat

removed by the steam release through the PORV, the tubes' temperature decreased suddenly and

deeply by 140 K. While the HPSI stopped, the temperature increased again, because at this time,

the energy produced in the core could not be removed effectively from the affected SG due to the

loss of coolant and accordingly, would be added to the tubes. Then, with the decreasing of the

pressure in primary system and the increasing of the pressure in the faulted SG secondary side (see

sections (1) and (2)), the pressure difference began to smaller and smaller and this caused the break

flow so small that the temperatures in both sides of the SG tube would increase and made the tubes'

temperature increased also but not quickly. At about 98,000 s, since the pool in the faulted SG

boiler vaporized completely, the steam temperature increased quickly and that caused the quick

increase of tube temperature.

For the temperature of the intact SG tubes, the temperature tendency was something like that

of the faulted SG not-broken tubes before the PORV in faulted SG was stuck open. After that, the

temperature also decreased but not as fast as that of the affected tubes. Then because almost no

energy was added to the intact SG and very little heat was transferred through the tubes, the
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temperature almost kept a constant with very slow decreasing. At the time of HPSI stopped, due to

the sudden and deep depressurization in the tubes, the pool in the tubes flashed and that caused the

tube temperature had a fast drop. After that, the temperature curve became flat. Also at the time of

98,000 s, because the heat transfer condition worsened quickly and the core was heated up, the

tube temperature increased quickly accordingly.

(7) Hot Leg and Pressurizer Surge Line Temperatures

Figures 3 .1 .20 and 3 . 1 . 2 1 present the trends of the hot leg temperature and the

pressurizcr surge line temperature, respectively. What should be concerned about these

temperatures are whether they have reached the creep failure temperature or not. From the two

figures, it could be seen that at the end of this calculation, the temperatures were still below their

initial temperatures and far lower than the failure temperatures.

(8) Coolant Mass Flow Rates

Figures 3 . 1 . 2 2 through 3 . 1 . 2 4 present the flow rates of the core, high pressure safety

injection (HPSI) and the accumulator velocity.

(9) Radionuclide Releases

During this calculation, the fuel cladding was not heated up to the cladding burst or failure

temperature and therefore quite small amount of radionuclides was released from the core.

3.2 Analytical Results of Once-through Model from 100,000 to 150,000 s

This calculation was performed to compare the once-through model with the hot leg

countercurrent natural circulation model and to evaluate the effect of hot leg countercurrent on the

progression of this SGTR severe accident. In this calculation, the nodalizations of control volumes,

flow paths and heat structures are identical to the calculation from - 200 to 100,000 s.

3.2.1 Sequence of Predicted Events

The sequence of events and its timings of occurrence calculated after 100,000 s using the

once-through model are summarized in Table 3 . 2 . 1 . From this table, the cladding oxidation

began at about 108.3 min (the time after first 100,000 s calculation, the followings are the same as

above). After its temperature reached 1173 K, the cladding was failed and caused the fission gas

products in the fuel-cladding gap released. First release occurred in the radial ring 1 at 112.92 min
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followed by rings 2 and 3 at 117.58 and 131.70 min, respectively. At about 135.0 min, the first

relocation occurred. After the core uncovery completed at 193.3 min, the collapsed liquid level in

lower plenum began to drop and caused the heat up of the core support plate. At 232.80 min, the

core support plate failure first occurred in radial ring 3 and closely followed by the failure in radial

rings 2 and 1 at the time of 236.73 min and 239.20 min, respectively. About 9 min later, the lower

head penetration in radial ring 2 failed, the initial diameter of the hole was about 0.267 m. Also at

this time, the cavity woke up and the debris began to eject into the reactor cavity from the vessel.

The liquid level in the lower plenum decreased sharply to zero accordingly. A second accumulator

delivery of accumulators remaining inventory in all loops was predicted between 250.60 and

251.38 min. After the inventories exhausted, no operation was assumed to mitigate the accident.

3.2.2 Discussions of Calculation Results

The followings are the results as well as its based discussions calculated after 100,000 s

using the once-through model.

(1) Primary System Pressure and Temperature

Figure 3 .2 .1 shows the primary system pressure. It can be seen that from the beginning of

this calculation, the primary system pressure continued to increase slowly due to the core heatup

and degradation. At about 1.081 x 103 s (135.0 min) when the relocation first occurred (Fig.

3.2 .2) , the pressure began to increase and reached a peak of about 5.8 MPa at about 1.090 x 10^

s, with also the reason that the oxidation rate had a very sharp increase (Fig. 3 .2 .3 ) . Then, the

pressure decreased because the heat in the vapor generated by the relocation was removed from the

core by the break flow. Similar processes would occur at any time when the melt relocated axially,

with differences of the melt mass and energy from each other. At the time 1.116 X 105 s (193.3

min) when the rare completely uncovered (Fig. 3 .2 .4) , all the water in core control volume was

changed to vapor and this caused a large amount of vapor generation and a relatively maximum

pressure value in the core. This maximum value was about 6.2 MPa. Then, the pressure decreased

again to about 4.5 MPa at 1.128 x 105 s (215.0 min). From this time to 1.133 x 105 s (216.7 min),

the pressure increased quickly to another pressure peak, about 5.6 MPa. During this time, a large

melt relocated from the core to lower plenum and caused to a lot vapor generation (Fig. 3 .2 .5 ) .

Then the pressure decreased again to about 4.0 MPa. After the core support plate failure in all radial

rings, the pressure had a sudden rise to 5.2 MPa. At the time of 1.1488 x 105 s (248.0 min), the

lower head penetration in radial ring 2 failed, and the pressure in core fell down to the containment

pressure immediately and would never increase.

Figure 3 . 2 . 6 gives the liquid and gas temperatures in the core control volume. The pool

temperature was mostly kept at a constant of 540 K (saturated temperature at the pressure at that
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time) till the core completely uncovered, then the pool in the core disappeared with its temperature

rising quickly. The atmosphere temperature began to increase because the core had begun to heat

up. At about 1.04 x 1CP s (66.7 min), because the void fraction of core outflow rose quickly and

the heat removal through this flow decreased, also because the oxidation began at 1.067 X 105 s and

the enthalpy released, the atmosphere temperature increased sharply up to about 2100 K at 1.081

X 105 s when the first relocation occurred. The relocation would cause the vaporization and the

colder vapor would decrease the whole atmosphere temperature. Then the temperature rose again,

followed by the oscillation due to other relocation processes.

At 1.116 x 105 s when the core uncovery completed, the temperature slightly decreased.

After that, the temperature curve can be seen a very steep drop at 1.133 X 103 s (221.7 min), this

was because at that time, a large core debris melt fell into the lower plenum (Fig. 3 . 2 . 5 and also

discussed above in pressure analysis) and agitated up the cold water and steam which could cool

the hotter vapor in the core atmosphere. After that, the speed of core heat-up and degradation was

accelerated due to oxidation reaction and the temperature quickly rose to the maximum value, 2700

K. Then, at 1.1504 x 10^ s (250.6 min), the second accumulator ejection occurred and made the

core atmosphere temperature rapidly decrease to the saturated temperature. After the accumulator

inventory exhausted, the temperature bounced back to about 1230 K, then from this point, after a

little reduction, the temperature began to increase slowly again and was influenced by the hydrogen

deflagration at 142 and 145 min, respectively. At the end of the calculation, the temperature was

about 1450 K.

(2) Secondary System Pressure

Figure 3 .2 .7 shows the pressures in the secondary side of the faulted SG and the intact

SGs. Before the relocation occurred in the core, the pressure in Boiler AB followed the same trend

as the primary system and then it would almost keep a constant of 5 MPa. For Boiler C, because

the PORV had been stuck open, the pressure had decreased to 0 .6~0.7 MPa and would fall down

to the same level as the primary system fall to at the time when the lower head penetration failed.

(3) Containment Pressure and Temperature

Figures 3 .2 .8 and 3 . 2 . 9 present the pressures and atmosphere temperatures of basement,

cavity and dome in containment. In Fig. 3 . 2 . 8 , the pressure trends of the basement, cavity and

dome have no differences. Before the lower head penetration failure, the pressure was kept at

almost a constant with very little increase. Then, because of the penetration failure with the mass

and energy input to the containment, the pressure rose sharply followed by a little decrease due to

the accumulator inventory ejection. After that, the pressure was elevated by the decay power and

the enthalpy released from the interaction between the core melt or debris and the concrete or other
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materials consisted in the containment. At the end of this calculation, the pressure in containment

was about 1.16 kPa with several pulses due to the processes of repeated hydrogen deflagration.

From Fig. 3 . 2 . 9 , it can be seen that the atmosphere temperature curves of the basement

and dome are almost same, which climb very slowly in almost a constant speed. For the cavity, the

cavity atmosphere temperature had a sharp increase st the time of the lower head penetration failure

and then dropped due to the accumulator inventory ejection. After the time 1.2699 X 1()5 s (449.90

min) when the first deflagration occurred, the temperature always showed very unstable and

frequent oscillations with large amplitudes because of the violent processes between the debris and

the concrete in the cavity. The maximum value involved in these oscillations was about 2230 K. At

the end of this calculation, the average atmosphere temperature in cavity was about 1900 K.

(4) Fuel Temperatures and Core Degradation

Figures 3 . 2 . 1 0 through 3 .2 .15 show the fuel temperatures at various levels in the

different radial rings during the core damage period. The drop on each curve from the top to zero

directly mean the fuel at that level and in that ring collapsed. It is indicated that all fuel temperatures

kept almost constants at the beginning. The features in outer two rings are very similar with slightly

differences from the timings, all the axial levels in each ring would collapse at the same time which

was 1.143 X 10^ s for the second ring and 1.141 X Uf s for the third ring. For the first ring, the

behavior can be also said similar to the outer two rings, but the collapsing timings were quite

different between each level, which were, 1.133 X 105 s for the top level to the tenth level, 1.140 X

10^ s for the ninth level and 1.144 x 105 s for the others. There were two significant heat-up

processes observed, especially in the upper half part of each ring, one was the heat-up when the

specific level uncovered and another was that when the oxidation began. After the fuel temperature

had reached a very high value, it increased slowly and even appeared some little oscillations till the

fuel collapsed. The reason is that the Zr-water reaction stopped due to exhaustion of unoxidized

metal.

At 1.13968 x 105 s (232.80 min), 1.14204 x 10s s (236.73 min) and 1.14352 x 10s s

(239.20 min), the core support plate failure occurred in third, second and first radial rings,

respectively. It is noted that the first failure occurred in the third ring, instead of the first ring where

the power density was higher. This may be explained from Fig. 3 . 2 . 5 , in which the mass

relocated to the axial level 3 in ring 3 was heavier than that in other two rings and the energy was

much enough to heat the support plate to the failure temperature.

At 1.1488 x 105 s (248.0 min), the lower head penetration in the second ring failed. This

probably because at that time, the mass distributed to the bottom of lower plenum (the top of lower

head) in the second ring reached a very high value (5.3 x 104 kg, about three times than other two
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rings, sec Fig. 3 .2 .16) and the enthalpy brought by the mass heat the penetration enough (1273

K) to fail. After the penetration failed here, the melt would fall through the hole and temperatures of

penetrations would decrease quickly, the other two penetrations had no opportunities to fail.

Figure 3 .2 .17 shows the total masses of core materials (zircaloy, zirconium dioxide, steel

and steel oxide) remaining in the vessel during this SGTR case calculation. As in the figure, most

of the unoxidized zircaloy (about 95 %) and all the oxides were transferred to the cavity. For the

steel and steel oxide, about 60 % of steel and all the oxides left the core. It can also be seen from

this figure that about 60 % of zircaloy and very little steel were oxidized.

(5) Collapsed Liquid Level

Figure 3 . 2 . 4 gives the collapsed liquid levels of the core, lower plenum and pressurizer.

At about 1.04 X U? s (66.7 min), because the void fraction of core outflow rose quickly and the

heat removal through this flow decreased, the core was heated rapidly and the core level collapsing

speed increased. At about 1.116 X 105 s (175.0 min), the core collapsed level decreased to 3.064 m

high from the vessel bottom, which was the lowest location of the core, and the core uncovery

completed. After that, the level of lower plenum began to reduce. This collapsed level decreased

almost in a same speed, except for that at two time points. One was at 1.133 x 105 s (221.7 min),

when a large core debris melt fell into the lower plenum (Figs. 3 .2 .5 and 3 .2 .11 ) and vaporized

the cold water to steam and caused a sharp drop. Another exception was at the time before the

lower head penetration failed, because all the core support plate failed and many core debris entered

the lower plenum, the virtual volume increased suddenly and the level had a sudden rise

accordingly. Then, after the lower head penetration failed at 1.1488 x KV s (248.0 min), the lower

plenum collapsed level fell to zero immediately. At 1.1504 x 10* s (256.6 min), due to the

accumulators injection which also caused the level in core had a small level pulse, the collapsed

level in lower plenum recovered to about 1.2 m, and then, after the accumulator inventory

exhausted, the level would changed to and kept on zero. During the whole calculation, collapsed

liquid level in pressurizer was kept at 8 m high from the RPV bottom head which means no liquid

in pressurizer.

(6) Coolant Mass Flow Rates

Figure 3 . 2 . 1 8 presents the mass flow rates to and from the core. With the core heating-up

and degradation, the flow rate from the rare to upper plenum decreased from 80 kg/s to 3 kg/s at

1.035 x 105 s, then, it continued decreasing slowly with several small oscillations due to relocations

and other processes such as vaporization, condensation, oxidation, etc. Three relative large

oscillations occurred at the times when the core completely uncovered and when the lower head

penetration failed and the following accumulator inventory injected. After the accumulator inventory
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exhausted, the outlet flow rate was kept at zero. For the inlet mass flow rate to core from the lower

plenum, the same sharp drop occurred at the beginning of this calculation. Because of the core

heating-up and degradation, after this flow rate fell down to about 10 kg/s, it was always in the

frequent oscillations and the vibration amplitudes varied from -12 kg/s to 33 kg/s (the negative

value meant the flow was from the core to lower plenum). After the penetration failed and the

accumulator inventory exhausted, the inlet flow rate also became zero and kept on it.

Figure 3.2.19 gives the steam generator break flow rate from the broken tube to the boiler

in Loop C. The figure is similar to that of the primary system pressure because the break flow and

its direction were determined by the pressure difference between the primary and secondary

systems, and the secondary system was mostly kept at a constant during the core degradation.

Another dominating factor was the coolant mass flow rate from the rare to the hot leg. That was the

reason why the figure was not completely the same as that of primary pressure. After the core had

begun melting and relocation, the highest flow rate value out of broken tube was about 2.65 kg/s

(1.45 kg/s for BK DN plus 1.20 kg/s for BK UP) occurring at 1.116 x 10s s (175.0 min) when

the core uncovery completed. These trends could be referred to the discussion of primary pressure.

As soon as the lower head penetration failed, the break flow rate dropped to zero.

Figure 3.2.20 shows the accumulators deliveries. A second accumulators injection was

predicted in this calculation beginning at 1.1504 X 105 s (250.60 min) and ending at 1.1508 x 105 s

(251.38 min) and 58.77 m3 of inventory was delivered.

Figure 3.2.21 presents the vapor release rate from the power operated relief valve (PORV)

in SG C. Radionuclides released from the core would enter the environment directly through this

valve and bypass the containment. After the gap release occurred in the core, the release rate

through PORV varied from 1.9 to 2.5 kg/s until the time when vessel failed and the release rate

changed to zero.

Figure 3.2.22 gives the mass flow rates from the hot leg to steam generator with a

reference to the flow rates from the broken tube to boiler. The flow rate from hot leg C to SG C

ranged from 0.5 to 2.5 kg/s and was mostly more than 1.5 kg/s. For the flow rate from hot leg AB

to SG AB, it could be divided into two parts, one part was before 1.07 X 105 s by which the flow

rate was above zero and around 1 kg/s, the other part was after 1.07 x Hf s from which the flow

rate was below zero with instantaneous rebounding above zero to high values for three times.

Figure 3.2.23 shows the enthalpy flow rates from the core to boiler through hot legs and

steam generators. It can be seen that the break flow has the ability to remove about 8 MW of heat.
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(7) Hot Leg and Surge Line Pipe Temperatures

Figure 3.2.24 presents the temperatures of hot legs and surge line pipes. Since most of

superheated steam was transported through hot leg C to the break point and very small amount of

superheated steam passed the hot leg AB and surge line, only the hot leg C pipe was heated up to

approximate 1300 K (no hot leg failure predicted in the present calculation) while the temperatures

of other two pipes rose slowly to about 613 K at the end of this calculation.

(8) Hydrogen Production and Deflagration

Figure 3.2.25 presents the hydrogen productions in the core and cavity. The hydrogen

production first occurred at 1.065 x l(f s when the oxidation (the reaction between zircaloy and

water) began. With the progression of oxidation, the hydrogen production increased rapidly to

about 425 kg at 1.1488 x 10̂  s (248.00 min) when the lower head penetration failed and the

processes in the core stopped. Then, the main location of hydrogen production was changed to the

reactor cavity where the oxidation of metals by the concrete decomposition gases such as H2O and

CO2 was predicted, meantime, another reluctant carbon monoxide (CO) could also be predicted. At

the end of this calculation, the hydrogen produced in cavity reached 225 kg. At 1.2699 x 105 s

(449.9 min), when the concentrations of H2 and / or CO reached a critical value, the deflagration

first occurred in the cavity followed by the occurrences whenever the criterion was satisfied.

(9) Radionuclide Releases

Since the MELCOR code has been developed as a tool for Probabilistic Risk Assessment

(PRA), the code can consider the release and transport of radioactive fission products and for the

release to the environment (source term). As a source term code, MELCOR especially deals with

the fission products (and daughters) released during an accident, which arc particularly important

for determining consequences and risks. MELCOR treats fission products in molecular forms, not

only the radioactive fission products elements themselves, but also the nonradioactive elements

with which fission products may interact. Furthermore, MELCOR combines elements into material

classes, groups of elements with similar chemical behavior. The initial radionuclide inventories for

each class are generally based on whole-core inventories calculated using the ORIGEN[5]lf6] code,

and distribution may be specified for fuel in the core, the fuel-cladding gap, and initial cavity

debris, and the atmosphere and pool of any control volume. Release of radionuclides can occur

from the fuel-cladding gap by exceeding a failure temperature criterion of losing intact geometry,

from material in the core using the various CORSOR1'1'181 empirical release correlations based on

fuel temperatures and during core-concrete interactions in the reactor cavity using the VANESA[y|

release model.
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In this calculation, 15 material classes were considered as the default, which meant Cs and I

were released separately, instead of combination into Csl. Table 3 . 2 . 2 gives the radionuclide

fractional distributions (by total released class-dependent masses) in the primary, containment,

environment and steam generator and gives the total released masses and gives the total released

masses at the end of the MELCOR analysis, 1.5 x 10s s, together with the initial inventory

calculated by ORIGEN code from Ref .10. Figures 3 .2 .26 through 3 . 2 . 3 7 show the

radionuclide masses, according to the fission product species class defined by the input, released

from the fuel in the in- and ex-vessel portions of the accident, accompanied by a trace showing the

sum of the two. Though the containment was kept intact, the releases to environment through SG

power operated relief valve (PORV) was predicted.

The gap release began at 1.06775 X 105 s (112.92 min) when the cladding in radial ring 1

failed. At the time of 1.1488 x 105 s (248.00) when the lower head penetration failed, ex-vessel

releases were initiated, however, for noble gases (Xe), alkali metals (Cs), platinoids (Ru) and early

transition elements (Mo), ex-vessel release stage ended at once, and, for other classes, ex-vessel

release would continue to contribute to source term.

It can be seen from Table 3 . 2 . 2 that almost all of Xenon, Cesium and Iodine class

materials were released from the fuel in this calculation. Figures 3 . 2 . 2 6 , 3 . 2 . 2 7 and 3 . 2 . 2 9

show that almost all (about 95 %) of those releases occurred in-vessel, with the remaining 5%

released in ex-vessel stage in the reactor cavity. It should be noted that, in Table 3 . 2 . 2 , the total

distribution fraction (Primary + Containment + Environment + SG) was more than 1.0.

The reason for large release fraction of Cesium and Iodine into environment can be explained

as follows. In the once-through model calculation, Cesium and Iodine were separately treated and

Cesium Iodide (Csl) which is considered to be most probable form during severe accidents from a

thermochemical theory was not formed since the input deck obtained from USNRC was used

without any modifications. Therefore, the deposition mass of Cesium and Iodine in both RCS and

containment became small because most of them were in vapor form. As a result, their release

fractions into environment became large. If the formation of Csl was taken into account in the

calculation, large amount of Csl aerosol might have deposited onto RCS or containment due to

natural deposition processes and therefore the release fractions of Cesium and Iodine might have

decreased as in the calculation with the hot leg countercurrent natural circulation model.

The release behavior predicted by MELCOR in this calculation can be grouped into several

subdivisions. For Class 1 (Xe), Class 2 (Cs) and Class 4 (Iodine), ~ 100% of initial radionuclide

inventories were released, about 95 % / 5 % releases occurred at in- and ex-vessels, respectively.

The next major release fractions are of Class 5 (Te), Class 11 (Cd) and Class 12 (Sn) which were

predicted to be 76.54 %, 78.09 % and 78.02 %, respectively. Following them, 46.33 % of Class 3
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(Ba), 25.21% of Class 7 (Mo) and 2.49 % of Class 6 (Ru) was predicted to be released. Finally,

quite small fraction of Class 8 (Ce), Class 9 (La) and Class 10 (U) were released in this calculation

and the fractions were 0.092 %, 0.202 % and 0.202 %, respectively.

The release patterns varied depending on the RN class also, however, the variations in this

case were not significant. For Xe, Cs and Iodine, about 95 % / 5 % of releases occurred at in- and

ex-vessels, respectively. For Te and Ce, 54.15 % and 58.92 % of releases were predicted at

in-vessel. The in-vessel releases of other classes was more than 98% of the total, and especially, all

of the Class 6 (Ru) and 7 (Mo) releases occurred in vessel.

The released radionuclide distributions can be also grouped into a few subdivisions. More

than 90 % of the noble gases (Class 1) and iodine (Class 4) were released to environment by the

end of this simulation, while most (65 ~ 8 5 %) of Ba, Ru, Mo, La, U, Cd and Sn still remained in

primary system with about 5 % of the amounts released to the environment. For Te and Ce, about

halves of the releases were distributed in the containment with about 34 % and 44 % in RCS and

about 10 % and 3 % were released into environment, respectively. For Cs, more than a half was

retained in RCS while 15 % was released to the environment. Since this calculation was performed

for SGTR analysis, steam generator acquired some fractions from the releases accordingly. About

20 % of Cs and 5 ~ 10 % of all other classes retained at the SG except for Xe and Iodine.

The total masses of fission products released from the fuel are shown in Fig. 3 . 2 . 3 8 .

Almost of all the releases occurred during the stages of in-vessel core damage and the melt ejection,

and only very little release occurred during the ex-vessel stage. About 57 % of fission products

released were deposited on heat structures while 43 % were found in the control volumes of pool or

atmosphere, and about 90 % of fission products in the control volumes was vapor form rather than

aerosol form because most of aerosol was immediately deposited onto the heat structures.

3.3 Analytical Results of Hot Leg Countercurrent Natural Circulation Model

from 100,000 to 150,000 s

3.3.1 Sequence of Predicted Events

The sequence of events and its timings of occurrence calculated after 100,000 s using the hot

leg countercurrent natural-circulation model are summarized in Table 3 . 3 . 1 . It can be seen that

zircaloy of cladding began to be oxidized at about 86.7 min (after first 100,000 s calculation) before

the cladding failure (at axial level 13). At 93.85 min, the cladding of radial ring 1 failed and the gap

release began, then followed by the radial rings 2 and 3. The first relocation occurred at about

113.3 min. After the core uncovered completely at about 170 min, at 211.12 min, the core support
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plate first failure occurred in radial ring 2, then, 6 min later, the ring 1 core support plate was also

failed. At the time of 246.10 min, the lower head penetration in radial ring 2 failed, the initial

diameter of the hole was about 0.267 m which corresponds to the size of electrical penetrations in

radial ring 2. This caused the beginning of debris ejection to the cavity and waking up various

processes in the cavity. The collapsed level of lower plenum decreased sharply and deeply. A

second accumulator delivery of accumulators remaining inventory in all loops was predicted

between 247.73 min and 248.67 min and could cause the sudden increase of the lower plenum

collapsed level. But after the accumulators inventories exhausted, the level of lower plenum would

be decreased to zero. At 249.85 min, the ring 3 core support plate failed. When time reached

1.3863 X 105 s (643.90 min), a first deflagration started in the cavity and ended at 1.3864 x 105 s

(644.03 min). At 1.387 x 10^ s (645.23 min), the lower head penetration in radial ring 1 failed.

The initial diameter of the hole was 0.127 m which corresponds to the size of electrical penetrations

in radial ring 3.

3.3.2 Discussions of Calculated Results

The followings are the results as well as its based discussions calculated after 100,000 s

using the hot leg countercurrent natural circulation model.

(1) Primary System Pressure and Temperature

Figure 3 .3 .1 shows the primary system pressure. It can be seen that from the beginning of

this calculation, the primary system pressure continued to increase slowly due to the core heatup

and degradation. After the time of about 1.068 x 10^ s (113.3 min), when the first melt relocation

occurred, the speed of the pressure increasing became more and more rapidly, with several little

oscillations due to the relocation. The pressure rose abruptly and formed a pressure spike of 7.5

MPa at about 1.078 x 10s s (130. min). The reason is that, from 116 min to 130 min, the axial top

level to level 7 of all the radial rings in the core melted and relocated and this resulted in a large

vapor generation through the debris/coolant heat transfer and produced a large RCS pressure

increase. Accordingly, with the significant reduction of the steam generation and the heat removal

out of the core, the primary pressure ran down sharply to 5.3 MPa.

At the time of about 1.102 X 106 s (170 min), as the core was completely uncovered (Fig.

3.3 .3) , the pressure rose back a little. After that, the pressure continued to decrease. At about

1.115 X 10s s (191.7 min), a second pressure spike of about 6.0 MPa occurred, this phenomenon

was caused by the relocation of a large mass of hot debris from the core region to the lower

plenum. It can be seen from Fig. 3 . 3 . 4 that all the masses of UO, and Zr in the axial level 3 (core

plate), increased from zeroes to the maximum values. The transient heat transfer rates should be

sufficient enough to quench the hot debris and generate a large steam pressure increase. After that,
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nothing could avoid the primary system from depressurization except the water injection of

accumulators from 247.73 min initiated by low pressure signal to 248.67 min ended by exhaustion.

At 1.15 X 105 s (249.9 min), all the support plates failure occurred followed by the lower head

failure. Accordingly, the primary system pressure decreased at the moment to the deepest value and

was kept at a constant to fit the containment pressure.

Figure 3.3.5 gives the core control volume material (Liquid and Atmosphere)

temperatures. The liquid temperature in the pool of this control volume almost kept a constant value

of 540 K until the complete core uncovery. The atmosphere temperature began to increase as the

core began to heat up due to cladding oxidation. The total cumulative oxidation energy is shown in

Fig. 3 .3 .2 . The increasing rate was improved with the heat-up rate increase in the core. At the

time of 1.068 X 105 s (113.3 min) when the first relocation occurred, because the debris quenching

generated much relatively colder vapor, the atmosphere temperature decreased rapidly after it

reached 2000 K. Then the temperature increased again. This process would repeat at any time when

relocation occurred and lower temperature vapor generated, only had the difference in the

magnitude of increment or reduction resulted from the difference of the mass and energy of melt

relocated and vapor generated. At about 1.102 X 105 s (170.0 min) when the core uncovery

completed finally, all the liquid was changed to steam and this resulted in the decrease of

atmosphere temperature to 1200 K because no more colder steam could be added in. After that, the

temperature increased quickly again and reached 2200 K in a very short time.

At about 1.115 x 10s s (191.7 min), a massive core melt slumped to the support plate and

agitated up much water in the lower plenum. As a result, the core temperature decreased to nearly

the saturated temperature. Then, the temperature shot up again to reach the maximum value at the

time of 1.1302 x 10s s (217.03 min) before the support plate failure at radial ring 1. After that, the

temperature decreased again. At 1.1486 x 10s s (247.73 min), after the lower head penetration

failed, because of the accumulators injection, the temperature of atmosphere in the core fell

suddenly to the minimum value of 500 K. After that, the temperature had an obvious bounce then

rose again, but the heat-up rate became smaller and smaller. At the time of 1.387 x 105 s, when the

lower head penetration failure occurred in the first radial ring, the temperature oscillated and then

continued to rise slowly again. At the end of this calculation, the temperature was about 1550 K.

(2) Secondary System Pressure

Figure 3.3.6 shows the secondary system pressure. The secondary system pressure of SG

AB (boiler) gradually increased. On the other hand, the secondary system pressure of SG C

(boiler) was kept at low level due to PORV stuck open and decreased again at the time of lower

head failure at 1.1486 x 105 s (247.73 min).
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(3) Containment Pressure and Temperature

In this SGTR analysis, the containment was divided into six control volumes which were

basement, reactor cavity, SG A/B/C cubicle, press cubicle, lower dome and main dome as shown

in Fig. 2 . 1 . 1 . Figures 3 . 3 . 7 and 3 . 3 . 8 give the pressures and atmosphere temperatures of

basement, cavity and dome as representatives in containment. From Fig. 3 .3 .7 , it can be seen

that the pressure curves display almost the same trends. However, at the moment of 1.148 X 105 s

(246.1 min) when the lower head penetration in radial ring 2 was failed, the cavity pressure rose

quickly from 70 kPa to a much higher value (about 84 kPa) but immediately reduced to a very low

value (66.8 kPa) due to the accumulator injection, then after the accumulators were exhausted, the

pressure of cavity bounced to 91 kPa and was equal to those of basement and dome again. This

result was because the cavity was directly influenced by the injection, but not for the basement and

dome. After the transient heat transfer passed, all the pressures had to go down sharply to 83 kPa,

then began to increase again due to the decay heat of fission products. After the pressures reached

110 kPa at about 1.3 X 105 s, the curves were observed to become flat, that meant those factors

(decay power, reaction heat, etc.) which elevated the pressure had been mitigated and could only

keep on the present pressure or improve a little. At the time of 1.387 x 10^ s, when the lower head

penetration failed in the first radial ring, a pulse of pressures occurred. At the end of this

calculation, the pressures was about 125 kPa.

From Fig. 3 . 3 .8 , it can be seen that the features of the basement, cavity and dome

temperatures were almost the same, however, the temperature of the cavity is of course greater than

those of basement and dome. These temperatures kept almost constants before the lower head

penetration failure. At the time of the penetration failure, the temperatures increased in an instant.

Then because of the accumulator injection, the temperatures decreased again to some new relatively

low and stable values and then slowly increased. For the temperatures of the basement and the

dome, it can be seen that the curves were almost straight lines, except a pulse when the penetration

in the first radial ring failed, and the slopes of the lines were also very small. At the end of this

calculation, the temperatures of the basement and dome were about 360 K. But for the cavity

temperature, the case was much more complicated. Many large oscillations could be observed on

the cavity temperature curve because the violent reaction between the debris and the concrete in the

debris pool in cavity. When the oscillations occurred, the maximum temperature could reach 2200

K. At the end of this calculation, the average temperature of cavity atmosphere was about 1800 K.

(4) Fuel Temperatures and Core degradation

Figures 3 . 3 . 9 through 3 . 3 . 1 4 show the fuel temperatures at various levels in the

different radial rings during the core damage period. The behavior in all three rings was very

similar, only delayed in time in the outer two rings due to lower power densities. At the beginning
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of this calculation, all temperatures increased slowly because the coolant in the core could receive

some decay heat from the core and vaporize, then remove the heat through the vapor flow. With the

core level decreasing and the uncovery continuing, the temperatures rose quickly in the order from

higher axial level to the lower and from inner radial ring to outer. It can be seen obviously that fuel

temperatures in the highest axial level could get the maximum values much more earlier than the

lowest. At about 1.03 X 105 s (50 min), an abrupt heat-up rate increase occurred at the highest level

because the highest level had uncovered at that time. At 1.068 X 105 s (113.3 min), the first

relocation occurred at the highest axial level (13th) in the first radial ring and almost in the

meantime, the level collapsed. Similar observations on other levels and in other rings can also be

available.

At 1.127 X 105 s (211.1 min), 1.130 X 105 s (217.0 min) and 1.150 x 105 s (249.9 min),

after all the fuel had failed, the core support plates of the second, the first and the third rings failed

in turn, respectively. It seems unreasonable that the core support plate failure first occurred in the

radial ring 2, instead of the ring 3 or ring 1. However, since MELCOR predicted not only the axial

debris relocation but also the radial relocation, it was possible for support plate failure occurred first

at any ring. In this case, maybe because of a more melt relocation from ring 1 to ring 2 but a less

melt relocation even a reverse relocation from ring 2 to ring 3 or a lot heat transfer from ring 3 to

the surrounded heat structures, the plate failure consequently occurred first in the second ring and

resulted in failure of the lower head penetration in ring 2. This phenomenon can be demonstrated

by the material (such as ZrOj) masses relocated to the support plate in each ring (see Fig.

3.3.15). In Fig. 3 .3.15, it can be seen that at the time of a massive core melt slumped to the

support plate, the mass of ZrO, in ring 2, level 3 (core support plate) was much more than those in

ring 1 and ring 3 in same level. The earlier failure of ring 2 penetration resulted in the delay of the

support plate failure in ring 3. Though the radial ring 2 penetration failed and some of the core melt

and debris had entered the cavity, the process in rare had not yet stopped and the degradation

continued because there were still some masses remained on the axial level 1 (sec Fig. 3.3.16).

At 1.3871 x 105 s, the lower head penetration in radial ring 1 failed and all the mass relocated at the

axial level 1 fell down to the reactor cavity (see Fig. 3.3.16).

Figure 3.3.17 shows the total masses of some core materials (zircaloy, zirconium dioxide,

steel and steel oxide) remaining in the vessel during this SGTR accident. Most of the unoxidized

zircaloy and the oxides (both about 80 %) were transferred to the cavity after penetration 2 and 1

failed. However, much of the structural steel in the lower plenum and core support plate was

predicted to remain unmelted and in place even after the vessel breach. It can also be seen from this

figure that more than half of initial zircaloy and very little steel were oxidized.
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(5) Collapsed Liquid Level

Figure 3 . 3 . 3 shows the collapsed liquid levels in the core, lower plenum and pressurizer.

In this calculation, the pressurizer and surge line were modeled separately to simulate the natural

circulation. Therefore, here the pressurizer collapsed level referred to that of surge line to keep

consistence with other calculations. From the figure, it can be seen that the core collapsed level

decreased continuously with the core heating-up and degrading. At about 1.078 x 105 s (130 min),

there was a sudden decreasing and then sudden increasing on the curve. This was because at this

time, the oxidation reaction released a large quantities of heat and made the vaporization rate

increase rapidly. At 1.102 x 105 s (170 min), the core collapsed level decreased to 3.064 m, which

was the lowest point of the core, and the core uncovery completed. After that, the level of lower

plenum began to decrease. This collapsed level decreased almost according to the same rate, except

for that at two time points. One was at 1.115 X 10s s (249.9 min), when the core slumped a

massive debris to the lower plenum, so the water in the lower plenum had to quench the hot debris

and a lot of steam was generated, as a result, the collapsed level decreased sharply.

Just before the lower head penetration failure, the collapsed level increased suddenly and

even surpass the initial level of the lower plenum. This can be explained by Fig. 3 . 3 . 1 8 which

shows the virtual volumes of the core and lower plenum. It can be seen that at this time, the virtual

volume of lower plenum increased abruptly to a very high value and would cause the total volume

of lower plenum increase accordingly. That was the reason why the level increased unexpectedly,

in fact, the level should not be considered as a real collapsed level. Then, after the lower head

penetration in radial ring 2 was failed at 1.148 x 10^ s (246.10 min), all the water went into the

cavity and the collapsed level of lower plenum decreased to zero at this moment. At the time 1.149

x 10s s (247.73 min), due to the accumulators injection, the collapsed level appeared about 1.2

meters increase, and then, after the accumulators exhausted, the level fell to zero again.

(6) Coolant Mass Flow Rates

In this SGTR case calculation, to simulate the hot leg countercurrent flow, the hot legs had

been divided into top and bottom parts. The superheated vapor would enter the top of the hot legs,

the steam generators inlets, tubes, outlets and then from the outlets flowed back to the reactor

vessel along the bottom of the hot leg. Figures 3 .3 .19 and 3 . 3 .20 show the mass flow rates of

hot legs in loops AB and C, respectively. From Fig. 3 . 3 .19 , it can be seen that a stable natural

circulation flow in the AB loop hot leg had been established during the core heat-up, except a little

oscillation around zero flow rate in the time between 1.02 x 10* s and 1.03 x 105 s. The flow rate

was not so large, generally below 5 kg/s. However, the stable hot leg countercurrent was never

observed in the loop C from Fig. 3 . 3 . 2 0 . This result was probably because the steam generator

tube rupture, which caused the circulation interrupted at the broken point, occurred in loop C.
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These flow rates can be considered as the indicators of the core temperature increase. While steam

generation and / or pressure changed in the core, the flow rates would change accordingly, this can

be expressed on the curves. To evaluate the heat removal efficiency of the hot leg countercurrent,

Fig. 3.3.21 which gives the temperatures of the vapor in the top and the bottom of hot leg AB

was prepared. From this figure, the temperature of the vapor flow out of the core through the upper

plenum to the top of the hot leg was higher and sometimes much higher than that from the bottom

of hot leg to the upper plenum. This can, to some extent, shows that heat removal occurred at steam

generators due to the hot leg countercurrent flow.

Figures 3.3.22 and 3 .3.23 present the mass flow rates to and from the core,

respectively. With the progression of core heat-up and degradation, the coolant flow rate at the core

outlet began to decrease to zero. From the time of about 1.068 X 105 s, when the first core melt

relocation occurred, to the time of about 1.078 x 10s s, when a very high oxidization power

generated, the flow rates oscillated in a very large range, especially the flow from the lower plenum

to the core (120 -—270 kg/s). After that, the flow rates almost kept on the zero line until the core

uncovery completed at 1.102 x 105 s (170.0 min) when there was another oscillation on the curve.

As followed, the flow rates recovered to zero again. But from Fig. 3 .3.23, a high flow rate spike

of 140 kg/s was observed at about 1.115 x 105 s, this was because a massive core melt relocated to

the lower plenum and accordingly, the core pressure increased at this moment. At the time of

1.1477 X 105 s (246.10 min), when the lower head penetration failure occurred, there was a reverse

flow from the upper plenum to the core then to the lower plenum. Then, no flow would pass

through the core.

Figure 3.3.24 gives the steam generator break flow rate from the broken tube to the boiler

(secondary system) in loop C. The feature of the figure is very similar to that of the primary

system pressure. This is reasonable, because the break flow rate should be determined by the

pressure difference between primary system and the boiler and the pressure in the boiler almost

kept a constant during this case calculation. There are two flow rate spikes on the curve, the

maximum is about 1.95 kg/s, occurring at 1.078 x 105 s; another is 1.42 kg/s, occurring at 1.115 X

10s s. After the lower head penetration failure, the primary system pressure decreased and then the

break flow rate decreased to zero at once.

Figure 3.3.25 shows the accumulators deliveries. Surry has three accumulators, each of

them has the initial water volume of 29.385 m3. Before the core uncovery, the accumulators had

delivered 29.385 m3 during 5.86 x 104 s to 6.64 x 104 s in the first calculation stage. MELCOR

predicted another accumulators injection at 1.1486 x 10s s (247.73 min) and 1 minute later, the

accumulators inventory were exhausted after the remaining of 58.77 m3 was delivered.
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(7) Hot Leg and Surge Line Pipe Temperature

Figures 3 . 3 . 2 6 and 3 . 3 . 2 7 give the pipes temperatures of hot legs in AB and C loops,

respectively. Figure 3 . 3 . 2 8 gives the temperature of surge line. As indicated in these figures, all

the temperatures were not higher than the failure temperature (1273 K). That means that the natural

circulation was modeled while the superheated vapor could not heat the hot legs and surge line up

to their failure temperatures. However, it can not be concluded that the pipe temperature would

never exceed the failure temperature because the present calculation was stopped at 1.500 x 105 s

due to the limit of calculation time.

(8) Hydrogen Production and Deflagration

Figure 3 .3 .29 presents the hydrogen productions in the core and cavity. As indicated in

the figure, the hydrogen production first occurred at 1.052 x 105 s when the oxidation (the reaction

between zircaloy and water or vapor) began. With the progression of oxidizing, the hydrogen

production increased rapidly to about 325 kg at about 1.13 X 10s s after the core support plate had

failed in radial rings 1 and 2. When the lower head penetration failed and the core debris ejected

into the cavity, the hydrogen production began to occur in the cavity. In cavity, the hydrogen was

produced from the oxidation of metals by H,0 and another product carbon monoxide (CO) was

produced from the reaction between metals and CO,, (CO2 was from concrete decomposition). At

the time of 1.387 X 105 s, the penetration in the first radial ring failed and caused a little production

increase of H, in core and a rapid increase rate in the reactor cavity. By the end of this calculation,

the hydrogen production was 535 kg (335 kg in core and 200 kg in cavity). At 1.386 x 10^ s, when

the concentrations of H2 and / or CO reached a critical value, the first deflagration occurred in the

cavity and would be followed by other occurrences whenever the criterion was satisfied.

(9) Radionuclide Releases

As the default, MELCOR considers 15 material classes, however, in this present calculation,

cesium class was combined with iodine class, that is, the 16th class named by Csl was added.

Table 3 . 3 . 2 gives the radionuclide fractional distributions in the primary, containment,

environment, and steam generator and gives the total released masses at the end of the MELCOR

analysis, 1.5 x 105 s. Though the containment was not predicted to fail, releases to the environment

could occur through the fault steam generator power operated relief valve. Figures 3 . 3 . 3 0

through 3 . 3 . 4 2 show the radionuclides masses released from the fuel in the in- and ex-vessel

portions during the accident.

The gap release began to occur at the time of 1.056 X 105 s when the cladding in radial ring 1

failed. Significant radionuclide releases from the fuel occurred at the onset of core melt, about
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1.068 X 105 s (113.3 min) followed by the release from molten debris at the reactor cavity.

Transportation to the containment for the more volatile radionuclide classes was rapid, while the

less volatile classes showed significant release from the fuel after it had relocated to the cavity,

especially for tetravalents (Ce), almost had no in-vessel release. For noble gases (Xe) and alkali

metals (Cs) releases to the containment were mostly finished by 1.148 x 10^ s (246.10), as soon as

the lower head penetration in the second radial ring failed, and all finished after the penetration in

the first ring failed. For platinoids (Ru), the release was finished at the first penetration failure.

However, for chalcogens (Te), uranium (U) and main group elements (Cd, Sn), the releases had

not completed even after the end of calculation.

Table 3 . 3 . 2 shows that almost all of the Class of Xenon and Cesium (if ~ 10 kg Cesium

in Csl included) volatiles were released from the fuel in this calculation. Figures 3 . 3 . 2 8 and

3 . 3 . 2 9 show that about 90 % of those releases occurred at in-vessel, with the remaining 10 %

released at ex-vessel in the cavity. It is noted that Fig. 3 .3 .31 shows very little release for Class 4

(I) and no release in the cavity. In this calculation, iodine was assumed to be combined with cesium

into Csl as soon as it released from fuel, this is also the reason why cesium released totally only

1.25 X 102 kg, while the total production of cesium in the core was 1.36 x 102 kg. Additionally,

VANESA, which is used to calculate the ex-vessel release within MELCOR, considers iodine to be

released as Csl, so no iodine release occurred in cavity. Based upon physical insight, the Class 4

(I) should assemble closely Xe and Cs results.

From Fig. 3 . 3 . 3 6 and Figs. 3 . 3 . 3 9 ~ 3 . 3 . 4 1 , a very strange phenomenon is

observed, which is, at about 1.49 X 105 s, abrupt releases for these classes (Mo, U, Cd and Sn)

occurred. Since no enough messages were given by present MELCOR prediction, it is difficult to

explain what had happened at that time. Maybe VENESA predicted a large vaporization here.

The release behavior predicted by MELCOR in this calculation can be grouped into several

subdivisions. For Class 1 (Xe), Class 2 (Cs) and Class 16 (Csl, according to the masses released

for Cs and I), almost all of initial radionuclide inventories were released, about 90 % / 10 %

in-vessel and ex-vessel. The next major release fractions were of Class 5 (Te), Class 7 (Mo), Class

11 (Cd) and Class 12 (Sn) which were predicted more than 98 %. Following them, 52 % of Class

3 (Ba), 6.4 % of Class 8 (Ce) and 1.6 % of Class 6 (Ru) were predicted. Finally, only very little

Class 9 (La) and Class 10 (U) were released in this calculation and the fractions were about 0.21 %

and 0.13 % respectively.

The release pattern also varied depending on the RN class. Almost all of Ru release occurred

in-vessel while nothing of Cs was released from in-vessel portion. For Xe, Cs and I (indicated by

Csl), about 90 % and 10 % releases occurred in-vessel and ex-vessel, respectively. For Ba, Cd and

Sn, about 70 % of releases were predicted at in-vessel. The in-vessel releases of other classes were
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about 58% for U, 32 % for Te, 33 % for La and 22 % for Mo.

The released radionuclide distributions could be also grouped into a few subdivisions. The

most important contributor to the environment was noble gases (Class 1), while others contributed

a little. For Csl, more than 70% of the release retained in the primary system instead of release to

the environment. It seems that many kind of radionuclides were deposited a lot at the primary

system, such as Csl, Ru (93 %), Cs (73 %), Csl (72 %), Cd (62 %), Sn (62 %), Ba (57 %) and U

(55 %). On the other hand, most of Xe and other RN class were distributed into the containment.

The largest fraction at containment was from Ce (98 %), followed by Mo (77 %), Te (67 %), La

(65 %) and U (42 %). For steam generator, 10% of Csl was released to it. Other relative large

fractions were from Cs (8.8 %), Mo (7.6 %), Cd (4.2 %), Ba (3.7 %) and Sn (3.5 %).

The total mass of fission products released from the fuel is shown in Fig. 3 .3 .43. Except

for the abrupt release in cavity at 1.49 X 105 s, it can be seen that most of the release occurred

during core degradation with a little during cavity process. But at 1.49 x 1()5 s, that abrupt release

contributed a lot to the vapor fraction and to the total release accordingly. Including the large

vaporization, about 50.7 % of the fission products released were found in atmosphere of control

volumes, in which 63.2 % was aerosol and 36.8 % was vapor. Remaining a little less than 50 %

was deposited on heat structures.

3.4 Comparisons of Analytical Results between Once-through and Hot Leg
Countercurrent Natural Circulation Models

In this SGTR analysis, the calculations after 100,000 s were performed using both the

once-through and hot leg countercurrent natural-circulation models parallelly. The essential results

from the two models were mostly the same each other. The effects of reactor coolant system natural

circulation on the response of the Surry nuclear power plant during a station blackout transient were

investigated with the SCDAP/RELAP5 code in NUREG/CR-5214141. Moreover, the effect of hot

leg countercurrent natural circulation on the potential for HPME in Surry NPP was evaluated

through the comparison with that of the once-through flow in NUREG/CR-59491111, also using

SCDAP/RELAP5. Both conclusions indicate that the natural circulation provides an effective

mechanism for the transfer of core decay heat to the ex-vessel piping and this transfer will

accordingly induce the accelerating increase in the temperatures of hot leg, surge line and steam

generator tubes. However, in the present SGTR calculations, significant differences were not

found in the results between the two models. The probable explanations are due to the characteristic

of SGTR and the processing in MELCOR code. Followings are the comparisons between the

results from the two models as well as some discussions.
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From Tables 3.2.1 and 3 .3 .1 , it can be seen that the progression of core damage

predicted using the hot leg countercurrent natural circulation model was mostly the same as that

using the once-through model. Generally, the natural circulation can be benefit to the mitigation of

the core heat-up, but for SGTR, because PORVs had been stuck open and the secondary side of the

fault steam generator had developed a direct connection to the environment, and this would result a

continuous flow from the primary side (core) to the secondary side through the tube break.

Accordingly the development of the natural circulation flow in the faulted loop would be impeded,

it can be demonstrated from Fig. 3.3.18. The natural circulation did not exist until the hot legs

were voided and superheated vapor was available to provide the required driving potential.

The difference in enthalpy transport rate between the flow from upper plenum to hot leg and

that from hot leg to upper plenum in the intact loop can be observed from the calculation using the

natural circulation model as shown in Fig. 3 .4 .1 . It can be seen that these two enthalpy transport

rates were almost the same, which meant there was no or very little heat removal through the intact

loop even if the natural circulation was taken into account. Therefore, almost of all the heat removal

is considered to have been attributed to the break flow in the faulted loop.

Although the predicted accident progression between the two models was almost the same,

some small differences were found. In the case of the natural circulation model, the core support

plate failure firstly occurred in radial ring 2, while it firstly occurred in radial ring 3 if using the

once-through model. This is because the melt mass and energy relocated to the support plate in each

ring was slightly different between the two models due to the difference in flow pattern in the core.

Another difference was found in the behavior of molten materials at the lower core level. In

the case with the natural circulation model, the lower head penetration in the second radial ring was

firstly failed at 1.127 X 105 s. According to Fig. 3.3.16 based on the natural circulation model, it

can be seen that just after the relocation of molten materials from higher level to axial level 1, most

of all the molten materials was moved to the lower plenum and ejected into the reactor cavity due to

the second penetration failure. This is because large amount of molten materials was moved to the

axial level 1 during a short time and therefore the support plate was heated rapidly and failed. On

the other hand, in the case with the once-through model, the molten materials was gradually

relocated into the axial level 1 as shown in Fig. 3.2.16 and all the relocated materials could stay

on that level for some time up to the core support failure. After that, the materials were moved to

the lower plenum and ejected to the reactor cavity during a very short time. It is considered that this

difference in the behavior of molten materials at the lower core level between the two models was

not caused only by the difference in the primary system modeling but also by some uncertainties in

the relocation model.
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The results from calculation using the once-through model showed that almost of all the axial

levels in each radial ring was collapsed at the same time, whereas the collapsing occurred in the

order of the level of core cell from higher to lower in the case with the hot leg countercurrent natural

circulation model. This can be attributed to be the difference in coolant flow pattern in the core

between the cases with and without the natural circulation at hot leg.

The total mass of material remained in core was quite different between the two calculations.

In the calculation using the once-through model, 60 % of steel in core was moved into the reactor

cavity, however, in the case of the natural circulation model, almost of all the steel in rare was

ejected into the reactor cavity. That is because the lower head penetrations of radial rings 1 and 2

were failed in the natural circulation model while only the radial ring 2 penetration was failed in the

case with the once-through model.

The differences in "source term" were investigated between the two models. The release of

Cs and Iodine was quite different between the two calculations because in the case with the natural

circulation model, chemical form of Csl was treated while Cs and Iodine were dealt with separately

in the case with the once-through model. For the total release from fuel, comparing Table 3 .2 .2

with Table 3 .3 .2 , it can be found that the most significant difference existed in the Class 7 (Mo)

and Class 8 (Ce). The results from both the models on Mo are very close to each other except for

the abrupt release at 1.49 X 10s s in the case with the natural circulation model. On the other hand,

for the release of Ce, a very large release from the reactor cavity was predicted just after the first

lower head penetration failure in the case with the natural circulation model. This is because the

temperature of debris in the reactor cavity increased more due to steel oxidation in the case with the

natural circulation model than the case with the once-through model. For the radionuclides

distributions, overall tendencies were almost the same between the two model calculations.
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4. CONCLUSIONS

Analyses of Steam Generator Tube Rupture (SGTR) of Surry nuclear power plant with one

SG safety valve stuck open as a severe accident were performed using the MELCOR1.8.4 code.

The once-through primary system model was used up to 1.0 x 105 s and after that, both the hot leg

countercurrent natural circulation and once-through models were used to investigate the effect of

primary coolant flow pattern on the accident progression .

(1) If the high pressure safety injection could be available during SGTR, the progression of core

heat-up would be delayed considerably.

(2) If a steam generator secondary-side Power Operated Relief Valve (PORV) was stuck open, the

hot leg countercurrcnt natural circulation flow would not be developed apparently and could not

remove a lot of heat from the degrading core. As a result, it has little effect on the mitigation of

the core degradation.

(3) Depending on the progression of core heat-up and degradation, the support plate between the

activated core and the lower plenum would firstly fail at different place in radial direction. The

process of core melt relocation and collapsing would probably define where is the first place at

which support plate failure occurs.

(4) In case of SGTR with one PORV stuck open, although the containment has not failed yet, the

radionuclidc produced in the core can be also released to the environment through the direct

path of the PORV bypassing the containment. Approximately 7 % of cesium iodide (Csl) can

be released to the environment directly through the stuck open safety valve.

(5) Overall tendencies predicted by the cases with and without the hot leg countcrcurrent natural

circulation were almost the same. However, the behavior of molten material at lower core level

was partly sensitive to the primary system modeling even if the status and process parameters

are the same. Moreover, there was a difference in the release fractions of Cs and iodine into

environment between the analytical assumption of individual elements and Csl compound.

(6) A full plant calculation with the MELCOR code typically involves 15 to 25 control volumes and

100 to 200 heat structures. However, in the present calculation, many control volumes (totally

36 volumes for the once-through model and 57 ones for the natural circulation model) were

used. The fine nodalization significantly decreased the time step less than 10"2 s and increased

the CPU time as well as numerical instability. Here, only one calculation with the natural

circulation model spent 2.56 x 106 s using the SUN Ultra Sparc. This may be a kind of lesson

obtained by using the MELCOR code.
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Table 3.1.1 Sequence of Events for Once-through Model

Events

Double guillotine break in one SG U-tube

Reactor scram on low pressurizer pressure

Main feed terminates - All loops

Reactor coolant pump trip - All loops

AFW initialization in intact loops

AFW initialization in faulted loops

HPSI signal on low pressurizer pressure

High Pressure Safety Injection operation

Faulted loop - SG C PORV first* open

Faulted loop - SG C PORV stuck open

Refueling Water Storage Tank (RWST)

depleted by HPSI

Accumulators in all loops first* operation

First accumulator delivery in all loops stopped

Initial Core Uncovery Beginning

Core still intact at the end of this calculation

Time (s)"

0.0

3.534 x 102 (5.890)

3.535 x 102 (5.892)

3.536 x 102 (5.893)

3.585 xlO2 (5.975)

3.586 x 102 (5.977)

3.626 x 102 (6.043)

3.757 x 102 (6.262)

3.567 x 103 (59.45)

7.467 x 103 (124.5)

5.827 x 104 (971.2)

5.859 x 104 (976.5)

6.642 x 104 (1107)

~ 7.0 xlO4 (1167)

1.000 x 105 (1667)

*: 'first' means that the status of the described system or component operation would be

then 'off, 'on', ..., according to the set point for it.

**.: The data in the parenthese are the timings in minutes.
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Table 3.2.1 Sequence of Events Predicted by Once-through Model

after 100,000s

Events

Cladding Oxidation Beginning

Gap Release in Radial Ring 1

Gap Release in Radial Ring 2

Gap Release in Radial Ring 3

First Relocation Occurred

Core Uncovery Completed

Core Support Plate Failure in Radial Ring 3

Core Support Plate Failure in Radial Ring 2

Core Support Plate Failure in Radial Ring 1

Lower Head Penetration in Radial Ring 2 Failure

Loop AB and C Accumulators Operation

Loop AB and C Accumulators Inventory Exhausted

Deflagration First Started in Cavity

First Deflagration Ended in Cavity

End of Calculation

Time (s)*

-1.065x10'(1775.0)

1.06775 x 10s (1779.6)

1.07055 x 10' (1784.3)

1.07902x10'(1798.4)

-1.081x10'(1801.7)

-1.116x10'(1860.0)

1.13968x10' (1899.5)

1.14204x10'(1903.4)

1.14352 x 10' (1905.9)

1.14880x10'(1914.7)

1.15036 x 10' (1917.3)

1.15083x10'(1918.1)

1.26994 x 10s (2116.57)

1.26997x10'(2116.62)

1.50000 x 10' (2500.0)

The data in the parenthese are the timings in minutes.
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Table 3.2.2 Radionuclide Releases Predicted by Once-through Model

RN Material Class anc

Representive Element

Noble Gases, Xe

Alkali Metals, Cs

Alkaline Earths, Ba

Halogens, I

Chalcogens, Te

Platinoides, Ru

Transition Metals, Mo

Tetravalents, Ce

Trivalents, La

Uranium, U

More Volatile Main

Group Metals, Cd

Less Volatile Main

Group Metals, Sn

Primary

Fraction

(%)

0.0114

55.80

77.19

0.0123

33.93

70.97

74.97

43.92

67.95

67.32

81.55

83.04

Containment

Fraction

(%)

9.71

8.16

6.64

9.47

49.41

18.13

14.76

48.25

20.57

21.73

4.29

4.46

SG

Fraction

(%)

0.00374

20.36

9.02

0.00411

9.84

5.88

5.42

3.86

6.34

5.97

7.90

6.53

Environment

Fraction

(%)

90.22

15.15

6.81

93.10

6.32

4.72

4.59

3.10

4.87

4.61

5.90

5.49

Total

Released

(kg)

2.4464x102

1.3626xlO2

4.9767x10'

1.0503X101

1.6441X101

3.7603

4.4915X101

2.8865x101

5.8827xlO"'

1.2337xlO2

5.5715X10'1

3.1613

Initial

Inventory'101

(kg)

2.4483xl02

1.3645xlO2

1.0740xl02

1.0545X101

2.1481x10'

1.5110xl02

1.7819xlO2

3.1440xl02

2.9170xl02

6.1025xl04

7.1350x10'

4.0521
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Table 3.3.1 Sequence of Events Predicted by Hot Leg Natural Circulation Model

after 100,000s

Events

Cladding Oxidation Beginning

Gap Release in Radial Ring 1

Gap Release in Radial Ring 2

Gap Release in Radial Ring 3

First Relocation occured

Core Uncovery Completed

Core Support Plate Failure in Radial Ring 2

Core Support Plate Failure in Radial Ring 1

Lower Head Penetration in Radial Ring 2 Failure

Loop AB and C Accumulators Injection

Loop AB and C Accumulators Inventory Exhausted

Core Support Plate Failure in Radial Ring 3

Deflagration First Started in Cavity

First Deflagration Ended in Cavity

Lower Head Penetration in Radial Ring 1 Failure

End of Calculation

Time (s)*

~ 1.052 x 10' (1753.3)

1.05631 x 10' (1760.5)

1.05906 x 10' (1765.1)

1.06741 x 10' (1779.0)

~ 1.068 x 10s (1780.0)

-1.102x10'(1836.7)

1.12667x10'(1877.8)

1.13022 x 10' (1883.7)

1.14766 x 10' (1912.8)

1.14864 x 10' (1914.4)

1.14920x10'(1915.3)

1.14991 x 10' (1916.5)

1.38634 x 10' (2310.6)

1.38642 x 10' (2310.7)

1.38714 x 10s (2311.9)

1.50000 x 10s (2500.0)

The data in the parenthese are the timings in minutes.
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Table 3.3.2 Radionuclide Releases Predicted by

Hot Leg Natural Circulation Model

RN Material Class am

Representive Element

Noble Gases, Xe

Alkali Metals, Cs

Alkaline Earths, Ba

Halogens, I

Chalcogens, Te

Platinoides, Ru

Transition Metals, Mo

Tetravalents, Ce

Trivalents, La

Uranium, U

More Volatile Main

Group Metals, Cd

Less Volatile Main

Group Metals, Sn

Cesium Iodine, Csl

Primary

Fraction

(%)

0.0362

72.98

56.95

see Csl

26.73

92.55

21.04

0.635

31.24

54.68

62.09

62.21

72.09

Containment

Fraction

(%)

13.41

11.39

34.61

see Csl

67.35

1.21

77.35

97.47

65.27

41.66

28.97

30.04

10.58

SG

Fraction

(%)

0.0216

8.80

3.72

see Csl

2.50

2.94

7.59

0.0251

1.13

0.164

4.22

3.49

10.28

Environment

Fraction

(%)

86.55

6.40

3.91

see Csl

2.45

3.25

0.813

0.024

1.20

1.81

4.27

3.76

6.67

Total

Released

(kg)

2.4423x102

1.2511xlO2

5.5946X101

1.4755xlO"9

2.1388X101

2.4615

1.7744xlO2

1.9999X101

6.1591x10'

8.1835x10'

7.0558X10"1

4.0328

2.1319x10'

Initial

Inventory'101

(kg)

2.4483x102

1.3645xlO2

1.0740xl02

1.0545X101

2.1481x10'

1.5110xl02

1.7819xlO2

3.1440xl02

2.9170xl02

6.1025xl04

7.1350x10'

4.0521

No Data
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