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요 약 문

중수로 중대사고해석용 종합 전산코드인 ISAAC은 월성 원전에서의 노심손상을 포함하는 

중대사고경위를 분석할 수 있도록 개발되었다.  ISAAC에는 일차, 이차계통 및 격납건물에

서의 열수력, 노심 가열 및 수평연료관 손상, 수평연료관으로부터의 연료 물질 이탈 및 

suspended debris bed로의 재배치, 칼란드리아 탱크에서의 연료물질 거동, 연료물질과 콘

크리트와의 반응, 수소 연소, 그리고 핵분열생성물 이송 등의 모델이 포함되어 있다. 

ISAAC 코드를 검증하기 위해 세 가지 방법이 사용되었다.  첫 번째는 대표적인 노심손상사

고를 ISAAC으로 모의하여 사고 초기부터 격납건물 손상까지의 모든 과정을 분석함으로써 

결과의 논리성을 객관적으로 보여주는 방법이다.  이를 위해 일곱 개의 사고를 선정하였고, 

주요 사고 진행과 그에 따른 중대사고 현상을 연계하여 기술하였다.  일반적으로 ISAAC 코

드는 열수력 및 핵분열생성물 거동을 논리적으로 잘 예측하였다.

두 번째로 채택된 검증 방법은 타 코드와의 비교이다.  이를 위해 중수로 설계기준사고에서

의 열수력 거동을 분석하는 CATHENA와 AECL에서 중수로 중대사고 분석을 위해 사용하

는 MAAP4-CANDU를 대상으로 열수력 거동 및 중대사고 진행 전반을 각각 비교하였다.  

ISAAC은 중대사고 진행 모의를 위한 간단한 열수력 모델을 가지고 있어 상세 코드인 

CATHENA와는 조금씩 다른 열수력 결과를 보여주지만 전반적인 추세는 유사함을 알 수 

있다.  CANDU6에서의 발전소 정전사고와 대형 냉각재 상실사고에 대한 MAAP4-CANDU 

분석 결과를 ISAAC과 비교하였다.  중대사고 모의를 위한 노심 모델이 서로 조금씩 다르지

만 중요 중대사고 현상과 진행 과정은 유사하며, 다만 ISAAC에서 사고 진행이 조금 빠르게 

예측되었다.

마지막으로는 실험 결과와 ISAAC 결과를 비교하였다.  증기폭발 현상을 모의하는 ISAAC 

모델이 FITSB실험과 KROTOS 실험결과로 나온 증기폭발 에너지를 잘 예측하였고, 증기발

생기에서의 열수력 모델 관련하여서도 웨스팅하우스 보일러 (MB) 실험 자료와 유사한 냉각

수 방출 유량을 예측하였다.  ISAAC 코드를 검증하기 위해서는 다양한 현상 모델에 대한 

코드 간 비교 뿐 아니라, 가용한 실험 자료를 확보하여 비교하는 양면적인 노력이 필요하

다. 
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SUMMARY

A fully integrated severe accident code, ISAAC, was developed to simulate the 

accident scenarios that could lead to a severe core damage and eventually to the 

containment failure in CANDU reactors.  Pertinent phenomena modeled in ISAAC 

are: thermal-hydraulics, core heatup and fuel channel rupture, relocation of fuel 

material to the calandria tank via suspended debris bed, debris behavior in the 

calandria tank, corium/concrete interaction including the calandria vault floor 

melt-through, hydrogen burn and fission product transport. 

Three ways of validation were adopted in this report.  As the data for the severe 

accident progression in CANDU plants are very limited, the first approach is to 

show the ISAAC results for the typical severe core damage sequences. For this 

purpose, seven typical scenarios were selected and the accident progression was 

described with the corresponding severe accident phenomena.  In general, the 

ISAAC computer code shows the reasonable results in terms of the thermal 

hydraulic behavior as well as fission product transport from the PHTS to the 

containment. 

As the second step for the code validation, the ISAAC results are compared against 

those from CATHENA and MAAP4-CANDU. As the thermal hydraulic models in 

ISAAC are focused for the severe core damage scenarios, the plant response 

predicted by ISAAC is different from the CATHENA calculations.  Nonetheless the 

overall trend is similar to each other.  The overall accident progression from core 

heatup to containment failure was also compared between ISAAC and 

MAAP4-CANDU for the station black out and large LOCA sequences.  In spite of 

the modeling differences, the major severe accident phenomena and the accident 

progression are similar to each other, though ISAAC predicts the accident 

progression faster than MAAP4-CANDU does.

Finally ISAAC results are compared with the experimental data.  Benchmarking 

results of the models for the steam explosion and steam generators are described.  

The ISAAC explosion model provides a good description of the energetics resulting 

from the explosive interactions measured in the FITSB test program and shows 

good agreement with the measured KROTOS results.  Regarding the steam 

generator behavior, ISAAC correctly calculates the period of liquid discharge against 

the MB experimental data.  Still more efforts are needed to validate the code by 

the code-to-code comparison and by the comparison against the experimental data 

available.
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1. INTRODUCTION

A fully integrated severe accident code ISAAC (Integrated Severe Accident Analysis 

code for CANDU plants) was developed to simulate the accident scenarios that 

could lead to a severe core damage and eventually to the containment failure in 

Canada Deuterium Uranium (CANDU) reactors.  The code was constructed in 

modules.  There are modules responsible for individual regions in the plant: primary 

heat transport system (PHTS), pressurizer, steam generators, calandria tank, 

calandria vault and end-shields, degasser condenser and the containment.  Also 

every major engineered safeguards features present in Wolsong plant were 

represented in the code: shutdown cooling system, emergency core cooling system, 

air coolers, igniters and dousing spray system.  Pertinent phenomena modeled in 

ISAAC are: thermal-hydraulics, core heatup and fuel channel rupture, relocation of 

fuel material to the calandria tank via suspended debris bed, debris behavior in the 

calandria tank, corium/concrete interaction including the calandria vault floor 

melt-through, hydrogen burn and fission product transport.  The intended goal of 

ISAAC is to provide a tool for use in performing PSA, severe accident management, 

emergency drills and reviewing emergency procedure effectiveness [1]

In order to validate the isaac computer code, firstly the ISAAC results for the 

typical severe core damage sequences are given in Chapter 2.  As the data for the 

severe accident progression in CANDU plants are very limited, this chapter shows 

how the ISAAC results are physico-chemically reasonable.  It predicts the water 

dry out timing both in the PHTS and in the steam generators based on heat 

transfer models most of which were derived from MAAP4/PWR, the 

state-of-the-art severe accident analysis computer code for PWRs.   Then the fuel 

channel is heated up due to loss of water inventory, and starts to relocate to the 

suspended debris bed prior to accumulation on the bottom of the calandria tank.  

Through the heatup process in the suspended debris bed, fuel material is relocated 

to the calandria tank.  The calandria tank remains intact until calandria vault water 

level drops below the tank bottom and then fuel material in the tank may discharge 

into the calandria vault floor where fuel-concrete interaction occurs.  In the 

meantime, containment pressure increases mainly due to steam inflow and 

containment failure eventually may occur.  These progression caused by the severe 

core damage accident is physically modeled in the ISAAC code and it is described 

in Chapter 2.

Secondly code-to-code comparison was performed and described in Chapter 3.  

The ISAAC results are compared against CATHENA for the typical severe accidents 

described in FSAR.  As the thermal hydraulic models in ISAAC are focused for the 

severe core damage scenarios, the detailed behavior of plant response predicted by 



- 2 -

the ISAAC code shows a difference from CATHENA calculation.  Nonetheless the 

overall trend is similar to each other.

Thirdly the ISAAC results are compared against the MAAP4-CANDU results for the 

station black out and large LOCA sequences.  The major modeling difference 

between the ISAAC and the MAAP4-CANDU will be a core modeling and the failure 

criteria for the horizontal fuel channels.  While ISAAC assumes a single fuel rod 

representing the 37 fuel rods, MAAP4-CANDU models 7 rings for 37 rods.  

Regarding the core collapse phenomena, the MAAP4-CANDU and ISAAC model a 

sudden mass delivery and a gradual delivery to the calandria bottom, respectively.  

Other than these, system parameters like the core power, fuel material masses, and 

the set points for the safety systems as well as the modeling of the safety systems 

affect the accident progression time.  In particular, the source term behavior is 

very dependent on the core release models.  In spite of these differences, the 

major severe accident phenomena and the accident progression is similar to each 

other, though ISAAC predicts the accident progression faster than the 

MAAP4-CANDU.

Finally ISAAC results are compared with the experimental data.  Benchmarking for 

the steam explosion model and for the steam generator model is described.  The 

ISAAC explosion model provides a good description of the energetics resulting from 

the explosive interactions measured in the FITSB test program and shows good 

agreement with the measured KROTOS results.  Regarding the steam generator 

behavior, ISAAC correctly calculates the period of liquid discharge against the MB 

experimental data.

The current validation description was based on the available data at present.  

Along with the forthcoming efforts including code-to-code comparison and 

comparison against experiments will be continued.
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2. REPRESENTATIVE ISAAC RESULTS [1]

The ISAAC code has been tested for the Wolsong plant with the following seven 

sequences :

1. Station blackout with liquid relief valve (LRV) available,

2. In-Core tube rupture without ECCS and auxiliary feedwater(AFW),

3. Small LOCA without ECCS and with AFW, 

4. Large LOCA without ECCS and AFW,

5. Steam generator tube rupture without ECCS and AFW,

6. Large LOCA with high pressure injection (HPI) and medium pressure injection 

   (MPI) available, and

7. In-Core tube rupture with high pressure injection (HPI) and medium pressure 

   injection (MPI) available.

The detailed description of the accident sequences and the results of the ISAAC 

code are discussed next in the following respective subsections. 

2.1 SBO - Station Blackout Sequence

SBO is a transient sequence initiated by loss of off-site AC power with subsequent 

loss of DC power. As a result of the loss of AC and DC power, steam generator 

feedwater, calandria tank moderator cooling, and calandria vault and end shield 

cooling functions are not available. The Liquid Relief Valves (LRVs) were assumed 

to open at the relief set point. Main Steam Isolation Valves (MSIVs) closed at time 

0.  However, Main Steam Isolation Valves (MSIVs) were available and open at the 

safety valve set point. The duration of the sequence is 300,000 seconds (3.5 days)

The loss of all electrical power causes an immediate reactor shutdown and 

corresponding loss of steam generator main auxiliary feedwater system. Initially, the 

primary heat transport system (PHTS) pressure decreases due to the heat transfer 

to the steam generator as shown in Figure 2.1-1. As a result of the heat transfer 

from the PHTS, steam generator pressure stays at the MSSVs safety set point and 

the steam generator lost water inventory through the MSSVs. The steam generator 

water level and the pressure are shown in Figure 2.1-2. Once the steam generator 
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Figure 2.1-1 Gas temperature and primary system pressure for SBO with LRV open
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Figure 2.1-2 Steam generator water level and pressure for SBO with LRV open
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dried out at about 8500 seconds, the primary heat transport  system fluid heated 

up and the pressure of PHTS increased to the LRVs relief set point, and PHTS 

subsequently lost water inventory through the LRVs to the degasser condenser 

tank. PHTS water masses and the gas temperature of PHTS and steam generators 

are shown in Figure 2.1-3. The PHTS coolant was homogeneous two-phase flow 

was circulating around the PHTS loop until the PHTS void fraction was about 0.5, 

which occurred soon after 9,000 seconds. When the void fraction became larger 

than 0.5, the  PHTS phases became separated and non-equilibrium thermodynamic 

model was turned on. At about 13,000 seconds. PHTS lost  most of its water to 

the degasser condenser tank. When sufficient PHTS water mass is lost, the core 

channels start to uncover. As fuel rods started to heat up, PHTS gas temperature 

also started to increase as shown in Figure 2.1-1. Without steaming from the core, 

the PHTS pressure slowly decreased until about 54,000 seconds when the pressure 

tube ruptured due to the melt through of the pressure tube and the calandria tube. 

After a large blowdown from the PHTS to the calandria tank through the failed 

tube, the pressure in the PHTS decreased to the calandria tank and containment 

pressures. Also after the pressure tube rupture, the steam generator pressure and 

gas temperature decreased because of reverse heat transfer from the steam 

generator to the PHTS. Pressurizer was isolated due to LOCA signal generated 

when the PHTS system pressure went below 5.56 MPa.

Figure 2.1-4 shows the core node temperatures as a function of time. The core 

nodes are axial node #6in channels 1 and 4 in PHTS loop 1. Channel 1 and 4 fuel 

rods in inside of the pressure tube were uncovered at about 14,000 seconds and 

11,000 seconds. respectively. Channel 4 was uncovered earlier than the channel 1 

due to a higher input peaking factor. The channel 1 and 4 bottom elevation with 

respect to the bottom of the calandria tank are 6.54 m and 5.016m, respectively, 

such that the outside surface of the channel 1 calandria tubes uncovered at about 

20,000 seconds, approximately 7,000 seconds earlier than the channel 4. Because 

of early core uncovery and higher peaking factor, pressure tube ballooning occurred 

earlier in channel 4 than the channel1. The pressure tube ballooning was a result 

of radial straining of the pressure tube due to a combination of high temperature 

(above 900 K) and high pressure. At about 18,000 seconds, channel 4 pressure 

tube ballooned and contacted the calandria  tube which was still covered by the 

calandria tank water, and lead to the rapid drop in pressure tube temperatures. At 

about 27,000 seconds due to the boil-off of calandria tank water, the outside 

surface of the channel 4 calandria tube uncovered and the temperature of the 

calandria tube escalated close to the pressure tube temperature. At about 56,000 

seconds, the calandria tube in channel 1 sagged such that the heat transfer to the 

calandria thank was reduced. For the core node #6 in channel1, the pressure tube 

ballooned at about 42,000 seconds, the core node #6 in channel 1 temperature
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Figure 2.1-3 PHTS water mass and gas temperature for SBO with LRV open
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Figure 2.1-4 Core temperatures of node 6 in channels 1 & 4 

for SBO with LRV open



- 9 -

decreased due to  steam generation in the calandria tank which was a result of the 

hottest core bundle relocating into the calandria tank. When the heat transfer from 

the calandria tube decreased, the core node temperatures reached the temperature 

at which rapid oxidation starts to take place. When the core node temperature 

reaches near 1500 K, the temperature escalated to above 2000 K very rapidly due 

to zircaloy oxidation. Once the average temperature of the pressure tube and the 

calandria tube reached above user specified temperature, typically a temperature 

above the zircaloy melting temperature, the core node relocates to a holding bin 

before relocating into the calandria tank. Both core nodes #6 in channels 1 and 4 

relocated to the holding bin at about 60,000 second, The core material in the 

holding bin will subsequently go through adiabatic heatup and become molten. The 

molten material in the holding bin will then relocate into the calandria tank.

Figure 2.1-5 shows the average and hottest core node temperature history and 

hydrogen generation history in both loop. The first core material relocation occurs 

around 54,000 seconds, As the molten material drops to the calandria tank water, 

the molten jet will break-up into particulates resulting in quenching and zircaloy 

oxidation. Note that most of hydrogen was generated before 80,000 seconds. 

In-core hydrogen generation includes hydrogen generation from the oxidation of 

fuel clad and pressure tube, while the total generation also includes hydrogen 

generation from the oxidation of calandria tubes, The amount of in-core hydrogen 

generation depends on the strength of the circulation flow once the core channels 

have dried out. If the circulation flow is too strong, the core channels will not heat 

up. If the circulation flow is too weak, zircaloy oxidation will be limited due to 

steam starvation condition. In this sequence, the maximum circulation strength in an 

individual pressure tube was approximately 30 g/s at about 15,000 seconds and 

gradually decreased to about 8 g/s just before the rupture of the pressure tube. 

The circulation flow strength may be varied through the user input parameter 

FRICR to study the effect of the flow. This parameter has a great impact on the 

failure time of pressure tube in high pressure sequence and needs further study. 

Total hydrogen mass generated was approximately 200 kg at the end of the 

transient.

The water temperature and the pressure in the calandria tank initially increased due 

to the lack of moderator cooling and due to the heat transfer from the core (PHTS) 

to the water through the calandria tubes. Calandria tank water temperature and the 

water levels are shown  in Figure 2.1-6. Initially, the moderator water in the 

calandria tank was subcooled at about 330 K. Calandria tank rupture valve opened 

at 15,262 seconds due to thermal expansion of the water and the water reached 

the saturation temperature at about 16,000 seconds. Once the water temperature 

reached the saturation, the water level decreased gradually as a result of boiling. 
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Figure 2.1-5 Average and hottest core temperatures and mass of hydrogen 

generated from core for SBO with LRV open
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Figure 2.1-6 Calandria tank water temperature and level for SBO with LRV open
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When the molten material relocated into the calandria tank at about 54,000 seconds, 

the two-phase level sharply increased due to corium quenching. Figure 2.1-7 

shows the corium mass in the core, in the calandria tank, and in the calandria 

vault. The containment and calandria tank pressures are also shown in the figure. 

The relocation of molten material from the core to the calandria tank occurred 

between 54,000 seconds and 85,000 seconds. The pressure in the calandria tank 

and in the containment increased as a result of steaming in the calandria tank while 

the molten material relocated from the core into the calandria tank. Figure 2.1-8 

shows the corium temperature and mass in the calandria tank. Calandria tank dries 

out at about 70,000 seconds. Until then, most of molten material relocated from the 

core became particulates and was quenched. After the water was depleted , the 

core debris in the calandria tank starts to heat up and eventually the particulates 

melted to form a molten debris pool at about 100,000 seconds. After the calandria 

tank water was depleted, the containment pressure temporarily decreased for as a 

short period until steaming was produced in the calandria vault.

 Figure 2.1-9 shows the gas temperature and the water mass in the calandria tank 

and vault. Even when there was no water in the calandria tank, the heat was being 

removed from the corium debris in the calandria tank to the calandria tank wall  

due to the calandria tank being submerged in the calandria vault. As a result, the 

calandria vault pressurized and eventually failed the containment at 176,400 

seconds. After the containment failure, the containment pressure dropped to 

atmospheric pressure. As long as the bottom of the calandria tank was covered by 

the water pool in the calandria vault, the outside surface of the bottom calandria 

tank wall was sufficiently cold enough to contain the corium. Once the water level 

drops below the bottom of the calandria tank, the calandria tank wall heated up 

rapidly, and as a result, the calandria tank failed due to creep at about 180,000 

seconds. The inside and outside wall surface temperature profiles of the calandria 

tank are shown in Figure 2.1-10 where node 1 is the bottom-most node. When the 

calandria tank failed, corium in the calandria tank relocated to the calandria vault 

which resulted in rapid steam generation and a corresponding pressure spike in the 

containment. After the corium relocated into the calandria vault, corium was once 

again quenched due to the presence of water pool. Corium temperature in the 

calandria vault started to increase after water in calandria vault was depleted at 

about 210,000 seconds. Core-concrete interaction started about 225,000 seconds 

and the concrete had eroded to approximately 0.88m at the end of the transient as 

shown in Figure 2.1-11. If the transient had continued, the floor of the calandria 

vault will fail and corium will relocate into the basement.
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Figure 2.1-7 Corium mass distribution and containment pressure 

for SBO with LRV open
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Figure 2.1-8 Corium temperatures-mass distribution of debris pool in calandria and 

water mass for SBO with LRV open
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Figure 2.1-9 Gas temperatures and water mass behavior in the containment 

for SBO with LRV open
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Figure 2.1-10 Calandria wall temperatures in nodes 1 to 4 for SBO with LRV open
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Figure 2.1-11 Concrete erosion thickness in calandria vault and corium 

temperatures in containment for SBO with LRV open
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Figure 2.1-12 shows the mass fraction of CsI and the mass of noble gases in the 

containment, calandria tank, and PHTS. As CsI and  mass was released from the 

core channels, most of it was deposited on the PHTS heat sinks, containment walls, 

and in the water pools. Initially, about 12% of CsI was deposited on the calandria 

tank wall. However, when the calandria wall temperatures increased above 1000 K 

after the calandria tank was uncovered in the calandria vault, most of CsI deposited 

on the wall revaporized and subsequently was transported to the containment. 

Unlike CsI, most of noble gases was immediately transported to the containment. 

Figure 2.1-13 shows the mass fraction of noble gases and CsI released to the  

environment. As shown, approximately 95% of noble gases was released to the 

environment, while only about 0.45% CsI was released to the environment.
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Figure 2.1-12 Distribution of CsI mass fraction and noble gas masses in 

containment for SBO with LRV open
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Figure 2.1-13 Fraction of noble gas and CsI released into environment 

for SBO with LRV open
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2.2 PTR - In-Core Tube Rupture Without ECCS and AFW

PTR is a transient sequence initiated by an in-core tube rupture with a break area 

of 0.00592 m² in loop 1 only. It was assumed that ECCS, moderator cooling, and 

AFW are nat available. However, shield cooling function for the calandria vault and 

end shields are available. Steam generator MSIVs were closed at time 0, and 

reactor was scrammed at 17 seconds. Once LOCA signal occurred, pressurizer was 

isolated and steam generator MSSVs were manually opened 30 seconds after the 

LOCA signal. The duration of the sequence was 250,000 seconds (3 days).

Figure 2.2-1 shows the calandria tank and PHTS pressures for the first 300 

seconds. As soon as the break occurs, the calandria tank pressure rapidly increased 

and the rupture disk failed at 21 seconds. Initially, the PHTS pressure slightly 

increased due to the closure of MSIV at time 0 which raised the steam generator 

pressure to the set point of MSSVs, and as a result, the high pressure reduced the 

amount of heat transfer from the PHTS to the steam generators. After the reactor 

was scrammed, the pressure in PHTS decreased and dropped below the set point 

of LOCA signal (5.56 MPa) at 117 seconds. At this time, the PHTS pressure was 

equilibrating with the steam generator pressure. Twenty seconds later, the 

pressurizer was isolated and steam generator MSSVs were opened at 147 seconds. 

Because of rapid depressurization in steam generator after the manual opening of 

MSSVs, the PHTS pressure also decreased very rapidly for the next 150 seconds 

as shown in Figure 2.2-2. Steam generators dried out at about 3600 seconds 

because of no AFW was available and because the MSSVs were manually opened. 

The PHTS pressure, water masses, and gas temperature histories for and entire 

transient are shown in Figure 2.2-3 and 2.2-4. Once the pressurizer and PHTS 

loop 2 were isolated, the PHTS loop 2 pressure increased because of the lack of 

cooling and reached the LRVs set point at about 6600 seconds. At this time, the 

PHTS loop 2 started to loose water inventory through the LRVs. In PHTS loop1, 

most of water in the core channel was lost at about 6000 seconds due to the 

in-core tube rupture and some water remained at the pump bowls. In PHTS loop 2, 

most of the water was depleted at about 10,000 seconds. After the core channels 

were uncovered, gas temperature in the PHTS started to increase.

Figures 2.2-5 shows the average and hottest core node temperature history and 

hydrogen generation history in both loops. Fuel clad oxidation started at about 3000 

seconds in the loop 1, and in loop 2, it started after 10,000 seconds. Initially, most 

of the hydrogen was generated from the fuel cladding and the pressure tubes. After 

10,000 seconds, the calandria tube temperatures were significantly high enough to 

initiate calandria tube oxidation. Even though the heat up of core channels in the 
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Figure 2.2-1 Pressure behavior in the calandria tank and in the PHTS 

for in-core tube rupture
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Figure 2.2-2 Steam generator water level and pressure behavior 

for in-core tube rupture
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Figure 2.2-3 Gas temperatures in PHTS and calandria tank and primary system 

pressure for in-core tube rupture
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Figure 2.2-4 PHTS water mass and gas temperatures in PHTS and steam 

generators for in-core tube rupture
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Figure 2.2-5 Average and hottest core gas temperatures and mass of hydrogen 

generated from both loops for in-core tube rupture
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PHTS loop 2 started later than the of loop 1, more hydrogen was generated in the 

loop 2 than the poop 1 because the pressure in the loop 2 was high enough to 

have an internal circulation flow in the core channels and thus provide more steam 

for the oxidation. Most of hydrogen was generated before 50,000 second and the 

total hydrogen mass generated was approximately 150 kg.

The first molten core material relocation from the core into the calandria tank 

occurs around 10,0000 seconds. Figure 2.2-6 shows the corium mass in the core, 

in the calandria tank, and in the calandria vault. The containment and calandria tank 

pressures are also shown in the figure. Major relocation of molten material from 

the core into the calandria tank occurred between 10,000 seconds and 50,000 

seconds. The pressure in the calandria tank and boiler room increased as a result 

of steaming in the calandria tank as the molten material relocated from the core 

into the calandria tank. After the calandria tank water was depleted at about 37,000 

seconds, the pressure in the calandria tank and containment decreased until the 

calandria vault rupture disk failed at about 60,000 seconds. Figure 2.2-7 shows the 

corium temperature and mass in the calandria tank. When there was water in the 

calandria tank, most of molten material relocated from the core became particulates 

and was quenched. After the water was depleted, the core debris in the calandria 

tank started to heat up and eventually all particulates melted to join the molten 

pool at about 60,000 seconds and afterwards the average corium temperature in the 

calandria tank gradually decreased because of decreasing decay heat power.

Figure 2.2-8 shows he gas temperature and the water mass in the calandria tank, 

calandria vault, and end  shields. Calandria  tank did not failed because the 

calandria vault and end shields cooling functions were available such that the water 

boil-off rate in the calandria vault was very small and the calandria tank was 

submerged for the entire transient. For this sequence, the dousing sprays were 

available and started at about 4160 seconds. As shown in the Figure 2.2-8, the 

water mass in the basement increased due to the dousing sprays. Figure 2.2-9 

shows the water temperatures in the calandria vault, end shields, and the basement 

along with the heat removal rate by the shield cooling. Water temperature in the 

calandria vault reached saturation at about 60,000 seconds and remained saturated 

thereafter. The total heat removed from the shield cooling was about 7 MW which 

was sufficient to prevent the rapid boil off of the calandria vault water and 

subsequent pressurization of th e containment.

Figure 2.2-10 shows mass fraction of CsI and mass of noble gases in the 

containment, calandria rank, and PHTS. Unlike the SBO sequence, CsI released from 

core was easily transported to the containment via calandria tank because of 

in-core tube rupture. Thus , much less CsI was deposited in th e PHTS compared 
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to the SBO sequence. CsI deposited on the calandria wall remained deposited on 

the wall because the calandria wall was kept cool due to the water in the calandria 

vault. Most of noble gases released from the core transported to the containment. 

in this sequence, the containment was intact, and consequently, there was no 

fission product release to the environment. 
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Figure 2.2-6 Corium mass and pressure behavior in the PHTS and/or in the  

containment for in-core tube rupture
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Figure 2.2-7 Corium temperature and mass in the calandria tank 

for in-core tube rupture
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Figure 2.2-8 Gas temperature and water mass in the calandria tank, calandria vault 

and end shields for in-core tube rupture
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Figure 2.2-9 Water temperatures in the calandria vault, basement and end shields 

along with heat removal by shield cooling system for in-core tube rupture



- 33 -

Figure 2.2-10 Mass fraction of CsI and noble gas mass in core and in the 

containment for in-core tube rupture
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2.3 SLOCA - Small LOCA Without ECCS and With AFW

SLOCA is a transient sequence initiated by a small break in the inlet header with 

and area of 0.013325 m² in loop 1. It was assumed that ECCS injection and 

moderator cooling function are not available. However, AFW for the steam 

generator and shield cooling function for the calandria vault and end shields are 

available. Similar to the in-core tube rupture case, the steam generator MSIVs 

were closed at time 0 and the reactor was scrammed at 17 seconds. Once LOCA 

signal occurred, the pressurizer was isolated and the steam generator MSSVs were 

manually opened 30 seconds after the LOCA signal. The duration of the  sequence 

was 250,000 seconds (3days).

Figure 2.3-1 shows water levels and water flow rates in PHTS loop 1 for the first 

200 seconds. Initially, the water level was at the top of the steam generator 

U-tubes which means there was two-phase circulation around PHTS loops. At 

about 27 seconds, the void fraction in the PHTS loop 1 became larger than 0.5 and 

the PHTS phases became separated. As a result, the water level dropped to near 

the bottom elevation of the outlet header. The water level in the broken loop 

increased temporarily due to the  surge line flow from the pressurizer as shown in  

this figure. The break flow rate was reduced temporarily because the break was 

uncovered when the phases were separated. The LOCA signal was generated at 86 

seconds. Twenty seconds later, the pressurizer was isolated and the steam 

generator MSSVs were manually opened. Soon, steam generators depressurized to 

atmospheric pressure and water level reached to the desired condition based on the 

steam generator water level controller. With the steam generator at low pressure 

and with the AFW available, loo 2 steam generator was able to remove  all decay 

heat generation from the PHTS loop 2 and consequently all the core channels in 

PHTS loop 2 was intact throughout the transient.

Dousing spray was available in this sequence and was activated at 15.7 seconds. 

Figure 2.3-2 shows the dousing spray flow rate and corresponding containment 

pressure for the first 200 seconds. The dousing spray flow was on and off 

depending on the containment pressure until the dousing tank emptied at about 

26,000 seconds.

Figure 2.3-3 shows the average and hottest core node temperature history and 

hydrogen generation history in both loops. Fuel clad oxidation started at about 

12,000 seconds in the loop 1. Once the oxidation took place, core node 

temperatures escalated to above the zircaloy melting temperature and molten core 

material subsequently relocated into the calandria tank. When the molten material 

relocated into the calandria tank, the steaming lowered the gas temperature and 
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Figure 2.3-1 Water levels and water flow rates in PHTS loop 1 for small LOCA
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Figure 2.3-2 Dousing spray flow rates and corresponding containment pressure

for small LOCA
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Figure 2.3-3 Average and hottest core node temperatures and mass of hydrogen 

generated for small LOCA
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cooled the  calandria tubes. Then, the cycle begins again when the  calandria tank 

gas heated up and core node heated up and once again relocated into the  

calandria tank. This cyclic phenomena was occurring until about 110,000 seconds 

and stopped when the  calandria tank water was depleted at about 130,000 

seconds. The low PHTS pressure contributed to a weak natural circulation flow 

which reduced the amount of steam supply for in-coze zircaloy oxidation, e.g. 

steam starved conditions. Total hydrogen mass generated was approximately 43 kg 

throughout the transient, and most of it was generated from the outer surfaces of  

calandria tubes.

Figure 2.3-4 shows the corium mass in the corium mass in the core and in the  

calandria tank.  Calandria tank was intact for the entire transient such that there 

was on corium in the  calandria vault. The containment and the  calandria tank 

pressures are also shown in the figure. The core material relocation started at 

about 28,000 seconds and stopped after 120,000 seconds. The  calandria tank was  

pressurized early in transient due to the loss of moderator cooling and the rupture 

disk failed at 19,150 seconds. Once the water reached the saturated temperature,  

calandria tank water started steaming and the containment begins pressurizing until 

the water in the  calandria tank was depleted. However, the  calandria vault and 

shield compartments pressures became sub-atmospheric primarily because of shield 

cooling functions were available and because they have no flow path to the other 

compartments. 

Figure 2.3-5 shows the corium temperature and corium component mass in the  

calandria tank. Similar to previous sequences, the core debris was initially quenched 

and begins to heat up after the water pool was depleted. After the water pool was 

depleted, corium particulates melted to join the molten pool. Once the particulates 

were mostly melted away, corium temperature decreased because the heat transfer 

from the corium pool upper crust to the surrounding wall is much larger than the 

heat transfer from the corium particulates to the wall.

Figure 2.3-6 shows the gas temperature in the calandria tank and in the 

containment. The water mass in the calandria vault and in the basement are also 

shown in the figure. The gas temperature in the calandria tank followed the cyclic 

increase and decrease as a result of the core node heatup and relocation previously 

discussed. The water mass in the calandria vault did not change because water was 

kept subcooled during the entire transient because shield cooling function was able 

to remove the decay heat from the corium in the calandria tank. Figure 2.3-7 

shows the water temperatures in the calandria vault, end shields, and basement 

along with the heat removal rate by the shield cooling. The total heat removed rate 

by the shield cooling at the end of the transient was about 3.5 MW.
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Figure 2.3-4 Corium mass in the core and in the calandria tank and containment 

pressure for small LOCA
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Figure 2.3-5 Corium temperature and corium component mass in the calandria tank 

for small LOCA
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Figure 2.3-6 Gas temperature and water mass in the calandria tank and in the 

containment for small LOCA
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Figure 2.3-7 Water temperatures in the containment and heat removal by shield 

cooling system for small LOCA
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Figure 2.3-8 shows the mass fraction of CsI and the mass of noble gases in the 

containment, calandria tank, and PHTS. Similar to the SBO sequence, CsI released 

from core was deposited on the PHTS heat sinks. Because the steam generators 

were full of  cold water, U-tubes and rest of primary heat sinks were relatively 

cold such that much of the CsI was deposited on the heat sinks when compared to 

previous sequences. Most of the noble gases released from the core was 

transported to the containment. In this sequence, the containment was intact such 

that there was no fission product release to the environment.
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Figure 2.3-8 Mass fraction of CsI and the mass of noble gases 

in the PHTS and in the containment for small LOCA
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2.4 LLOCA - Large LOCA Without ECCS and AFW

LLOCA is a transient sequence initiated by a large break in the outlet header with 

an area of 0.2594 m² in loop 1. It was assumed that ECCS injection, moderator 

cooling function, and AFW are nat available. Unlike the SLOCA sequence previously 

discussed, it is assumed that shield cooling function for the calandria vault and end 

shields are nat available. Like other  sequences, the steam generator MSSVs were 

manually opened at 33 seconds. The dousing spay was activated at 0.87 seconds. 

The duration of the sequence was 250,000 seconds (3days).

Figure 2.4-1 shows the water mass in the PHTS and the gas temperatures in both 

the PHTS and in the steam generators. Because of the break, the loop 1 water 

mass decreased rapidly and the core channel uncovered at about 20 seconds. PHTS 

loop 2 and the pressurizer water masses remained constant after the isolation of 

the pressurizer until the pressure tubes ruptured in loop 2 at about 20,000 seconds.  

Figure 2.4-2 shows the steam generator water levels and pressures. Once the 

MSSVs were manually opened the steam generators depressurized to atmospheric 

pressure. The loop 2 steam generators dried out at about 3,400 seconds compared

to about 70,000 seconds for the loop 1 steam generators. The loop 2 steam 

generators dried out much earlier than the loop 1 steam generators because the 

PHTS loop 2 stayed at much higher pressure than the loop 1 such that more heat 

was transferred to the loop 2 steam generators than to the loop 1 steam 

generators. After the PHTS loop 2 was isolated, the PHTS loop 2 fluid heated up 

again due to the lack of cooling and the PHTS loop 2 started to pressurize again to 

the set point of LRVs.  Figure 2.4-3 shows the gas temperatures around PHTS and 

the PHTS pressures. Once the PHTS loop 2 pressure reached the set point of 

LRVs to the degasser condenser tank, and the core uncovered at about 8,200 

seconds. The pressure in the loop 2 stayed high until the pressure tube ruptured. 

The gas temperature in loop 2 was much higher than the loop 1 because PHTS 

loop 2 pressure was high. 

Figure 2.4-4 shows the average and hottest core ode temperature history and 

hydrogen generation history in both loops. Fuel clad oxidation started very early in 

loop 1, while it started after 10,000 seconds in loop 2. Initially, most of the 

hydrogen was generated from the fuel cladding and the pressure tubes. After 7,000 

seconds, the calandria tube temperatures were sufficiently high enough to initiate 

calandria tube oxidation. Even though the core channels heat up in the PHTS loop 

2 started later than PHTS loop 1, more hydrogen was generated in the loop 1 than 

the loop 1 because the gas pressure in the loop 2 was high enough to have an 

internal circulation flow in the core channels which provided more steam for the 

oxidation. The total hydrogen mass generated was approximately 140 kg.
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Figure 2.4-1 Water mass in the PHTS and gas temperatures in the PHTS and in 

the steam generators for large LOCA
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Figure 2.4-2 Steam generator water levels and pressures for large LOCA
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Figure 2.4-3 Gas temperatures around PHTS and the PHTS pressure

for large LOCA
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Figure 2.4-4 Average and hottest core node temperatures and mass of hydrogen 

generated from both loops for large LOCA
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The first molten core material relocation from the core into the calandria tank 

occurred around 8,000 seconds. Figure 2.4-5 shows the corium mass in the core, 

in the calandria tank, and  in the calandria vault. The containment and calandria 

tank pressures and also shown in the figure. Major relocation of molten material 

from the core into the calandria tank occurred between 8,000 seconds and 50,000 

seconds. The pressure in the calandria tank and boiler room increased as a result 

of the steaming in the calandria tank as the molten material relocated from the 

core into the calandria tank. After the calandria tank water depleted at about 

32,000 seconds, the pressure in the calandria tank and containment decreased until 

the calandria vault water reached saturation at about 45,000 seconds. Because the 

shield cooling function was not available the water in the calandria vault eventually 

was depleted and as a result, the calandria tank failed at 140,370 seconds. When 

the calandria tank failed, corium in the calandria tank relocated to the calandria 

vault which resulted in rapid steam generation and a corresponding pressure spike 

in the containment. Containment eventually failed at 141,167 seconds due to high 

pressure and depressurized to atmospheric pressure afterwards. In Figure 2.4-5, it 

can be seen that calandria vault floor failed at about 244,500 seconds and the 

corium relocated into the basement from the calandria vault.

Figure 2.4-6 shows the concrete erosion depth in the calandria vault and the 

corium temperatures in the calandria vault and in the basement. After the corium 

relocated into the calandria vault, corium was quenched due to the presence of 

water pool. Corium temperature in the calandria vault started to increase after 

water in the calandria vault dried out at about 160,000 seconds. Core-concrete 

interaction started about 170,000 seconds and the concrete had eroded to 

approximately 0.88 m at the end of the transient when the floor of the calandria 

vault failed. When the corium relocated into the basement from the calandria vault, 

the corium was once again quenched. 

Figure 2.4-7 shows the mass fraction of CsI and the mass of noble gases in the 

containment, calandria tank, and PHTS. Similar to the SLOCA sequence, the CsI 

mass released from the core deposited on the PHTS heat sinks because the 

primary heat sinks were relatively cold. The mass fraction of CsI in this sequence 

was a little more than that of the SBO sequence but some what less than that of 

the PTR sequence. Even though this sequence is a large LOCA sequence, the 

reason that there is less CsI in the containment than the PTR case was due to the 

fact that the break in the PTR case was near at the bottom of the calandria tank  

such that water in the calandria tank could come into PHTS which pressurized the 

PHTS and resulted in a large gas flow from the PHTS into the calandria tank. 

Similar to the SBO sequence, most of CsI deposited on the calandria wall 

revaporized and subsequently was transported to the containment. Most of the 



- 51 -

Figure 2.4-5 Corium mass in the PHTS and in the containment and containment 

pressure for large LOCA
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Figure 2.4-6 Concrete erosion depth in the calandria vault and corium temperature 

in the containment for large LOCA
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Figure 2.4-7 Mass fraction of CsI and the mass of noble gases in the containment, 

calandria tank and PHTS for large LOCA
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noble gases released from the core was also transported to the containment. Figure 

2.4-8 shows the mass fraction of the noble gases and CsI released to the 

environment. As shown, almost all the noble gases was released into the 

environment, while about 10% of the initial mass of CsI was released to the 

environment. With respect to the CsI release into the environment initial release 

was at the time of the containment failure and the second release was at the time 

after calandria tank failure when the CsI was revaporized from calandria tank wall. 
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Figure 2.4-8 Mass fraction of noble gases and CsI released to the environment

for large LOCA
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2.5 SGTR - Steam Generator Tube Rupture Without ECCS and AFW

 

SGTR is a transient sequence initiated by the rupture of several steam generator 

tubes with a total break area of 0.0029225 m² in loop 1, equivalent to a guillotine 

break of 10 steam generator tubes. It was assumed that ECCS injection, moderator 

cooling functions, AFW, and shield cooling functions are nat available. Reactor 

scrammed at 62 seconds. The general characteristic of the sequence is similar to 

other LOCA sequences previously discussed. The duration of the sequence was 

250,000 seconds (3 days).

When the break occurred, both the PHTS and the pressurizer depressurized to near 

the set point of MSSVs in the steam generators and a LOCA signal was generated 

at about 140 seconds. At 163 seconds, the pressurizer and the PHTS loop 2 were 

isolated. Once the PHTS loop 2 was isolated, the loop 2 started to heat up again 

and pressurized to the set point of LRVs. Because no injection and cooling were 

available, the PHTS loop 1 lost water inventory through the MSSVs in the broken 

steam generator, while the PHTS loop 2 lost the water inventory through the LRVs 

to the degasser condenser tank. The core channels in the PHTS loop 1 uncovered 

at 1140 seconds while the core channels in the loop 2 uncovered at 5200 seconds.

PHTS pressures, gas temperatures and water masses are shown in Figures 2.5-1 

and 2.5-2. Both PHTS loop 1 and 2 pressures stayed high until the time of 

pressure tube rupture which occurred at about 10,000 seconds for loop 1 and at 

about 62,000 seconds for loop 2. After the pressure tube ruptured in the loop 1, 

the water inventory in the broken loop steam generator flowed back into the PHTS 

loop 1 and out to the calandria tank. Figure 2.5-3 shows the steam generator water 

levels and pressures. The loop 2 steam generators dried out at 3267 seconds much 

earlier than the loop 1 steam generators because the PHTS loop 2 was at high 

pressure and as a result transferred more heat to the steam generators. After the 

PHTS loop 1pressure tube ruptured and after the system was depressurized, the 

water level in the unbroken loop steam generator in loop 1 stayed constant. 

However, the pressure in the unbroken loop steam generator in loop 1 decreased 

after the pressure tube rupture and increased again because of heat transfer from 

the PHTS gas in loop 1.

Figure 2.5-4 shows the average and hottest core node temperature history and 

hydrogen generation history in both loops. Fuel clad oxidation started early in the 

transient and continued until about 170,000 seconds. Most of the hydrogen was 

generated before 70,000 seconds. Total hydrogen generated mass was about 260kg.

The first molten core material relocation from the core into the calandria tank 
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Figure 2.5-1 Gas temperatures in the PHTS and in the calandria tank, 

and the PHTS pressure for SGTR
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Figure 2.5-2 PHTS water mass and gas temperatures in the PHTS and steam 

generators for SGTR
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Figure 2.5-3 Steam generator water level and pressures for SGTR
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Figure 2.5-4 Average and hottest core node temperatures and mass of hydrogen 

from both loops for SGTR
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occurred around 10,000 seconds for the loop 1. The core material relocation for 

loo 2 was started at about 60,000 seconds. Figure 2.5-5 shows the corium mass in 

the core, in the calandria tank, and in the calandria vault. The containment and 

calandria tank pressures are also shown in the figure. Major relocation of molten 

material from the core into the calandria tank occurred between 10,000 seconds 

and 90,000 seconds. The pressure in the calandria tank and boiler room increased 

as a result of steaming in the calandria tank as the molten material relocated from 

the core into the calandria tank. After the calandria tank as the molten material 

relocated from the core into the calandria tank. After the calandria tank water was 

depleted at about 45,600 seconds, the pressure in the calandria tank and 

containment decreased until the calandria tank failed at 165,300 seconds. When the 

calandria tank failed, corium in the calandria tank was relocated to the calandria 

vault which resulted in rapid steam generation and a corresponding pressure spike 

in the containment. However unlike the LLOCA sequence, containment did not fail.

Figure 2.5-6 shows the concrete erosion depth in the calandria vault and the 

corium temperatures in the containment. After the corium relocated into the 

calandria vault, corium was once again quenched due to the presence of water pool. 

Corium temperature in the calandria vault started to increase after water in the 

calandria vault was depleted at about 190,000 seconds. Core-concrete interaction 

started 207,000 seconds and the concrete had eroded to approximately 0.56m at 

the end of the transient.

Figure 2.5-7 shows the mass fraction of CsI and the mass of noble gases in the 

containment, calandria tank, and PHTS. Similar to the SLOCA sequence, CsI 

released from core was deposited on the PHTS heat sinks because the primary 

heat sinks were relatively cold. similar to other sequences, most of CsI mass 

deposited on the calandria wall was revaporized and subsequently transported to 

the containment. Most of the noble gases released from the core was transported 

to the containment. Figure 2.5-8 shows the mass fraction of the noble gases and 

CsI released to the environment. As shown, only about 1% of the initial noble gas 

inventory was released to the environment, while about 0.013% of initial CsI 

inventory was released to the environment. The fission product transport path to 

the environment was through the MSSVs in the broken loop steam generator, and 

the fission product release was limited to a small fraction because the MSSVs were 

not opened after the pressure tube rupture at 10,800 seconds in loop 1.
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Figure 2.5-5 Corium mass in the core and in the containment, 

and containment pressure for SGTR
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Figure 2.5-6 Concrete erosion depth in the calandria vault and the corium 

temperatures in the containment for SGTR



- 64 -

Figure 2.5-7 Mass fraction of CsI and mass of noble gases in the containment, 

calandria tank, and PHTS for SGTR
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Figure 2.5-8 Fraction of noble gases and CsI released to the environment for SGTR
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2.6 LLOCAE - Large LOCA With HPI and MPI

LLOCAE is a transient sequence initiated by a large break in the outlet header with 

an area of 0.2594㎡ in loop 1. la was assumed that HPI and MPI injections were 

available. However, LPI injection, moderator cooling function, and AFW are not 

available. Unlike the LLOCA sequence previously discussed. it was assumed that 

shields cooling function for the calandria vault and end shields are available. Like 

other sequences. the steam generator MSIVs closed at time 0, and the reactor 

scrammed at 0.87 seconds. The LOCA signal was received at 3.3 seconds, the 

pressurizer was isolated at 23 seconds, and the steam generator MSSVs were 

manually opened at 33 seconds. The dousing spray was activated at 0.87 seconds 

and HPI injection started 8.7 seconds. The duration of the sequence was 250,000 

seconds(3days).

Figure 2.6-1 shows PHTS and accumulator pressures and ECCS injection flow 

rates. HPI was on from 8.7 seconds to 168 seconds, and MPI was on from 168 

seconds 2322 seconds. Once the injection was over, the sequence behaved similarly 

to the LLOCA case previously discussed except that the timings were delayed. 

Figure 2-6-2 shows the gas temperatures for the PHTS, pressurizer and calandria 

tank, as well as the gas pressure for the PHTS and pressurizer. Once the PHTS 

loop 2 was isolated, the PHTS loop 2 fluid starts to heat up again and the pressure 

reached the set point of LRVs at about 7,100 seconds. Afterwards, the loop 2 

water inventory was lost through the LRVs to the degasser condenser tank, and the 

core uncovered at about 8,300 seconds. The pressure in the loop 2 stayed high 

until the pressure tube ruptured. The gas temperature in loop 2 was much higher 

than the loop 1 because PHTS loop 2 pressure was high. Since the loop 2 pressure 

was higher than the accumulator pressure, the loop 2 response in this sequence 

was very similar to the LLOCA sequence without ECCS injection.

Figure 2.6-3 shows the water mass in the PHTS and the gas temperatures in both 

the PHTS and the steam generators. PHTS loop 1 had more water than loop 2 only 

because of the injection to the loop 1. The loop 1 water mass decreased rapidly 

after the injection was over, and as a result, the core channel uncovered at about 

19,000 seconds. The gas temperature in the loop 2 was much higher than the loop 

1 because of high pressure and earlier core uncovery time in the loop 2. The 

steam generator responses were similar to the LLOCA sequence response 

previously discussed.
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Figure 2.6-1 PHTS and accumulator (SIT) pressures and ECCS injection flow rates 

for large LOCA with ECCS
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Figure 2.6-2 Gas temperatures in the PHTS and calandria tank, and PHTS pressure 

for large LOCA with ECCS
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Figure 2.6-3 PHTS water mass and gas temperatures in the PHTS and steam 

generators for large LOCA with ECCS
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Figure 2.6-4 shows the average and hottest core node temperature history and the 

hydrogen generation history in both PHTS loops. Fuel clad oxidation started late in 

loop 1 at about 21,000 seconds, while for loop 2, it started after 10,000 seconds, 

Initially, most of the hydrogen was generated from the fuel cladding and the 

pressure tubes. After 30,000 seconds, the calandria tube temperatures were 

sufficiently high enough to initiate calandria tube oxidation. Similar to the LLOCA 

sequence, more hydrogen was generated in loop 2 than in loop 1 because the gas 

pressure in the loop 2 was high enough to have an internal circulation flow in the 

core channels which provided more steam for the oxidation. The total hydrogen 

mass generated was approximately 190㎏.

The first molten core material relocation from the core into the calandria tank 

occurred around 31,000 seconds. Figure 2.6-5 shows the corium mass in the core 

in the calandria tank, and in the calandria vault. The containment and calandria tank 

pressures are also shown in the figure. Major relocation of molten material from 

the core into the calandria tank occurred between 30,000 seconds and 90,000  

seconds. The pressure in the calandria tank and boiler room increased as a result 

of the steaming in the calandria tank as the molten material relocated from the 

core into the calandria tank. After the calandria tank water was depleted at about 

75,000  seconds, the pressure in the calandria tank and containment decreased until 

the calandria vault water reached saturation at about 110,000 seconds. Because the 

shield cooling function was available, the water mass in the calandria vault slowly 

decreased, and as a result, the calandria tank was submerged by the calandria vault 

water for the entire transient and did not fail. The total heat removal rate by the 

shield cooling was about 6.5 MW as shown in Figure 2.6-6.

Figure 2.6-7 shows the mass fraction of CsI and the mass of noble gases in the 

containment, calandria tank, and PHTS. Similar to the other sequences previously 

discussed, the CsI mass released from the core deposited on the PHTS heat sinks. 

Most of the noble gases released from the core was transported to the 

containment. In this sequence, the containment was intact such that there was no 

fission product release to the environment.
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Figure 2.6-4 Average and hottest core node temperatures and mass of hydrogen 

generated from both loops for large LOCA with ECCS
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Figure 2.6-5 Corium mass in the core and the containment, 

and the containment pressure for large LOCA with ECCS
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Figure 2.6-6 Water temperatures around the calandria tank and the heat removal by 

the shield cooling system  for large LOCA with ECCS
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Figure 2.6-7 Mass fraction of CsI and mass of noble gases in the containment, 

calandria tank, and PHTS for large LOCA with ECCS
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2.7 PTRE - In - Core Tube Rupture With HPI and MPI

PTRE is a transient sequence initiated by an in-core tube rupture with a break 

area of 0.00592㎡in loop 1 only. It was assumed that the high pressure 

injection(HPI), the medium pressure injection(MPI). and AFW to the steam 

generators are available. However, the low pressure injection (LPI) and moderator 

cooling function are not available. However, the shield cooling function for the 

calandria vault and end shields are available. The initial transient dynamics of this 

sequence is identical to the previously discussed PTR sequence up to the time 

when the HPI system started to inject. Steam generator MSIV were closed at time 

0, and reactor was scrammed at 17 seconds. When LOCA signal was received, the 

pressurizer was isolated and steam generator MSSVs were manually opened 30 

seconds after the LOCA signal. The duration of the sequence was 120,000 seconds 

(33hours)

As soon as the break occurs. the calandria tank pressure rapidly increased and the 

rupture disk failed at 21 seconds. After the reactor was scrammed, the pressure in 

PHTS decreased and dropped below the set point of LOCA signal(5.56MPa) at 113 

seconds. At this time, the PHTS pressure was equilibrating with the steam 

generator pressure. Twenty seconds later, the pressurizer was isolated and steam 

generator MSSVs were opened at 143 seconds. Soon, steam generators 

depressurized to atmospheric pressure and water level reached to the desired 

condition based on the steam generator water level controller. With the steam 

generator at low pressure and with the AFW available, loop 2 steam generator was 

able to remove all decay heat generation from the PHTS loop 2 and consequently 

all the core channels in PHTS loop 2 was intact throughout the transient. For the 

PHTS loop 1, HPI injection started at 164 seconds and continued up through 793 

seconds when the accumulator water was depleted. As soon as HPI was off, MPI 

injection started and continued until 12,800 seconds. The cold water injected to the 

PHTS came out to the calandria tank and continued on to the containment. Water 

mass in the PHTS and in the calandria tank are shown in Figure 2.7-1. The water 

mass in the PHTS stayed constant after 80,000 seconds, and the decay heat from 

the loop 1 was being removed by the steam generators and by the cooler calandria 

tank water supplanted by the injection flow. In addition, because shield cooling was 

available, calandria tank water was also cooled by the water in the calandria vault. 

Because calandria tank was full of water and covered the calandria tubes, fuel 

channels did not heat up above 1100 K. 
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Figure 2.7-1 Water mass in the PHTS and in the calandria tank 

for in-core tube rupture with ECCS



- 77 -

Figure 2.7-2 shows the core node temperatures as a function of time. The core 

nodes are axial node #6 in channels 1 and 4 in PHTS loop 1. Channel 1 and 4 fuel 

rods in the inside of the pressure tube were uncovered and started to heat up at 

about 70,000 seconds and 47,000 seconds, respectively. Fuel rods temperature 

peaked around 1000 K because the calandria tubes were cold and removed heat 

from the fuel rods through the pressure tube. Water steaming did occur in the 

lower part of the core channels in the loop 1 and was condensed in the steam 

generators. Figure 2.7-3 shows the average and hottest core node temperature 

history and hydrogen generation history in both loops. fuel clad oxidation started at 

about 60,000 seconds in the loop 1 and the total hydrogen mass generated was 

approximately 1.5㎏ at the end of the transient. Figure 2.7-4 shows mass fraction 

of CsI and the mass of noble gases in the containment, calandria tank, and PHTS.
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Figure 2.7-2 Core temperatures at node 6 in channels 1 and 4 

for in-core tube rupture with ECCS
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Figure 2.7-3 Average and hottest core node temperatures and mass of hydrogen 

generated from both loops for in-core tube rupture with ECCS



- 80 -

Figure 2.7-4 Mass fraction of CsI and mass of noble gases in the PHTS and in the 

containment for in-core tube rupture with ECCS
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3. CODE-TO-CODE COMPARISON WITH CATHENA

3.1 Thermal hydraulic comparison with CATHENA

The thermal hydraulic analyses of Chapter 15 in FSAR were performed with  

CATHENA MOD3.5 Rev.0 and Rev. 1 [2] CATHENA uses a transient, 

one-dimensional, two-fluid representation of two-phase flow in piping networks.  

The thermal hydraulic model consists of solving six partial differential equations for 

the conservation of mass, momentum and energy for each phase. Interface mass, 

energy and momentum transfer between the liquid and vapor phases are specified 

using constitutive relations obtained either from the literature or developed from 

separate-effect experiments.  The code uses a staggered-mesh, one-step, 

semi-implicit, finite-difference solution method, that is no transit time limit.  A 

system of finite-difference equations is constructed from the linearization after 

integration of the partial differential mass, momentum and energy conservation 

equations over finite time and finite spatial steps [3]

System model analysis consists of single average system method and multi-average 

channel system analysis method.  While the former simulates the four horizontal 

fuel channels as 4 single average channels, the latter models 7 parallel channels for 

the critical fuel channel and the other three with single average channels. Single 

channel model analysis approach analyzes five single channel (A9, O6, O6-Mod, 

S10, W10) based on boundary conditions of reactor inlet and outlet header 

conditions.   In this report, the CATHENA results using the single average system 

model analysis were quoted as references.  That is, two horizontal fuel channels 

per each loop were assumed, resulting in a single fuel channel  between steam 

generators [4]. 

The PHTS nodalization scheme used in CATHENA is shown in Figure 3.1-1.  As 

shown in the figure, CHAN-1 and CHAN-2 in Loop 1 are connected between SG1 

and SG2, and CHAN-3 and CHAN-4 in Loop 2 between SG3 and SG4.  During the 

LOCA scenario, a break occurs somewhere connected with CHAN-3.  ROH100% 

accident is defined at reactor outlet header 7 (OHD7) in Loop 2, RIH35% at reactor 

inlet header 6 (IHD6) in Loop 2, and PS55% at pump suction in connection with 

IHD6.  The above-mentioned three break sizes are chosen.  100% break means 

guillotine break and the break area is twice the pipe cross section.  For the breaks 

less than this, fraction to the maximum area is used.  Hence ROH100% indicates 

the break size of 0.2594 m2, RIH35% of 0.07455 m2, and PS55% of 0.16591 m2.
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Figure 3.1-1  PHTS CATHENA Nodalization Scheme (single average channel system model)(Figure 15.2.1.1.A-9 in [4])
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3.1.1 ROH 100% break without ECCS [4]

ROH100% break of 0.2594 m2 was selected to compare thermal hydraulic behavior 

between ISAAC and  CATHENA.  The ISAAC input for this case is given in Table 3.1-1.  

In order to compare the fundamental phenomena and accident progression timing, the 

scenario without ECCS was analyzed first.  In the sequence, signals for a LOCA and 

PHTS loop isolation occur due to the low PHTS pressure and the two loops are isolated 

based on that signal.

One of the interests in this comparison in a LOCA sequence is PHTS pressure behavior.  

The pressures at the reactor inlet headers (IHD6 and IHD8) in a broken loop with 

CATHENA are given in Figure 3.1.1-1A.  The pressure decreases sharply for the first 9 

seconds and then goes down slowly.  After 50 seconds, it does not change much.  The 

operation of loop isolation valves may decrease the break flow, resulting in less pressure 

drop in the PHTS.  According to the CATHENA calculation, the loops are isolated at 8.8 

seconds.  Figure 3.1.1-1B shows the ISAAC results.  The pressure behaves similar to 

CATHENA, but the overall slope is faster.  In ISAAC, two loops are isolated at 3.3 

seconds when the PHTS pressure decreases below the set point (4.5 MPa).  As the 

ISAAC computer code models the single space for the PHTS, only one pressure 

represent the system unlike CATHENA. 

Figure 3.1.1-2A and 3.1.1-2B show the break flow rates from the reactor outlet header, 

calculated from CATHENA and ISAAC, respectively.  According to the CATHENA, the 

maximum flow rate reaches about 8,210 kg/s.  Initially it decreases very rapidly, and 

then rather smoothly decreases.  No more break flow goes out after 40 seconds.  In 

ISAAC, there is an initial big break flow for 2 second and then the break flow decreases 

until 20 seconds after which no more break flow discharges.  Two break sizes of 

0.2594m
2 and  0.22m2 are tested, but the overall behavior looks similar except the initial 

maximum flow rate.  

The average void fraction in the PHTS broken loop was shown on the right plot in 

Figure 3.1.1-2B. It increase from the initial value of 15% to 80% at 50 seconds.  In the 

CANDU plants, 4%  quality is allowed at the downstream of horizontal fuel channel and 

then the coolant gets subcooled after passing through the steam generators.  However 

ISAAC models the whole PHTS system as a single control volume and it could not 

consider void distributions in the PHTS unlike CATHENA.  Hence the initial void fraction 

in the reactor outlet header expected from CATHENA will be higher than 15% assumed 

in the ISAAC calculation.  Comparing the initial break flow rates for the same break size, 

it is found that the ISAAC result of 8720 kg/s is about 6% higher than the CATHENA 

(8210 kg/s).  This modeling deficiency in ISAAC may cause a difference in calculating 

the initial break flow rate, but as the accident develops into the severe accident range, 
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this difference may not cause significant effect on accident progression. 

The break flow is closely related to the water inventory in the system.  Figures 

3.1.1-3A and 3.1.1-3B show the PHTS water inventory for the first 100 seconds 

calculated from CATHENA and ISAAC, respectively.  According to the CATHENA 

analysis, water inventory in the intact loop initially decreases a little and then maintains 

near 45 tons soon. But in the broken loop, it continuously drops and completely depleted 

after 40 seconds.  PHTS loops are isolated between 8.8 seconds and 28.8 seconds, 

resulting in the pressurizer water inventory of about 8 tons.  The water inventory 

calculated from ISAAC shows a similar trend to that of CATHENA.  While the water 

mass left in the intact loop is about 27.5 tons, it decreases rapidly in the beginning and 

then slows down leaving about 7 tons even after 100 seconds in the broken loop.  Loop 

isolation is also modeled in ISAAC and it starts at 3.3 seconds and ends at 23.3 seconds.  

Regarding the initial water inventory in both codes, about 120 tons are expected from 

the CATHENA calculation including the pressurizer water inventory.  However, ISAAC 

initializes 91 tons of water inventory including the pressurizer water mass of 26 tons.  

Even considering heavy water property in stead of light water used in ISAAC, water 

mass is still near 100tons, which is about 20% less than the CATHENA result.    

Figure 3.1.1-4 shows the ISAAC surge line flow rates (WWSR) prior to loop isolation.  

The positive flow rates are defined when water flows from the loop to the pressurizer.  

As the break location is defined at ROH3 in the ISAAC calculation, the surge line flow in 

Loop 1 (WWSR(1)) becomes negative since it flows from the pressurizer to the broken 

loop 1.  Instead, the surge line flow in the intact loop 2 (WWSR(2)) has a positive 

number. The maximum values of WWSR(1) and WWSR(2) are about 1350kg/s and 

440kg/s, respectively.

The core mass flow rates obtained from CATHENA are shown in Figure 3.1.1-5A.  

There exists broken channel flow rates in CHAN3-1 which is connected to the break 

location of ROH7 (OHD7 in Figure 3.1-1) until 40 seconds and it is caused by the water 

supply from the intact loop to the broken channel through the steam generators.  The 

water flow rates in the intact channel in the broken loop depletes earlier than the broken 

channel as the intact channel provides water to the broken channel.  Instead of showing 

core flows, water levels in the broken loop calculated from ISAAC are given in Figure 

3.1.1-5B.  Similar to the CATHENA results interpretation, water level in the broken 

channel starts from the initial level (top of the steam generators, 22.5m) and decreases 

to the elevation of reactor header (10.6m) staying about 20 seconds, and then goes down 

to the channel bottom elevation (4.143 m) slowly.  For the intact channel, its water level 

reaches near the bottom of the channel less than 20 seconds due to water supply to the 

broken channel. 
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Table 3.1.1-1 ISAAC Input for ROH 100% Break 

       SENSITIVITY ON

       TITLE

ROH(100%) w/o ECC (FSAR simulation)

MANUAL SCRAM AT 0.87 S, AFW/SGCC/SPRAY/ESC AVAILABLE

       END               // 

       START TIME IS 0.     // KEY WORD

       END TIME IS 1000 seconds

       PARAMETER FILE WS2-is203R44.PAR 25

       PRINT INTERVAL IS 100.

       PARAMETER CHANGE   // KEY WORD

      XWRB0(11)=4.0       // TO PREVENT THE END SHIELD FROM BECOMING 

SOLID

      XWRB0(12)=4.0       // TO PREVENT THE END SHIELD FROM BECOMING 

SOLID

        FBB(1)= 3    // BREAK LOCATION IS LOOP1 ROH

        ZBB(1)=10.696  // BREAK ELEVATION

        ABB(1)=0.2594 // ROH GUILLOTINE BREAK SIZE

   // FSAR single average channel simulation

        INVHDB = 1

        INHHDB = 4

        IVHDB(1) = 1

        IVHDBCH(1) = 1

        NCTVHDB(1) = 7

        FQGAMA = 0.0461954

        QCR0 = 2229.66E6 //2157.E6

        QCP0 = 4.0E6

        QC0 = 16.656E6

        ICHMAX(1)=2

        ICHMAX(2)=2

        NTUBE(1,1)=95

        NTUBE(2,1)=95

        NTUBE(1,2)=95

        NTUBE(2,2)=95

        XRFEDI = 0.03329

        XRFEDO = 0.04924

        XTFEDI = 0.008859

        XTFEDO = 0.012255

        FPCH(1,1) = 1.0

        FPCH(2,1) = 1.0

        FPCH(1,2) = 1.0

        FPCH(2,2) = 1.0

        ZFCOR(1,1) = 4.143

        ZFCOR(2,1) = 4.143

        ZFCOR(1,2) = 4.143

        ZFCOR(2,2) = 4.143

        ILOOP(1,1) = 0

        ILOOP(2,1) = 1

        ILOOP(1,2) = 0
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        ILOOP(2,2) = 1

       END

        INITIATORS

          PS BREAK(S) FAILED

   // ECCS OFF

          IEVNT(422)=1

          IEVNT(424)=1

          IEVNT(426)=1

   // CLOSE ALL MSIV'S

          IEVNT(439)=1

          IEVNT(440)=1

          IEVNT(441)=1

          IEVNT(442)=1

    // END SHILED COOLING ON

          IEVNT(460)=0

       END

        IF TIM >= 0.87

           MANUAL SCRAM //  TRIP TIME FROM FSAR

//         provide MAIN & AUX FEEDWATER AFTER SCRAM

           IEVNT(455)=0

           IEVNT(456)=0

           IEVNT(457)=0

           IEVNT(458)=0

         END

// LOCA SIGNAL OCCURS, SG MSSVS OPEN AFTER 30 SECONDS

        IF PPS(1) < PLOCA

          SET TIMER 1

        END

        WHEN TIMER 1 > 30.

          IEVNT(465)=1

          IEVNT(466)=1

          IEVNT(467)=1

          IEVNT(468)=1

        END
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Figure 3.1.1-1A Broken Loop Reactor Inlet Header Pressure for 100% ROH Break 

without ECCS (CATHENA) (Figure 15.2.1.1.C-6 in [4])

Figure 3.1.1-1B Broken Loop PHTS Pressure (ISAAC)
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Figure 3.1.1-2A Break Flow for 100% ROH Break without ECCS (CATHENA) 

(Figure 15.2.1.1.C-9 in [4])

Figure 3.1.1-2B Break Flow (Break Size: 0.2594m2, 0.22m2) and Void Fraction (ISAAC)
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Figure 3.1.1-3A Water Inventory for 100% ROH Break without ECCS (CATHENA) 

(Figure 15.2.1.1.C-7 in [4])

Figure 3.1.1-3B Water Inventory in Loop 1 (Broken Loop)과 Loop 2 (Intact Loop) 

(ISAAC)

Intact Loop

Pressurizer

Broken  Loop

Pressurizer
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Figure 3.1.1-4  Surge Line Flow Rates (ISAAC)
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Figure 3.1.1-5A  Broken Loop Core Flow Rates for 100% ROH Break without ECCS 

(CATHENA) (Figure 15.2.1.1.C-6 in [4])

Figure 3.1.1-5B  Broken Loop Water Level (ISAAC)

Broken channel in Broken Loop

Intact channel in 

Broken Loop

Broken channel in Broken Loop

Intact channel in 

Broken Loop
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3.1.2 ROH 100% break without loop isolation [4]

The second scenario for the comparison between ISAAC and CATHENA is a ROH 100% 

break without loop isolation even though loop isolation and LOCA signals occur.  The 

CATHENA analysis results are shown in Table 3.1.2-1.  Table 3.1.2-2 shows the ISAAC 

input in this scenario.  In order to simulate the loop isolation failure, external event 

codes of IEVNT(435) and IEVNT(436) are included in the INITIATOR section.  When 

these parameters are set to 1, loop isolation valves fail to operate. 

Figure 3.1.2-1A shows the pressure behavior at 4 reactor inlet headers with CATHENA.  

CATHENA can calculate the pressure distribution in PHTS and shows the pressure in the 

intact loop IHD2 header (PASS 1) is higher than that in other headers.  ISAAC also 

calculates the PHTS pressure and the pressures in both loops are different in the 

beginning, but they behave similarly after 40 seconds.  Near 40 seconds, the broken loop 

pressure suddenly increases and close to the intact loop pressure.  A detailed study is 

necessary to understand  this peak.  A break flow at reactor outlet header (OHD7) from 

CATHENA and ISAAC is shown in Figures 3.1.2-2A and 3.1.2-2B, respectively.  Though 

the initial flow rate is different, the overall behavior looks similar to each other.  

The PHTS water inventory calculated from CATHENA and ISAAC is shown in Figures  

3.1.2-3A and 3.1.2-3B, respectively.  In the beginning, the water mass in the broken 

loop decreases rapidly.  As the loop isolation fails, however, both codes estimates large 

water inventory in the broken loop than in the intact loop as water keeps coming from 

the intact loop through the open loop isolation valves.  It should be noted that while 

ISAAC estimates similar water inventory in both loops, CATHENA shows a big difference 

between them.  As the water inventory affects core damage progression, an additional 

study for the difference is needed.   Both codes calculates the water mass in the 

pressurizer similarly, but the CATHENA expects mass increase after 620 seconds when 

low pressure ECCS starts. 

Figures 3.1.2-4A and 3.1.2-4B shows average void fraction in the PHTS from both 

codes.  When the accident initiates, void fraction in the broken loop increases faster than 

in the intact loop.  As time goes, the void fraction in the intact loop increases as water 

flows to the broken loop continuously.  The void fraction from CATHENA is higher than 

ISAAC and in particular in the intact loop.   As the average void fraction is related with 

fundamental thermal hydraulic models, initial water inventories, break flow rates and the 

corresponding water inventories, and steam generation from heat transfer in both codes, 

piece by piece comparisons are needed to identify the difference between them.  For 

that purpose, CATHENA reruns are necessary to generate the same variables as those 

used in ISAAC. 
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Events (sec)
CATHENA

(100% ROH)*
ISAAC

Break flow at 0.1 seconds (OHD7) (kg/s)

Peak flow rate (time to reach)

8210

8210 (0.1sec)

Reactor trip (neutron high flux increasing rate) (sec) 0.87 0.87

LOCA signal (sec) 8.8 3.2

Loop isolation signal (sec) - assumed to fail 8.8

Evaporation at IHD2 & IHD4 (intact loop) 11.5

High ECCS injection starts (first rupture disc open) 22.3 9.9

Reflooding in broken loop (water inventory increases) 28.0

IHD8 First Reflooding 32.6

SG crash cooldown starts 38.8

Complete closure of turbine valves (sec) 40.0 -

Reflooding average fuel channel in CHAN-3 47.9

RCP trip 139.3

Reflooding average fuel channel in CHAN-4 149

OHD5 First Reflooding 185

High Pressure ECCS ends and Middle Pressure ECCS 

starts
245.8 225

IHD6 Reflooding 411

ECCS starts flow into intact loop 483

Reflooding of intact loop 489

OHD7 Reflooding 534

Middle Pressure ECCS ends and Low Pressure ECCS 

starts
620.8 -

  IHD2 Reflooding 858

  IHD4 Reflooding 933

  OHD3, OHD1, CHAN-1 and CHAN-2 are not reflooded until the end of this run

Table 3.1.2-1 Accident progression for ROH 100% break without loop isolation *

* refer to Table 15.2.1.1.C-17 in [4]
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         Table 3.1.2-2 ISAAC input for ROH 100% break without loop isolation 

SENSITIVITY ON

       TITLE

ROH(100%)+ECCS-LI (FSAR simulation)

MANUAL SCRAM AT 0.87 S, AFW/SGCC/SPRAY/ESC AVAILABLE

       END               // 

       START TIME IS 0.     // KEY WORD

       END TIME IS 1000 seconds

       PARAMETER FILE WS2-is203R44.PAR 25

       PRINT INTERVAL IS 100.

       PARAMETER CHANGE   // KEY WORD

      XWRB0(11)=4.0        // TO PREVENT THE END SHIELD FROM BECOMING 

SOLID

      XWRB0(12)=4.0        // TO PREVENT THE END SHIELD FROM BECOMING 

SOLID

        FBB(1)= 3    // BREAK LOCATION IS LOOP1 ROH

        ZBB(1)=10.696  // BREAK ELEVATION

        ABB(1)=0.2594 // ROH GUILLOTINE BREAK SIZE

        INVHDB = 1

        INHHDB = 4

        IVHDB(1) = 1

        IVHDBCH(1) = 1

        NCTVHDB(1) = 7

        FQGAMA = 0.0461954

        QCR0 = 2229.66E6 //2157.E6

        QCP0 = 4.0E6

        QC0 = 16.656E6

        ICHMAX(1)=2

        ICHMAX(2)=2

        NTUBE(1,1)=95

        NTUBE(2,1)=95

        NTUBE(1,2)=95

        NTUBE(2,2)=95

        XRFEDI = 0.03329

        XRFEDO = 0.04924

        XTFEDI = 0.008859

        XTFEDO = 0.012255

        FPCH(1,1) = 1.0

        FPCH(2,1) = 1.0

        FPCH(1,2) = 1.0

        FPCH(2,2) = 1.0

        ZFCOR(1,1) = 4.143

        ZFCOR(2,1) = 4.143

        ZFCOR(1,2) = 4.143
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        ZFCOR(2,2) = 4.143

        ILOOP(1,1) = 0

        ILOOP(2,1) = 1

        ILOOP(1,2) = 0

        ILOOP(2,2) = 1

       END

       INITIATORS

          PS BREAK(S) FAILED

   // ECCS ON

          IEVNT(422)=0

          IEVNT(424)=0

          IEVNT(426)=0

   // CLOSE ALL MSIV'S

          IEVNT(439)=1

          IEVNT(440)=1

          IEVNT(441)=1

          IEVNT(442)=1

    // END SHILED COOLING ON

          IEVNT(460)=0

    // Loop isolation failure

          IEVNT(435)=1

          IEVNT(436)=1

       END

        IF TIM >= 0.87

           MANUAL SCRAM //  TRIP TIME FROM FSAR

//         provide MAIN & AUX FEEDWATER AFTER SCRAM

           IEVNT(455)=0

           IEVNT(456)=0

           IEVNT(457)=0

           IEVNT(458)=0

         END

// LOCA SIGNAL OCCURS, SG MSSVS OPEN AFTER 30 SECONDS

        IF PPS(1) < PLOCA

          SET TIMER 1

        END

        WHEN TIMER 1 > 30.

          IEVNT(465)=1

          IEVNT(466)=1

          IEVNT(467)=1

          IEVNT(468)=1

        END

        function

        weccb = 2* weccbi(1)

        end



- 96 -

Figure 3.1.2-1A Reactor Inlet Header Pressures for 100% ROH Break without loop 

isolation (CATHENA) (Figure 15.2.1.1.C-76 in [4])

Figure 3.1.2-1B PHTS Pressures for 100% ROH Break without loop isolation (ISAAC) 



- 97 -

Figure 3.1.2-2A Break Flow for 100% ROH Break without loop isolation

 (CATHENA) (Figure 15.2.1.1.C-73 in [4])

Figure 3.1.2-2B Break Flow for 100% ROH Break without loop isolation (ISAAC)
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Figure 3.1.2-3A Water inventory for 100% ROH Break without loop isolation

(CATHENA) (Figure 15.2.1.1.C-74 in [4])

Figure 3.1.2-3B Water Inventory for 100% ROH Break without loop isolation

(ISAAC)
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Figure 3.1.2-4A Average Void Fraction for 100% ROH Break without loop isolation

(CATHENA) (Figure 15.2.1.1.C-74 in [4])

Figure 3.1.2-4B Average Void Fraction for 100% ROH Break without loop isolation 

(ISAAC)
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3.1.3 ROH 100% break with ECCS [4]

Subsequent to Section 1, a ROH 100% break with high, medium and low pressure ECCS 

injection is simulated and compared in Section 3.  ECCS in Wolsong plants consists of 3 

steps.  After LOCA signal, light water in ECC tank starts injecting into the PHTS when 

the pressure difference between reactor outlet header and ECC tank exceeds rupture 

disc pressure. When water level in the ECC tank decreases under the set point, high 

pressure ECCS ends and medium pressure ECCS starts and light water is coming from 

the dousing tank with a minimum water mass of 500 m3. Medium pressure ECCS ends 

with low water level signal and mixed light and heavy water from the containment 

basement is pumped by the low pressure ECCS through the heat exchangers. 

Table 3.1.3-1 shows the ISAAC input for this case and the timings for the major events 

are compared in Table 3.1.3-2.  According to CATHENA analysis, high pressure ECCS 

begins about 21 seconds after the accident, steam generator crash cooldown at 28.8 

seconds, medium pressure ECCS at 234 seconds and low pressure ECCS at 617 seconds.  

Along with loop isolation, coolant evaporation starts at 146 seconds at core pass 1 and 

core pass 2 in the intact loop.  ISAAC results show that high pressure ECCS begins at 

8.2 seconds, steam generator crash cooldown at 33.3 seconds, medium pressure ECCS at 

167 seconds, and low pressure ECCS does not start until 1000 seconds.

 

Figure 3.1.3-1A and 3.1.3-1B show the PHTS pressure behavior both from CATHENA 

and ISAAC, respectively [4].  The pressures in PASS 3 and PASS 4, which are defined 

as the broken loop in CATHENA, drop rapidly for the first 40 seconds and then stays 

afterwards.  The pressures in PASS 1 and PASS 2 in the intact loop drops sharply prior 

to loop isolation and drops down again along with steam generator crash cooldown.  

Then it slowly decreases with operation of medium and low pressure ECCS.  Though the 

pressure behavior of ISAAC in the intact and the broken loop is similar to the CATHENA 

results, the pressure decreasing rate in the intact loop in ISAAC is steeper than in 

CATHENA.  The break flow rates from both codes are shown in Figures 3.1.3-2A and 

3.1.3-2B, respectively.  The flow rates for the first 40 seconds look different, but they 

are close afterwards.  The break flow rate after 200 seconds are dependent of ECCS 

flow rates.  

As Wolsong plants have a loop isolation function after break, the ECCS rates for each 

loop are different.  Figure 3.1.3-3A shows the ECCS injection rates into the intact loop 

(reactor header 1, 2, 3, 4) from CATHENA and Figure 3.1.3-3B for ISAAC.  Both codes 

expects no ECCS flows into the in tact loop, since most of flow goes to the broken loop 

with low system pressure due to a break.  The ECCS flow rates calculated from 

CATHENA and ISAAC are shown in Figures 3.1.3-4A and 3.1.3-4B, respectively.  

Although the high pressure ECCS starts earlier in ISAAC than in CATHENA, the overall 
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behavior looks similar to each other before medium pressure ECCS starts (234 seconds 

in CATHENA and 167초 in ISAAC).  CATHENA calculates the medium pressure ECCS 

injection between 234 seconds and 617 seconds with  a flow rate of 300 kg/s.  ISAAC 

expects medium pressure injection from 167 second with a  flow rate of around 360 kg/s 

and medium pressure injection continues to 1000 seconds without operation of low 

pressure ECCS.  In order to compare against CATHENA, more CATHENA information 

including the dousing tank water level is needed. 

Figures 3.1.3-5A and 3.1.3-5B show the PHTS water inventory from CATHENA and 

ISAAC, respectively.  For the intact loop, the water mass is kept at about 43 tons after 

initial loss prior to loop isolation in CATHENA run, but the ISAAC run estimates of 28 

tons out of initial mass of 33 tons.   For the broken loop, CATHENA calculates water 

mass from 5 tons to 60 tons after ECCS injection, but ISAAC shows the water mass 

decreases to 18 tons and recovers to 50tons.  The water mass in the pressurizer is 

about 7 tons in CATHENA and 12 tons in ISAAC.  As the water mass in each loop is an 

indicator to predict the core damage progression, a stepwise analysis for the parameters 

controlling the water mass is required to understand the differences between the codes.  

 

The void fractions in PHTS calculated from CATHENA and ISAAC are shown in Figures 

3.1.3-6A and 3.1.3-6B, respectively.  In the intact loop, CATHENA estimates the void 

fraction of 15% to 35% and ISAAC 15% to 48%, respectively.  In the broken loop, 

however, the void fraction in CATHENA increases to 95% and drops to 15%, and ISAAC 

has a distribution between 60% and 12%.  Though both codes show a similar trend, the 

specific numbers are different and these may be caused by the differences of the 

fundamental thermal hydraulic equations.   In particular ISAAC does not solve the  

momentum conservation equation, estimating rough thermal hydraulic response in the 

PHTS.  Considering the characteristics of ISAAC which has been developed for the 

analysis of the severe accident behavior, however, ISAAC can predict the overall thermal 

hydraulic behavior using the relatively simple model without losing the important 

phenomena.  Therefore it is one of the purposes for ISAAC to extend its capability to 

cover the limitations by suggesting the appropriate models to the specific areas.
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       Table 3.1.3-1 ISAAC Input for ROH 100% break with ECCS 

SENSITIVITY ON

       TITLE

ROH(100%)+ECCS (FSAR simulation)

MANUAL SCRAM AT 0.87 S, AFW/SGCC/SPRAY/ESC AVAILABLE

       END               // 

       START TIME IS 0.     // KEY WORD

       END TIME IS 1000 seconds

       PARAMETER FILE WS2-is203R44.PAR 25

       PRINT INTERVAL IS 100.

       PARAMETER CHANGE   // KEY WORD

      XWRB0(11)=4.0        // TO PREVENT THE END SHIELD FROM BECOMING 

SOLID

      XWRB0(12)=4.0        // TO PREVENT THE END SHIELD FROM BECOMING 

SOLID

        FBB(1)= 3    // BREAK LOCATION IS LOOP1 ROH

        ZBB(1)=10.696  // BREAK ELEVATION

        ABB(1)=0.2594 // ROH GUILLOTINE BREAK SIZE

   // FSAR single average channel simulation

        INVHDB = 1

        INHHDB = 4

        IVHDB(1) = 1

        IVHDBCH(1) = 1

        NCTVHDB(1) = 7

        FQGAMA = 0.0461954

        QCR0 = 2229.66E6 //2157.E6

        QCP0 = 4.0E6

        QC0 = 16.656E6

        ICHMAX(1)=2

        ICHMAX(2)=2

        NTUBE(1,1)=95

        NTUBE(2,1)=95

        NTUBE(1,2)=95

        NTUBE(2,2)=95

     //   feedwer radius/thickness correction for 1 by 1 core pass

        XRFEDI = 0.03329

        XRFEDO = 0.04924

        XTFEDI = 0.008859

        XTFEDO = 0.012255

        FPCH(1,1) = 1.0

        FPCH(2,1) = 1.0

        FPCH(1,2) = 1.0

        FPCH(2,2) = 1.0

        ZFCOR(1,1) = 4.143

        ZFCOR(2,1) = 4.143

        ZFCOR(1,2) = 4.143

        ZFCOR(2,2) = 4.143

        ILOOP(1,1) = 0

        ILOOP(2,1) = 1
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        ILOOP(1,2) = 0

        ILOOP(2,2) = 1

       END

       INITIATORS

          PS BREAK(S) FAILED

   // ECCS ON

          IEVNT(422)=0

          IEVNT(424)=0

          IEVNT(426)=0

   // CLOSE ALL MSIV'S

          IEVNT(439)=1

          IEVNT(440)=1

          IEVNT(441)=1

          IEVNT(442)=1

    // END SHILED COOLING ON

          IEVNT(460)=0

       END

        IF TIM >= 0.87

           MANUAL SCRAM //  TRIP TIME FROM FSAR

//         provide MAIN & AUX FEEDWATER AFTER SCRAM

           IEVNT(455)=0

           IEVNT(456)=0

           IEVNT(457)=0

           IEVNT(458)=0

         END

// LOCA SIGNAL OCCURS, SG MSSVS OPEN AFTER 30 SECONDS

        IF PPS(1) < PLOCA

          SET TIMER 1

        END

        WHEN TIMER 1 > 30.

          IEVNT(465)=1

          IEVNT(466)=1

          IEVNT(467)=1

          IEVNT(468)=1

        END

        function

        weccb = 2* weccbi(1)

        end

        plotfil 88

         hwps(1), weccb

        end
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Events (sec)
CATHENA

(100% ROH)*
ISAAC

Break flow at 0.1 seconds (OHD7) (kg/s)

Peak flow rate (time to reach)

8210

8210 (0.1s)
8719

Reactor trip (second SDSI trip) 0.87 0.87

LOCA signal 8.8 3.3

Loop isolation starts 8.8 3.3

High Pressure ECCS starts (first rupture disc open) 21.1 8.2

Reflooding in broken loop (water inventory increases) 27.8

Loop isolation ends 28.8 23.5

IHD8 First Reflooding 33.5

SG crash cooldown starts 38.8 33.3

Complete closure of turbine valves (sec) 40.0 -

Reflooding average fuel channel in CHAN-3 45.7

RCP trip 138.0

Coolant evaporates in CHAN-1 average fuel channel 146

Coolant evaporates in CHAN-2 average fuel channel 146

First reflooding of CHAN-4 average fuel channel 170

IHD6 first Reflooding 200

OHD5 reflooding 228

High Pressure ECCS ends and Middle Pressure ECCS 

starts
234.7 167

OHD7 Reflooding 558

Middle Pressure ECCS ends and Low Pressure ECCS 

starts
617 -

Table 3.1.3-2 Accident Progression for ROH 100% break with ECCS*

* Table 15.2.1.1.A-30 in [4]
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Figure 3.1.3-1A Reactor Inlet Header Pressures for ROH 100% break with ECCS 

(CATHENA) (Figure 15.2.1.1.A-76 in [4])

Figure 3.1.3-1B PHTS pressures for ROH 100% break with ECCS (ISAAC)

Intact Loop

Broken Loop
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Figure 3.1.3-2A Break Flow for ROH 100% break with ECCS (CATHENA) 

(Figure 15.2.1.1.A-75 in [4])

Figure 3.1.3-2B Break Flow for ROH 100% break with ECCS (ISAAC)
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Figure 3.1.3-3A  ECCS Mass Flow to Intact Loop for ROH 100% break with ECCS

(CATHENA) (Figure 15.2.1.1.A-77 in [4]) 

Figure 3.1.3-3B ECCS Mass Flow to Intact Loop (WECCBI(2)) (ISAAC)
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Figure 3.1.3-4A  ECCS Flow to Broken Loop for ROH 100% break with ECCS 

(CATHENA) (Figure 15.2.1.1.A-77 in [4]) 

Figure 3.1.3-4B ECCS Flow to Broken Loop (WECCBI(1)*2) (ISAAC)
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Figure 3.1.3-5A  Water Inventory for ROH 100% break with ECCS

(CATHENA) (Figure 15.2.1.1.A-78 in [4]) 

Figure 3.1.3-5B  Water Inventory for ROH 100% break with ECCS (ISAAC) 

Intact Loop

Broken Loop

Pressurizer

Broken Loop

Intact Loop

Pressurizer
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Figure 3.1.3-6A  Average Void Fraction for ROH 100% break with ECCS 

(CATHENA) (Figure 15.2.1.1.A-78 in [4]) 

Figure 3.1.3-6B  Average Void Fraction for ROH 100% break with ECCS (ISAAC) 

Broken Loop

Broken Loop

Intact Loop

Intact Loop
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3.1.4 RIH 35% break without ECCS

In this Section, a ROH 35% break (break area: 0.07455 m2) without ECCS was analyzed 

with CATHENA and ISAAC.  The pressure behaviors in the broken loop calculated by the 

CATHENA and ISAAC are shown in Figures 3.1.4-1A and 3.1.4-1B, respectively.  The 

ISAAC input for this case is given in Table 3.1.4-1.  As can be seen in Figure 3.1.4-1A, 

the pressure at inlet header of IHD8 is lower than that at IHD6 and both pressure 

decreases from the beginning.  In the meantime, ISAAC predicts inlet header pressure 

like CATHENA does but it decreases rather slowly.  The initial difference in pressure 

can be caused by the initial void fraction of 15% in ISAAC.  As ISAAC assumes the 

average void fraction in the PHTS, the code does not know that the water in the inlet 

header after passing through the steam generators is subcooled, resulting in a less 

discharge of coolant from the PHTS and keeping a higher pressure than CATHENA. 

A similar run was performed without loop isolation and it was compared against the case 

with loop isolation.  The input for the case with ECCS and without loop isolation can be 

prepared by inserting corresponding event codes in the initiator section of the ISAAC 

input.  Table 3.1.4-2 shows the ISAAC input for this case: 

   // ECCS ON

          IEVNT(422)=0

          IEVNT(424)=0

          IEVNT(426)=0

    // loop isolation failure

          IEVNT(435)=1

          IEVNT(436)=1

The major event timings between two codes are compared in Table 3.1.4-3.  The big 

difference in timing of reactor coolant pump off can be caused by the different logic of 

pump trip.  While CATHENA models the pumps to trip 2 minutes after the system 

pressure becomes lower than 2 MPa, ISAAC trips pumps after the loop average void 

fraction exceeds 0.5.  Regarding the ECCS injection, ISAAC starts the high pressure 

injection 15 seconds later and the medium pressure injection 100 seconds earlier than 

CATHENA does.  Like in the previous runs, the lower pressure injection starts at 780 

seconds in CATHENA, but ISAAC does not start injection until 1000 seconds.

The initial peak discharge rates are different, too.  According to ISAAC runs, it has 

2,540 kg/s of maximum liquid discharge rate.  However, CATHENA has 5,470 kg/s at 0.1 

seconds and the maximum of 5,570 kg/s at 0.3 seconds (refer to Table 3.1.4-3).  The 

ISAAC discharge rate is about 46% of the initial rate of CATHENA and this difference 

may come from the uniform void fraction distribution of ISAAC.  Except the peak flow 

rate, the overall discharge rate is similar to each other.  
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Table 3.1.4-1 ISAAC Input for RIH 35% Break 

       SENSITIVITY ON

        TITLE

RIH(35%) w/o ECC (FSAR simulation)

MANUAL SCRAM AT 0.43 S, AFW/SGCC/SPRAY/ESC AVAILABLE

       END               // 

       START TIME IS 0.     // KEY WORD

       END TIME IS 1000 seconds

       PARAMETER FILE WS2-is203R44.PAR 25

       PRINT INTERVAL IS 100.

       PARAMETER CHANGE   // KEY WORD

       XWRB0(11)=4.0        // to prevent the end shield from becoming solid

       XWRB0(12)=4.0        // to prevent the end shield from becoming solid

        FBB(1)= 9    // BREAK LOCATION IS LOOP1 RiH4

        ZBB(1)=10.696  // BREAK ELEVATION

        ABB(1)=0.07455 // RiH 35% BREAK SIZE (FSAR Table 15.2.1.1.c-13)

        INVHDB = 1

        INHHDB = 4

        IVHDB(1) = 1

        IVHDBCH(1) = 1

        NCTVHDB(1) = 7

        FQGAMA = 0.0461954

        QCR0 = 2229.66E6 //2157.E6

        QCP0 = 4.0E6

        QC0 = 16.656E6

        ICHMAX(1)=2

        ICHMAX(2)=2

        NTUBE(1,1)=95

        NTUBE(2,1)=95

        NTUBE(1,2)=95

        NTUBE(2,2)=95

        XRFEDI = 0.03329

        XRFEDO = 0.04924

        XTFEDI = 0.008859

        XTFEDO = 0.012255

        FPCH(1,1) = 1.0

        FPCH(2,1) = 1.0

        FPCH(1,2) = 1.0

        FPCH(2,2) = 1.0

        ZFCOR(1,1) = 4.143

        ZFCOR(2,1) = 4.143

        ZFCOR(1,2) = 4.143

        ZFCOR(2,2) = 4.143

        ILOOP(1,1) = 0

        ILOOP(2,1) = 1

        ILOOP(1,2) = 0

        ILOOP(2,2) = 1

       END

       INITIATORS



- 113 -

          PS BREAK(S) FAILED

   // ECCS OFF

          IEVNT(422)=1

          IEVNT(424)=1

          IEVNT(426)=1

   // CLOSE ALL MSIV'S

          IEVNT(439)=1

          IEVNT(440)=1

          IEVNT(441)=1

          IEVNT(442)=1

    // END SHILED COOLING ON

          IEVNT(460)=0

       END

        IF TIM >= 0.43

//         TRIP TIME FROM FSAR (15.2.1.1.c-13)

           MANUAL SCRAM

//         provide MAIN & AUX FEEDWATER AFTER SCRAM

           IEVNT(455)=0

           IEVNT(456)=0

           IEVNT(457)=0

           IEVNT(458)=0

         END

// LOCA SIGNAL OCCURS, SG MSSVS OPEN AFTER 30 SECONDS

        IF PPS(1) < PLOCA

          SET TIMER 1

        END

        WHEN TIMER 1 > 30.

          IEVNT(465)=1

          IEVNT(466)=1

          IEVNT(467)=1

          IEVNT(468)=1

        END
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Table 3.1.4-2 ISAAC input for RIH 35% break without loop isolation 

       

    SENSITIVITY ON

       TITLE

RIH(35%)-LI with 103% power (FSAR simulation)

MANUAL SCRAM AT 0.43 S, AFW/SGCC/SPRAY/ESC AVAILABLE

       END               // 

       START TIME IS 0.     // KEY WORD

       END TIME IS 1000 seconds

       PARAMETER FILE WS2-is203R44.PAR 25

       PRINT INTERVAL IS 100.

       PARAMETER CHANGE   // KEY WORD

      XWRB0(11)=4.0        // to prevent the end shield from becoming solid

      XWRB0(12)=4.0        // to prevent the end shield from becoming solid

        FBB(1)= 9    // BREAK LOCATION IS LOOP1 RiH4

        ZBB(1)=10.696  // BREAK ELEVATION

        ABB(1)=0.07455 // RiH 35% BREAK SIZE (FSAR Table 15.2.1.1.c-13)

   // FSAR single average channel simulation

        INVHDB = 1

        INHHDB = 4

        IVHDB(1) = 1

        IVHDBCH(1) = 1

        NCTVHDB(1) = 7

        FQGAMA = 0.04686

        QCR0 = 2198.2 E6 //2157.E6

        QCP0 = 4.0E6

        QC0 = 9.E6

        ICHMAX(1)=2

        ICHMAX(2)=2

        NTUBE(1,1)=95

        NTUBE(2,1)=95

        NTUBE(1,2)=95

        NTUBE(2,2)=95

     //   feedwer radius/thickness correction for 1 by 1 core pass

        XRFEDI = 0.03329

        XRFEDO = 0.04924

        XTFEDI = 0.008859

        XTFEDO = 0.012255

        FPCH(1,1) = 1.0

        FPCH(2,1) = 1.0

        FPCH(1,2) = 1.0

        FPCH(2,2) = 1.0

        ZFCOR(1,1) = 4.143

        ZFCOR(2,1) = 4.143

        ZFCOR(1,2) = 4.143

        ZFCOR(2,2) = 4.143

        ILOOP(1,1) = 0

        ILOOP(2,1) = 1
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        ILOOP(1,2) = 0

        ILOOP(2,2) = 1

        VPS0 = 111.24

        VFPS0 = 0.15

       END

       INITIATORS

          PS BREAK(S) FAILED

   // ECCS ON

          IEVNT(422)=0

          IEVNT(424)=0

          IEVNT(426)=0

   // CLOSE ALL MSIV'S

          IEVNT(439)=1

          IEVNT(440)=1

          IEVNT(441)=1

          IEVNT(442)=1

    // END SHILED COOLING ON

          IEVNT(460)=0

    // Loop isolation failure

           IEVNT(435)=1

           IEVNT(436)=1

       END

        IF TIM >= 0.43

           MANUAL SCRAM

//         provide MAIN & AUX FEEDWATER AFTER SCRAM

           IEVNT(455)=0

           IEVNT(456)=0

           IEVNT(457)=0

           IEVNT(458)=0

         END

// LOCA SIGNAL OCCURS, SG MSSVS OPEN AFTER 30 SECONDS

        IF PPS(1) < PLOCA

          SET TIMER 1

        END

 

        WHEN TIMER 1 > 30.

          IEVNT(465)=1

          IEVNT(466)=1

          IEVNT(467)=1

          IEVNT(468)=1

        END
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Events (sec)
CATHENA

(0.07455 m2)
ISAAC

Break flow at 0.1 seconds (IHD8) (kg/s)

Peak flow rate (time to reach)

5470

5570 (0.3초)
2,540

Reactor trip (neutron high flux increasing rate) (sec) 

(40% RIH pulse criterion)
0.43 0.43

LOCA signal (sec) 8.6 16.5

Loop isolation signal (sec) - assumed to fail 8.6 -

Evaporation at IHD2 & IHD4 (intact loop) 12

SG crash cooldown starts (sec) 38.6 46.5

Complete closure of turbine valves (sec) 40

High ECCS injection starts (first rupture disc open) 44.3 59.6

Reflooding in broken loop (water inventory increases) 110

OHD5 First Reflooding** 138

IHD6 First Reflooding 143

RCP trip (sec) 192.4 32.6

Reflooding average fuel channel in CHAN-3 198 -

OHD7 First Reflooding 222

Reflooding average fuel channel in CHAN-4 243

ECCS starts flow into intact loop 330

High Pressure ECCS ends and Middle Pressure ECCS 

starts
336 241

Reflooding of intact loop (inventory increase) (sec) 423

IHD2 Reflooding 507

IHD4 Reflooding 585

IHD8 first Reflooding 636

Reflooding average fuel channel in CHAN-1 645

OHD3 Reflooding 663

Middle Pressure ECCS ends and Low Pressure ECCS 

starts
708.3 -

  OHD1and CHAN-2 are not reflooded until the end of this run

(at 564 seconds, the void at OHD1 disappear shortly)

Table 3.1.4-3 Accident progression for RIH 35% Break without loop isolation *

* Table 15.2.1.1.C-13 in [4]

** the first means the first reflooding time.  During the transients, the evaporation and 

   the reflooding occur again
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Figure 3.1.4-1A  Reactor Inlet Header Pressures for 35% RIH Break without ECCS 

(CATHENA) (Figure 15.2.1.1.C-8 in [4])

Figure 3.1.4-1B  PHTS Pressures for 35% RIH Break without ECCS (ISAAC)
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Figure 3.1.4-2A  Break Flow for 35% RIH Break without loop isolation

(CATHENA) (Figure 15.2.1.1.C-57 in [4])

Figure 3.1.4-2B  Break Flow for 35% RIH Break without loop isolation (ISAAC)
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3.1.5 PS 55% break without ECCS

A 55% break (break area: 0.16951 m2) at pump suction line (P4IN) connected to PASS 4 

without ECCS was selected to compare thermal hydraulic behavior between CATHENA 

and ISAAC in this section (refer to Figure 3.1-1).  The pressure behavior at reactor inlet 

headers calculated by CATHENA is shown in Figure 3.1.5-1A.  Table 3.1.5-1 gives the 

ISAAC input for the same case and the system pressure is shown in Figure 3.1.5-1B.  

While CATHENA calculates the different pressures at IHD6 (PASS 3) and IHD8 (PASS 4),  

ISAAC predicts one pressure for the broken loop whose initial pressure was 10 MPa.  As 

shown in those figures, the pressure from ISAAC decreases more rapidly at the 

beginning, but the overall trend is similar to CATHENA.

A PS 55% break without loop isolation was also analyzed.  Events codes for the loop 

isolation failure are newly added.  In order to compare with CATHENA, the inputs for 

reactor coolant pumps are modified to trip 2 minutes after the loop pressure decreases 

below 2 MPa regardless the loop void fraction.  Table 3.1.5-2 summarizes the ISAAC 

input.  Both results from CATHENA and ISAAC are tabulated in Table 3.1.5-3.  With 

regard to ECCS operation timing, the high and medium pressure injection starts earlier in 

ISAAC.  CATHENA expects the low pressure ECCS injection to start at 673 seconds, but 

ISAAC does not until 1000 seconds.   

As for the peak initial discharge rate, ISAAC has the maximum liquid flow rate of 5,695 

kg/s at the break location.  For the same sequence, CATHENA predicts 7,170 kg/s at 0.1 

seconds and the maximum flow rate of 8,910 kg/s at 0.3 seconds (refer to Table 

3.1.5-3).  The ISAAC liquid rate is about 80% of the CATHENA initial flow rate and 64% 

to the maximum flow rate.  These differences may come from the uniform void  

distribution in ISAAC.  If the break size in ISAAC increases by 25% (0.213 m2), the 

initial peak flow rate becomes about 7,157 kg/s and about 31% increase in size allows 

the CATHENA maximum flow rate of 8,910 kg/s. 
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Table 3.1.5-1 ISAAC input for PS 55% break 

    SENSITIVITY ON

        TITLE

PS(55%) w/o ECC (FSAR simulation)

MANUAL SCRAM AT 0.47 S, AFW/SGCC/SPRAY/ESC AVAILABLE

       END               // 

       START TIME IS 0.     // KEY WORD

       END TIME IS 1000 seconds

       PARAMETER FILE WS2-is203R44.PAR 25

       PRINT INTERVAL IS 100.

       PARAMETER CHANGE   // KEY WORD

      XWRB0(11)=4.0        // to prevent the end shield from becoming solid

      XWRB0(12)=4.0        // to prevent the end shield from becoming solid

        FBB(1)= 7    // BREAK LOCATION IS LOOP1 pump suction

        ZBB(1)=11.61  // BREAK ELEVATION

        ABB(1)=0.16951 // pump suction 55% BREAK SIZE (FSAR Table 15.2.1.1.c-15)

        INVHDB = 1

        INHHDB = 4

        IVHDB(1) = 1

        IVHDBCH(1) = 1

        NCTVHDB(1) = 7

        FQGAMA = 0.0461954

        QCR0 = 2229.66E6 //2157.E6

        QCP0 = 4.0E6

        QC0 = 16.656E6

        ICHMAX(1)=2

        ICHMAX(2)=2

        NTUBE(1,1)=95

        NTUBE(2,1)=95

        NTUBE(1,2)=95

        NTUBE(2,2)=95

        XRFEDI = 0.03329

        XRFEDO = 0.04924

        XTFEDI = 0.008859

        XTFEDO = 0.012255

        FPCH(1,1) = 1.0

        FPCH(2,1) = 1.0

        FPCH(1,2) = 1.0

        FPCH(2,2) = 1.0

        ZFCOR(1,1) = 4.143

        ZFCOR(2,1) = 4.143

        ZFCOR(1,2) = 4.143

        ZFCOR(2,2) = 4.143

        ILOOP(1,1) = 0

        ILOOP(2,1) = 1

        ILOOP(1,2) = 0

        ILOOP(2,2) = 1

       END

       INITIATORS



- 121 -

          PS BREAK(S) FAILED

   // ECCS OFF

          IEVNT(422)=1

          IEVNT(424)=1

          IEVNT(426)=1

   // CLOSE ALL MSIV'S

          IEVNT(439)=1

          IEVNT(440)=1

          IEVNT(441)=1

          IEVNT(442)=1

    // END SHILED COOLING ON

          IEVNT(460)=0

       END

        IF TIM >= 0.47

           MANUAL SCRAM //  TRIP TIME FROM FSAR (FSAR Table 15.2.1.1.c-15)

//         provide MAIN & AUX FEEDWATER AFTER SCRAM

           IEVNT(455)=0

           IEVNT(456)=0

           IEVNT(457)=0

           IEVNT(458)=0

         END

// LOCA SIGNAL OCCURS, SG MSSVS OPEN AFTER 30 SECONDS

        IF PPS(1) < PLOCA

          SET TIMER 1

        END

        WHEN TIMER 1 > 30.

          IEVNT(465)=1

          IEVNT(466)=1

          IEVNT(467)=1

          IEVNT(468)=1

        END
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  Table 3.1.5-2 ISAAC input for 55% PS break without loop isolation

     SENSITIVITY ON

     TITLE

PS(55%) with 103% power (FSAR simulation)

MANUAL SCRAM AT 0.47 S, AFW/SGCC/SPRAY/ESC AVAILABLE

ECC, loop isolation failure, vfcpmx=0.95

       END               // 

       START TIME IS 0.     // KEY WORD

       END TIME IS 1000 seconds

  //     PARAMETER FILE WS2-is203R44.PAR 25

       PRINT INTERVAL IS 100.

       PARAMETER CHANGE   // KEY WORD

  // increase PHTS pump trip void fraction

       vfcpmx=0.95       // default=0.5

      XWRB0(11)=4.0        // to prevent the end shield from becoming solid

      XWRB0(12)=4.0        // to prevent the end shield from becoming solid

        FBB(1)= 7    // BREAK LOCATION IS LOOP1 pump suction

        ZBB(1)=11.61  // BREAK ELEVATION

        ABB(1)=0.16951 // test break size

   // FSAR single average channel simulation

        INVHDB = 1

        INHHDB = 4

        IVHDB(1) = 1

        IVHDBCH(1) = 1

        NCTVHDB(1) = 7

        FQGAMA = 0.04686

        QCR0 = 2198.2 E6 //2157.E6

        QCP0 = 4.0E6

        QC0 = 9.E6

        ICHMAX(1)=2

        ICHMAX(2)=2

        NTUBE(1,1)=95

        NTUBE(2,1)=95

        NTUBE(1,2)=95

        NTUBE(2,2)=95

     //   feedwer radius/thickness correction for 1 by 1 core pass

        XRFEDI = 0.03329

        XRFEDO = 0.04924

        XTFEDI = 0.008859

        XTFEDO = 0.012255

        FPCH(1,1) = 1.0

        FPCH(2,1) = 1.0

        FPCH(1,2) = 1.0

        FPCH(2,2) = 1.0

        ZFCOR(1,1) = 4.143

        ZFCOR(2,1) = 4.143

        ZFCOR(1,2) = 4.143

        ZFCOR(2,2) = 4.143

        ILOOP(1,1) = 0
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        ILOOP(2,1) = 1

        ILOOP(1,2) = 0

        ILOOP(2,2) = 1

        VPS0 = 111.24

        VFPS0 = 0.15

       END

       INITIATORS

          PS BREAK(S) FAILED

   // ECCS ON

          IEVNT(422)=0

          IEVNT(424)=0

          IEVNT(426)=0

   // CLOSE ALL MSIV'S

          IEVNT(439)=1

          IEVNT(440)=1

          IEVNT(441)=1

          IEVNT(442)=1

    // END SHILED COOLING ON

          IEVNT(460)=0

    // loop isolation failure

          ievnt(435)=1

          ievnt(436)=1

       END

        IF TIM >= 0.47

//         TRIP TIME FROM FSAR (FSAR Table 15.2.1.1.c-15)

           MANUAL SCRAM

//         provide MAIN & AUX FEEDWATER AFTER SCRAM

           IEVNT(455)=0

           IEVNT(456)=0

           IEVNT(457)=0

           IEVNT(458)=0

         END

 // LOCA SIGNAL OCCURS, SG MSSVS OPEN AFTER 30 SECONDS

        IF PPS(1) < PLOCA

          SET TIMER 1

        END

        WHEN TIMER 1 > 30.

          IEVNT(465)=1

          IEVNT(466)=1

          IEVNT(467)=1

          IEVNT(468)=1

        END
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Events (sec)
CATHENA

(0.16951 m2)
ISAAC

Break flow at 0.1 seconds (P4IN) (kg/s)

Peak flow rate (time to reach)

7,170

8,910 (0.3초)
5,695

Reactor trip (neutron high power increase rate 

signal) (70% PSH pulse criterion) (sec)
0.47 0.47

LOCA signal (sec) 11.5 5.2

Loop isolation signal (sec) - assumed to fail 11.5 -

Evaporation at IHD2 & IHD4 (intact loop) 13.1

High ECCS injection starts (first rupture disc open) 35.9 13.3

Complete closure of turbine valves (sec) 40.9

SG crash cooldown starts (sec) 41.5 35.2

Reflooding in broken loop (water inventory increases) 43

IHD8 First Reflooding** 46.1

Reflooding average fuel channel in CHAN-4 116

OHD5 First Reflooding** 148

Reflooding average fuel channel in CHAN-3 152

OHD7 First Reflooding 159

RCP trip (sec) 180.4

High Pressure ECCS ends and Middle Pressure ECCS 

starts
305.5 229

IHD6 First Reflooding 306

ECCS starts flow into intact loop 630

Reflooding of intact loop (inventory increase) (sec) 639

Middle Pressure ECCS ends and Low Pressure ECCS 

starts
673.2

not injected 

until 1000 sec

IHD2 Reflooding 816

IHD4 Reflooding 840

  OHD3, OHD1, CHAN-1 and CHAN-2 are not reflooded until the end of this run

Table 3.1.5-3 Accident progression for 55% PS break without loop isolation *

* Table 15.2.1.1.C-15 in [4]
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Figure 3.1.5-1A  Reactor Inlet Header Pressures for 55% PS Break without ECCS 

(CATHENA) (Figure 15.2.1.1.C-8 in [4])

Figure 3.1.5-1B  PHTS Pressures for 55% PS Break without ECCS (ISAAC)
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4. CODE-TO-CODE COMPARISON WITH MAAP4-CANDU

In order to simulate the severe accidents at Wolsong plants, the primary heat transport 

system is nodalized as shown in Figure 4-1.  For the core channel configuration, 3x3 

core passes are defined and they are illustrated in Figure 4-2.  That is, 6 representative 

fuel channels are defined in each loop and 3 channels are connected to the broken loop 

and the other 3 channels to the unbroken loop.  In the figure, channel # 1 is located at 

the highest elevation and channel # 6 is the lowest one.  Each channel has a different 

power generation.  For the containment, the user defines the containment into separate 

compartments.  The following nodalization is used for the analysis: basement (node #1), 

calandria vault (#2), front fueling machine room (#3), rear fueling machine room (#4), 

moderator room (#5), access area (#6), boiler room (#7), upper dome (#8), dousing tank 

(#9), degasser condenser tank (#10), and two end-shields (#11 & #12).  Figure 4-3 

shows the containment nodalization.  Flows of water, steam, non-condensable gases and 

molten corium between the compartments, are defined through a junction connecting two 

compartments.  18 junctions are defined, most of which are normally connected except 

for the failure junctions that appear when certain conditions such as a containment failure 

(#18) or concrete floor melt-through (#14) are satisfied.  The information about 

compartment volumes is obtained from the AECL containment analysis report [5]. 

Figure 4-1 A Schematic of the ISAAC modeling for the Wolsong PHTS
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Figure 4-2 Definition of representative fuel channel in ISAAC

Figure 4-3 Wolsong containment nodalization
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4.1 Comparison for station black out (SBO) sequences

4.1.1 Assumptions

As there is no electric power available for the safety systems, all the cooling systems 

like a shutdown cooling, moderator cooling, and shield cooling and the emergency core 

cooling systems fail initially.  Also the main and auxiliary feedwater systems are 

unavailable and a crash cooldown operation is not credited. Main steam safety valves 

open at their set points to relieve the pressure from the secondary side.  As the liquid 

relief valves in the PHTS are designed to fail-open, they are assumed to open at the 

beginning of the accident.  When there is an overflow to the degasser condenser tank, 

the coolant is discharged to the containment through the degasser condenser tank relief 

valves.  Though the passive containment dousing sprays are available during a station 

blackout accident thanks to the air tank, they are assumed unavailable for a comparison 

of the code results.  Local air coolers are also assumed to be unavailable. Finally all the 

operator interventions are not credited. 

4.1.2 Comparisons with MAAP4-CANDU

For the SBO sequence, ISAAC and MAAP4-CANDU (M4C) results are compared to see 

how they are similar to and different from each other.  Table 4.1-1 summarizes two 

M4C data [6, 7] and the ISAAC results.  The SG water in the secondary side becomes 

dry at around 2.5 hours in general.  The pressure tube and calandria tube failure time 

look different.  While M4C predicts 8.9 hours and 4.4 hours, respectively, ISAAC predicts 

3.3 hours.  Also the core disassembly, debris relocation to the calandria vessel bottom, 

and a containment failure occur earlier in ISAAC. Figures 4.1-1 and 4.1-2 show the 

PHTS pressure and the PT/CT/fuel temperature behavior, respectively, obtained from 

M4C and ISAAC.  ISAAC expects an earlier fuel heatup when compared to M4C. In 

addition, CsI distributions in the PHTS, calandria and the containment are compared in 

Figure 4.1-3.  The initial inventory is different.  The mass fractions inside the 

containment and to the environment from ISAAC are about 3.6 and 13 times larger than 

those of M4C.
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Event M4C (‘02)[6] M4C(‘04)[7] ISAAC2.0

Reactor Scram 0 0 0

SG dry 2.3 2.5 2.5

LRV first open 2.4 0

Calandria rupture disk open 5.4 3.3

PT/CT tubes rupture 8.9 4.4 3.3

Beginning of core  disassembly 9.9 4.8 3.8

Beginning of debris relocation to 
Calandria vessel bottom

6.3 4.1

Calandria vessel depletion 19.3 8.9 9.0

Containment failure 38.5 27.1 29.3

Calandria vessel failure 59.2 42.4 37.3

Reactor vault water depletion 64.6 42

Table 4.1-1 Comparison of the major events timings during a SBO (hr)

Figure 4.1-1 PHTS pressure behavior during a SBO
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Figure 4.1-2 PT/CT/fuel temperatures during a SBO

Figure 4.1-3 CsI distributions during a SBO
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4.2 Comparison for Large LOCA sequences

4.2.1 Assumptions

In this scenario, a reactor outlet header guillotine break (ROH 2) whose size is about 

0.2594 m2, is initially assumed.  High and medium emergency core cooling systems work, 

but the low pressure injection ECCS is assumed as unavailable.  Other safety systems 

like a moderator cooling system, shield cooling system and shutdown cooling system are 

assumed as unavailable.  Main and auxiliary feedwater systems are also assumed to fail 

initially. Containment dousing sprays are assumed to operate [6]. 

4.2.2. Comparisons with MAAP4-CANDU

Table 4.2-1 summarizes the M4C data [6] and the ISAAC results.  While M4C predicts 

the medium ECCS injection interval between 0.03 and 0.3 hours, ISAAC does between 

0.05 and 0.65 hours.  The dousing water depletion occurs at 0.08 hours in the M4C, and 

0.42 hours in the ISAAC.  About 20 minutes of difference is indicated. The water masses 

in the steam generators behave differently after a loop isolation occurs.  According to 

M4C, SG water masses in the intact loop (Loop 2) and in the broken loop (Loop 1) 

become dry at 0.6 hours and 3.6 hours, respectively.  ISAAC estimates 0.95 and 5.4 

hours in Loop 2 and in Loop 1, respectively.  M4C and ISAAC predict 7.5 hours and 2.7 

hours, respectively, for the pressure tube and calandria tube failure time.  Like the 

station blackout scenario, the debris relocation to the calandria vessel bottom, calandria 

vessel depletion, and calandria and containment failure occur earlier in ISAAC.  

The PHTS pressure behavior is compared in Figure 4.2-1.  The intact loop pressure 

drops sharply when the PT/CT fails.  The ISAAC expects a PT/CT failure at 2.7 hours, 

which is much earlier than the failure time from M4C.  Figure 4.2-2 shows the 

PT/CT/fuel temperature behaviors at the center ring of the 7th bundle in channel #2 (in 

M4C) and at the 6th bundle in channel #1 (in ISAAC).  ISAAC expects a direct fuel 

heatup at 2 hours which is about 30 minutes faster than in M4C.  Containment pressure 

behavior is shown in Figure 4.2-3.  The pressure obtained from the ISAAC shows a 

sharp increase along with a calandria vault water evaporation process and reaches the 

failure pressure at 38 hours, while the M4C expects a rather slow increase after 15,000 

seconds and reaches the failure pressure at 64 hours.  CsI distributions in the PHTS, 

calandria and the containment are compared in Figure 4.2-4.  The mass fractions of CsI 

remaining in the containment and discharged to the environment are about 4 and 17 

times larger respectively in ISAAC than in M4C.
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Event M4C (‘02) ISAAC2.0

Reactor Scram 0 0.001

ECCS HPI/MPI On 0.0015/0.03 0.0023/0.05

Dousing spray water depletion 0.08 0.42

ECCS MPI Off 0.3 0.65

Loop 2 / 1 SG  Dry 0.6/3.6 0.95/5.4

PT/CT rupture in Loop 2 7.5 2.7

Beginning of debris relocation to 
Calandria vessel bottom

7.9 4.9

Calandria vessel depletion 14.4 10.9

Containment failure 63.9 38.0

Calandria vessel failure 63.8 40.6

Reactor vault water depletion 64.4 45

Table 4.2-1  Comparison of major events timing during large LOCA (hr)

Figure 4.2-1 PHTS pressure behavior during a large LOCA
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Figure 4.2-2 PT/CT/fuel temperatures during large a LOCA

Figure 4.2-3 Containment pressure behaviors during a large LOCA
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Figure 4.2-4 CsI distributions during a large LOCA
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5. COMPARISON WITH EXPERIMENTAL DATA

5.1 Benchmarking of Steam Explosion Model

5.1.1 FITSB Experiments

This dynamic benchmark compares the steam explosion module with the spectrum of 

FITSB experiments reported by Mitchell and Evans [8].  These experiments investigate a 

potential for explosive interactions, and the magnitude of such explosions when they 

occurred, for molten iron thermite (molten aluminum oxide and molten iron) poured into 

water at atmospheric pressure (8.5 x 104Pa (12 psia) at the local elevation).  In 

summary, these experiments demonstrate that significant explosive interactions could be 

obtained for molten thermite poured into water and showed that the efficiency of these 

explosive interactions were a function of the initial water pool depth.

5.1.1.1 Boundary Conditions

ISAAC (MAAP) dynamic benchmarks are controlled by subroutine BENCH which called 

the benchmark-specific routine BSTMEF, which then calls the dynamic 

benchmark-specific input deck (FITSB.DYB) for the necessary FITSB experimental 

boundary conditions.  These experiments were performed in the large FITSB test vessel 

illustrated in Figure 5.1.1-1 with the molten material created by a thermite reaction 

between well-mixed powders of metallic aluminum and iron oxide. The molten material 

was then dropped into a transparent interaction vessel with a square cross-section 

containing water (refer to Figure 5.1.1-2).  The cross-sectional area and water depth are 

test specific. Table 5.1.1-1, which is taken from Mitchell and Evans [8], summarizes the 

parameters for the various FITSB experiments as well as the observations reported by 

the experimenters.

5.1.1.2 Discussion of Results

The principle experimental output are the estimates of the conversion ratio (the quotient 

of the work done and the total thermal energy in the molten material) for the individual 

experiments.  Two ways were used to estimate the work done by the explosion, the first 

being the assessment of the melt kinetic energy immediately following the explosive 

interaction, and the second being the work done associated with the FITSB vessel 

pressurization.  The former is evaluated from the high speed movies taken of the 

specific interaction and the latter requires a calculation of the thermodynamic work.  An 

estimate of this was provided by the authors but was reassessed by Farawila and 

Abdel-Khalik [9] in terms of the fundamental thermodynamic behavior associated with 

gas compression.  This latter assessment is a more robust thermodynamic calculation and 
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is used in comparing with the calculations of the ISAAC (MAAP) module.  Furthermore, 

these two different evaluations are manifestations of the same energy release.  

Therefore, these are treated as independent assessments of the same energy release 

from the explosive interaction, i.e., each is compared with the output of the steam 

explosion module.

The information from this evaluation is illustrated in Figure 5.1.1-3 and shows a good 

comparison between the calculated and measured conversion ratios.  Note that the 

calculated values overestimate the conversion ratios for shallow water pools.  Thus, the 

evaluation of steam explosions in containment configurations with limited water depths is 

consistent with the technical basis represented by the FITSB experiments, and if 

anything, over-states the explosive energy release.

5.1.1.3 Sensitivity Studies

Since the FITSB experiment used molten thermite, the major sensitivity to be 

investigated is the difference between the calculated behavior assuming that the molten 

iron is interacting material instead of a molten alumina.  Using the thermodynamic 

properties of iron increases the efficiency of the interaction because of the larger 

thermal diffusivity.  Since the molten iron is more dense than the molten alumina, the 

materials undergo some separation during the thermite reaction, and if anything, one 

would expect the molten iron to be discharged ahead of the molten alumina.  Hence, it is 

perhaps more reasonable to consider the interacting material in these experiments to be 

molten iron rather than molten alumina.  In any case, both materials need to be 

considered as potential contributors to the explosive interactions.

Using iron properties for the ISAAC (MAAP) model would result in a calculated 

conversion ratio of 2.7% for a 1 msec interaction time.  Examining Figure 5.1.1-3 shows 

that this calculated value is substantially greater than those reported by the 

experimenters for the different test conditions. Hence, including this 

uncertainty/sensitivity with respect to the material properties bounds the experimental 

observations.
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Table 5.1.1-1 FITSB Initial Conditions and Observations

(taken from [8]).



- 138 -

Figure 5.1.1-1  FITS Containment Chamber

(taken from [8]).
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Figure 5.1.1-2  Typical Instrumented Water Chamber

(taken from [8]).
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Figure 5.1.1-3  Comparison of ISAAC (MAAP) Calculated Steam Explosion Mechanical 

Conversion Ratios and the Measured Values for the FITSB Tests.
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5.1.2 KROTOS Experiments

This dynamic benchmark compares the steam explosion module with the spectrum of the 

KROTOS experiments reported by Hohmann, et al., [10], Huhtiniemi, et al., [11], and 

Huhtiniemi, et al., [12].  These experiments investigated the potential for explosive 

interactions, and the magnitude of such explosions when they occurred for molten tin, 

molten aluminum oxide, and molten uranium dioxide poured into water at atmospheric 

pressures.  In summary, these experiments demonstrated that significant explosive 

interactions could be obtained with an external trigger for the molten tin-water system 

and that strong explosive interactions could be developed for the molten aluminum-water 

system, both with and without external triggers.  However, no significant explosions were 

obtained for the molten uranium dioxide-water system regardless of whether a strong 

external trigger was used.

5.1.2.1 Boundary Conditions

ISAAC (MAAP) dynamic benchmarks are controlled by subroutine BENCH which calls the 

benchmark-specific routine BSTMEK.  This then calls dynamic benchmark-specific input 

deck (KROTOS.DYB) which contains the necessary boundary conditions for the various 

KROTOS experiments.  These experiments were performed in a vertical test apparatus 

like that illustrated in Figure 5.1.2-1 with the specified molten material melted in the 

furnace at the top of the apparatus and dropped through the entry configuration into the 

water contained in the test section shown in the bottom of the figure.  The valve 

immediately below the furnace protected the furnace components by isolating the test 

apparatus once the molten material had dropped through this location.

Table 5.1.2-1 illustrates the various parameters/boundary conditions for the KROTOS 

experiments using either molten tin, molten aluminum oxide, or molten uranium dioxide as 

the high temperature debris.  Data for the debris emissivity are taken from Siegel and 

Howell [13] for Al2O3 and Hohorst, et al., [14] for UO2.  As illustrated in this table, two 

different test section inner diameters were used, the smaller having a diameter of 95 mm 

and the larger 200mm.  This was done specifically for the uranium dioxide experiments 

in an attempt to assure that more of the molten material could be poured into the test 

apparatus without the net steaming rate causing significant quantities of the melt to be 

displaced into the upper regions of the test apparatus.  Also, some experiments used an 

internal plexiglass cylinder to prevent contact between the molten material and the test 

apparatus wall.  It should also be noted that some of the experiments were subjected to 

an external trigger (a rupture of a small high pressure gas volume) and others were left 

to the occurrence of spontaneous triggers.  For those experiments which observed steam 

explosions, the energetics of the explosive interaction does not appear to be influenced 

by whether or not an external trigger initiated the event.
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5.1.2.2 Discussion of Results

The principle output from this comparison is the calculated and measured conversion 

ratios for those experiments detecting explosive interactions.  Table 5.1.2-2 lists the 

measured conversion ratios as reported by the reference given in the table.  Figure 

5.1.2-2 compares the calculated conversion ratios from the steam explosion module with 

those reported for the various KROTOS experiments. As illustrated in the figure, there is 

good agreement between the calculated and measured results. Of particular importance is 

that the calculated energy release appears to over-state (bound) those which are 

reported from the experiments.  In particular, this is noteworthy for those tests using 

reactor materials of uranium dioxide-zirconium dioxide molten mixture poured into water.  

It should be noted in this figure that the experiments with Tests 32 through 37 involve a 

molten uranium dioxide-zirconium dioxide mixture, whereas Test 21 uses molten tin, and 

the remainder use molten aluminum oxide.  Figure 5.1.2-3 illustrates the comparison of 

the measured peak pressures from the interactions and those calculated by the ISAAC 

(MAAP) model.  While the molten uranium dioxide-zirconium dioxide mixture 

experimentally observed essentially no explosive interaction, the other systems measured 

very large peak pressures.  This figure shows that the ISAAC (MAAP) model over-states 

the calculated pressures and correctly represents the substantial difference between the 

molten core debris materials and those experiments using molten aluminum oxide.

5.1.2.3 Sensitivity Studies

In these experiments, a variety of molten materials were used and these were 

characterized as essentially pure compounds, as compared to the molten mixture used in 

the FITSB experiments (molten iron and molten aluminum oxide resulting from a thermite 

reaction).  Therefore, the larger sensitivity involved in describing these experiments is 

the differences between the results for molten aluminum oxide and molten uranium 

dioxide.  This is well represented by the ISAAC (MAAP4) model and is the largest 

sensitivity to be described for these experiments.  Hence, further sensitivity studies were 

not performed for this experiment.
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Table 5.1.2-1 Conditions and Parameters for KROTOS Experiment.

Property

Tin Al2O3 UO2

Test 
21

Test 
26

Test 
28

Test 
29

Test 
30

Test 
38

Test 
40

Test 
42

Test 
32

Test 
33

Test 
35

Test 
36

Test 
37

Initial Pressure 
(MPa)

0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Initial Molten Debris 
Temperature (K)

1370 2573 2673 2573 2573 2665 3073 2465 3063 3063 3023 3025 3018

Water Temperature 
(K)

361 333 360 293 293 294 290 293 351 298 363 294 294

Debris Emissivity 0.1 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.9 0.9 0.9 0.9 0.9

Test Section Inner 
Diameter (mm)

95 95 95 95 95 200 200 200 95 95 95 95 200

Average Melt 
Temperature (K) 2487 2537 2487 2487 2665 2737 2433 3032 3032 3012 3013 3009

Plexiglass Liner 
Installed

No Yes Yes* No Yes No No* No* Yes No No No No

External Trigger Yes Yes Yes No No Yes No No No No Yes Yes Yes
* Not specifically reported; the presence of the liner is deduced from the testing sequence.

Table 5.1.2-2 Comparison of the Measured and Calculated (Assuming to Melt 
Fragmentation) Conversion Ratios for the KROTOS Experiments.

Test Molten 
Material

Diameter of 
Test 

Section 
(mm)

Mass of 
Debris 
(kg)

Melt 
Temp. 

(K)

Water 
Temp. 

(K)

Measured 
Conversion 

Ratio
References

21 Tin 95 7.5 1370 361 0.08 Tang and Corradini, 1994

28 Al2O3 95 1.45 2673 360 0.013 Hohmann, et al., 1995

29 Al2O3 95 1.5 2573 293 0.008 Hohmann, et al., 1995

30 Al2O3 95 1.5 2573 293 0.0125 Hohmann, et al., 1995

38 Al2O3 200 1.5 2665 294 0.018 Huhtiniemi, et al., 1996

40 Al2O3 200 1.47 3073 290 0.009 Huhtiniemi, et al., 1996

42 Al2O3 200 1.54 2465 293 0.019 Huhtiniemi, et al., 1996

NS* UO2 200 2.4-5.1 3073 - 293 0.0015 Magallon, et al., 1998

*  Test number not specified.
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Figure 5.1.2-1 Schematic of the KROTOS Test Apparatus

(as presented by [10]).



- 145 -

Figure 5.1.2-2 Comparison of the MAAP Model and the Measured Conversion Ratios from 

the KROTOS Experiments.
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Figure 5.1.2-3 Comparison of the MAAP Model and the Measured Peak Pressure 

from the KROTOS Experiments
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5.2 Benchmarking of Steam Generator Model

The Model Boiler No. 2 (MB-2) is an approximate 0.8% power-scaled representation of 

the Westinghouse Model F steam generator, as shown in Figure 5.2-1.  It is designed to 

be geometrically and thermal-hydraulically similar to the Model F.  It is 14.625 m tall 

and has prototypic steam generator internal structures with detailed instrumentation.  The 

tube bundle consists of 52 tubes arranged in a rectangular array.  All tubes are made of 

Inconel 600 with the same outside diameter (1.75 cm) and wall thickness (1 mm) as the 

tubes in the Model F steam generator.  Lower downcomer is modeled by using two 

independent pipes which were scaled to represent the cross-sectional area in the Model 

F lower downcomer annulus.  The primary heat supply system is a closed pressurized 

water loop consisting of a pump, a flow control valve, and a 10 MW natural gas-fired 

heater.

In this ISAAC analysis, the MB-2 facility is modeled as one steam generator using the 

two-region steam generator model.  The steam generator is divided into two regions and 

each region has three different flow areas based on elevations.  The flow area of steam 

dome in region 2 is calculated by dividing the volume above the deck plate by the height 

from the deck plate to the inlet of the steam line.  The primary side of the MB-2 facility 

is not modeled and the primary side inlet water flow and temperatures are used as 

boundary conditions.

5.2.1 100% Steam Line Break

This test is a 100% steam line break (SLB Test No. 2013) from the hot standby 

condition.  Initial secondary pressure was 7.64 MPa and primary system pressure was 

14.48 MPa. The inlet primary fluid temperature was 293.2C and initial downcomer water 

level was 11.24 m from the top of the tube sheet.  Initially, there was an auxiliary 

feedwater flow of 0.118 kg/s which was terminated at 10 seconds into the transient.
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Figure 5.2-1  Schematics of Westinghouse Model Boiler No. 2 [15]
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Comparisons of the calculated secondary side pressure, the total break flow rate and the 

liquid discharge rate, the collapsed water level in the tube bundle region, and the total 

heat transfer rate from the primary side to the secondary side against the data are 

shown in Figures 5.2.1-1 through 5.2.1-4.  In Figure 5.2.1-1, it can be seen that the 

pressure agrees with the data for most of the transient.  The start of depressurization 

after 50 seconds into the transient, as the tube bundle became uncovered, is slightly 

delayed in the calculation.  Similar to the pressure comparison, the general trend and 

magnitude of the break flow are well predicted until about 50 seconds, and then the 

break flow is over-predicted thereafter, as shown in Figure 5.2.1-2.  In this analysis, 

separator systems are not modeled such that the exit quality at the steam line depends 

on the mixture level and the void fraction at the top of the steam generator.  Similar to 

the data, ISAAC calculates that the mixture level in the steam dome reaches the top of 

the steam generator at about 2.5 seconds and stays there until about 29seconds.  At 33 

seconds, the total mass discharged from the data was about 363 kg, which is about 66% 

of the initial mass, compared to the calculated amount of 330 kg.  This under-prediction 

of the discharged mass contributes to the delay of the tube bundle uncovering and 

over-prediction of the pressure later in the transient.  Figure 5.2.1-3 shows that ISAAC 

slightly over-predicts the collapsed water level in the tube bundle region.  The total heat 

transfer rate is over-predicted throughout the transient, as shown in Figure 5.2.1-4.  

The model over-predicts the average heat transfer coefficient because ISAAC used the 

saturate nucleate pool boiling heat transfer coefficient instead of forced convection 

two-phase boiling heat transfer coefficient.  At the time of maximum heat transfer rate, 

ISAAC over-predicts the total heat transfer rate by about 10%.

It is noted that ISAAC correctly calculates the 30 second period of liquid discharge in 

Figure 5.2.1-2.  This is due to the ability of the model to predict flow reversal (tube 

bundle into downcomer) at the tube bundle entrance, and upper dome two-phase level 

swell.  The correct prediction of liquid discharge is an important aspect that substantially 

influences the comparison after the end of liquid discharge.  If this aspect could not be 

predicted, then the entire comparison would be adversely affected.
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Figure 5.2.1-1 Steam Generator Pressure in MB-2 100% Steam Line Break Test.

Figure 5.2.1-2 Break Flow Rate in MB-2 100% Steam Line Break Test.
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 5.2.1-3 Collapsed Water Level in Bundle in MB-2 100% Steam Line Break Test.

 5.2.1-4  Total Heat Transfer Rate in MB-2 100% Steam Line Break Test.
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5.2.2 50% Steam Line Break

Prior to the transient, the condition of the MB-2 model boiler is almost identical to that 

of the 100% steam line break.  The 50% steam line break (SLB Test No. 2025) was 

simulated by a 2.45 cm diameter sharp-edge orifice installed in a 7.62 cm line.  

Comparisons of the calculated secondary steam generator pressure and the total heat 

transfer rate from the primary side to the steam generator against the data are shown in 

s 5.2.2-1 and 5.2.2-2.  The secondary steam generator pressure is well predicted for 

most of the transient.  Similar to the 100% steam line break, there was a period in this 

test when two-phase was discharged from the steam line.  ISAAC calculates a 

single-phase steam discharge for the first 4 seconds, a two-phase discharge from 4 to 

24 seconds, and then a single-phase steam discharge for the rest of the transient. The 

total heat transfer rate is slightly over-predicted, as shown in  5.2.2-2.  The comparison 

of the data and the predictions are limited to only two parameters discussed above 

because the data for this test were not reduced to a usable form.

5.2.3 8% Steam Line Break with SGTR

In this test, the 8% steam line break (SLB Test No. 2029) was simulated by a 0.98cm 

diameter sharp-edge orifice installed at the top of the MB-2 exit nozzle.  A tube rupture 

at the top of the tube bundle was simulated using the injection port.  This test was 

intended to determine the performance of the moisture separators during SGTR under 

moderate depressurization conditions resulting from the 8% steam line break simulating a 

stuck-open safety valve.  Initial secondary side pressure was 6.89 MPa.  The inlet 

primary fluid temperature was 304C and initial downcomer water level was 11.24 m from 

the top of the tube sheet.  The steam line break was initiated simultaneously with the 

SGTR break flow of 0.27 kg/s at the beginning and about 0.327 kg/s at the end of 

transient.

The model prediction of the secondary steam generator pressure and the total heat 

transfer rate and the data are shown in s 5.2.3-1 and 5.2.3-2.  In  5.2.3-1, the 

predicted pressure agrees well with the data for the whole transient.  However, the total 

heat transfer rate is over-predicted for most of the transient.  Unlike the previous steam 

line breaks, the calculated mixture level in the downcomer and the steam dome does not 

reach the top of steam generator, such that only single-phase steam flow was calculated.  

As mentioned earlier, the separator system is not modeled in the current model.  When 

the mixture level stays at the top of steam generator, the effect of separators can be 

neglected.  However, when the transient is very gradual like this test with a high 

downcomer water level, assuming 100% efficiency of the separator system could 

under-predict the total discharge flow which could contain some carry-over liquids.
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 5.2.2-1  Steam Generator Pressure in MB-2 50% Steam Line Break Test.

 5.2.2-2  Total Heat Transfer Rate in MB-2 50% Steam Line Break Test.
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 5.2.3-1Steam Generator Pressure in MB-2 8% Steam Line Break 

with SGTR Test.

 5.2.3-2  Total Heat Transfer Rate in MB-2 8% Steam Line Break 

with SGTR Test.
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5.2.4 Loss of Feedwater from Full Power Without Reactor Scram

This test is a loss of feedwater from 100% power.  Prior to the transient, the model 

boiler was at full power condition, and initial secondary side pressure was 6.87 MPa and 

primary system pressure was 15.51 MPa.  The inlet primary fluid temperature was 325C 

and was kept constant throughout the transient.  Initial water level in the downcomer 

from top of the tube sheet was 11.18 m.  Originally, the secondary side pressure was 

intended to be held constant in the test by adjusting the steam line valve.  However, it 

increased somewhat during the transient.  To simulate this test, steam flow rate is given 

as input in ISAAC because the exit area of the steam line as function of time is not 

known.  The data shows that the steam flow rate starts to decrease rapidly at about 60 

seconds because of dryout.  To correctly model this phenomenon, the exit area is 

estimated for a given flow rate and calculated secondary pressure at 60 seconds.  Then 

based on that area, the code calculated the exit flow from 60 seconds to the end of 

transient.  In the test, the steam line valve was shut off starting at 73 seconds and 

completed at 80 seconds.  During the period of valve closure, the exit flow area is 

approximated linearly.

s 5.2.4-1 through 5.2.4-4 show comparisons of the secondary pressure, the primary fluid 

exit temperature, and the collapsed liquid levels in the downcomer and in the tube 

bundle.  The secondary pressure is somewhat over-predicted until the steam line valve 

is closed.  However, the predicted trend is similar to that of the data.  The primary side 

cold leg temperature is well predicted up to 60 seconds when the tube bundle starts to 

uncover, as shown in  5.2.4-2.  Over-prediction after bundle uncovery may be due to 

water droplet entrainment, deposition, and vaporization at the uncovered portion of the 

bundle.  The model does not accommodate this, and therefore, does not represent this 

additional contribution to tube bundle heat transfer.  ISAAC calculates the onset of the 

dryout earlier than the data.  For the collapsed liquid level, predictions generally agree 

with the data.   5.2.4-3 shows that the calculated collapsed water level in the 

downcomer follows the data well.  For the tube bundle collapsed level, ISAAC 

over-predicts the level throughout the transient, as shown in  5.2.4-4.  The calculated 

liquid levels in the tube bundle and in the downcomer show sharp decreases at about 30 

seconds.  This is due to the abrupt area change between the upper and the lower 

downcomer.  The flow area of the upper downcomer is about 9 times larger than that of 

the lower downcomer.  However, the data does not show the strong effect of the area 

change in the downcomer.
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 5.2.4-1 Steam Generator Pressure in MB-2 Loss of Feedwater Test

from Full Power Without Reactor Scram.

 5.2.4-2 Primary Side Cold Leg Temperature in MB-2 Loss of Feedwater Test from Full 

Power Without Reactor Scram.
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 5.2.4-3 Downcomer Collapsed Level in MB-2 Loss of Feedwater Test

from Full Power Without Reactor Scram.

 5.2.4-4 Tube Bundle Collapsed Level in MB-2 Loss of Feedwater Test

from Full Power Without Reactor Scram.
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5.2.5 Loss of Feedwater from Full Power With Reactor Scram

The test is a complete loss of feedwater accident, in which the auxiliary feedwater flow 

is delayed 10 minutes after reactor trip.  The initial condition of the model boiler was 

almost identical to the previous case, except for the primary system pressure, which was 

13.79 MPa.  Similar to the previous case, steam flow rate is given as an input because 

the exit area of the steam line is not known as a function of time.

The ISAAC predictions of the secondary pressure, the primary fluid exit temperature, and 

the collapsed liquid levels in the downcomer and the bundle have been compared to the 

data in s 5.2.5-1 through 5.2.5-4.  The secondary pressure is somewhat under-predicted 

for most of the transient.  However, the exit temperature of the primary water is well 

predicted.  After the reactor is tripped, the vapor generation in the tube bundle is 

reduced, such that the frictional pressure loss across the tube bundle region decreases.  

As a result, the levels in the downcomer and the tube bundle equilibrate.  For the 

collapsed liquid levels, the model predicts the correct trend and agrees well with the 

data.  The collapsed water level in the tube bundle is somewhat over-predicted.  As 

mentioned earlier, there is some uncertainty in the data because of the assumption of a 

linear void fraction distribution in the tube bundle.



- 159 -

 5.2.5-1 Steam Generator Pressure in MB-2 Loss of Feedwater Test 

with Reactor Scram.

 5.2.5-2 Primary Side Cold Leg Temperature in MB-2 Loss of Feedwater Test With 

Reactor Scram.
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 5.2.5-3 Downcomer Collapsed Level in MB-2 Loss of Feedwater Test 

With Reactor Scram.

 5.2.5-4 Tube Bundle Collapsed Level in MB-2 Loss of Feedwater Test 

With Reactor Scram.
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6. CONCLUSION

As the first step to validate the ISAAC code, typical seven accident scenarios like a 

station blackout sequence, in-core rupture, small ad large LOCAs, and SGTR were 

selected in order to analyze the overall trend of the physical parameters during the 

severe accident phase.  The pressure and temperature behaviors in the intact loop, 

broken loop, pressurizer, and in the calandria look reasonable depending the 

accident scenarios.  As the accident develops into the severe core damage state, 

the molten fuel material formed from the horizontal fuel channel starts relocation to 

the calandria and eventually to the containment as expected.  Some of the fission 

products are escaped from the containment after containment failure. In general, the 

ISAAC computer code shows the reasonable results in terms of the thermal 

hydraulic behavior as well as fission product transport from the PHTS to the 

containment. 

As the second step for the code validation, the thermal hydraulic behavior was 

compared against CATHENA from the code-to-code comparison approach.  The 

comparison was mainly focused on the ROH 100% large LOCA scenario.  As the 

ISAAC code models a uniform void distribution in the PHTS from the concept 

phase, the break flow rates from the break only depends on break size, not the 

break location.  However the coolant in the actual CANDU plant has the void 

fraction distribution from the subcooled state to the maximum of 4% quality.  

Therefore the break flow rates become different and that causes the different 

thermal hydraulic behavior between them.  For example, the maximum break flow 

rate from ISAAC is 6% larger than that from CATHENA for the ROH 100% case, 

and the CATHENA break flow rate is 56% larger than ISAAC for the PS 55% break 

case.  As for the ISAAC model improvement, the correction factor for the break 

size is being considered to match the initial break to the CATHENA results.  

Though the initial break flow affect the water inventory in the PHTS during the 

transient, the important timing regarding the severe accident progression does not 

change much.  

Another major difference between ISAAC and CATHENA was found to be the 

coolant mass inventory.  Initially CATHENA calculates the initial mass of 120 tons, 

but ISAAC defines water mass of 91 tons including 26 tons of pressurizer.  As the 

ISAAC assumes light water in the PHTS, the corrected mass will be about 100 tons 

considering heavy water density.  But it is still 20% less than the CATHENA 

results.  More examinations are needed to identify the difference.   

The ECCS flow rates and injection timing were compared.  For the ROH 100% 

break, the high pressure injection time in CATHENA is a little late than ISAAC, but 



- 162 -

the overall trend is similar to each other to the medium pressure injection timing 

(234 seconds in CATHENA and 167 seconds in ISAAC).  CATHENA predicts the 

medium pressure injection rate of 300 kg/s and the low pressure injection starts at 

617 seconds.  However ISAAC does not predict the low pressure injection until 

1,000 seconds.  As the low pressure injection is connected to the dousing tank 

water level, more integrated examination is necessary to find out the difference. 

As the third step for the ISAAC validation, the code-to-code comparison was done 

against the MAAP4-CANDU (M4C) computer code both for the high and low 

pressure sequences.  Regrading the major modeling difference between them, a 

core modeling and the failure criteria for the horizontal fuel channels are different.  

In particular, the PT/CT failure time depends on the failure criteria used in the 

code.  While ISAAC assumes a single fuel rod representing the 37 fuel rods, M4C 

models 7 rings for 37 rods.  Also the number of core channel nodalization in M4C 

is 3 times larger than that in ISAAC.  As for the core collapse phenomena, the 

M4C and ISAAC model a sudden mass delivery and a gradual delivery to the 

calandria bottom, respectively.  Other than these, system parameters like the core 

power, fuel material masses, and the set points for the safety systems as well as 

the modeling of the safety systems affect the accident progression time.  Also the 

core release models affect the source term behavior inside the containment.  The 

overall trend for the severe accident progression is comparable to each other, 

though ISAAC assumes a rather fast transient in terms of fuel channel rupture, 

calandria tank and containment failure.  By the way, the release fraction of the 

fission product to the environment is different in order of magnitude.  More 

sensitivity runs with different release models and the supplementary calculations are 

needed to check the differences.  

Finally, ISAAC results were compared with the experimental data of FITSB and 

KROTOS.  The ISAAC steam explosion module (STMEXP) provides a good 

description of the energetics resulting from the explosive interactions measured in 

the FITSB test program.  Also it shows good agreement with the measured 

KROTOS results in terms of the measured conversion ratios from the explosive 

interactions with aluminum oxide and water.  In addition, the module correctly 

demonstrates that the interactions between molten uranium dioxide and water are 

much weaker than those that were experienced with molten aluminum oxide and 

water.  Furthermore, the module conservatively over-estimates the energy release 

from the experiments performed with molten reactor materials and water.

More efforts are needed to validate the ISAAC computer code.  For the high 

pressure scenarios, CATHENA results available from the FSAR will be compared.   

New results of the MAAP4-CANDU are expected from the IAEA CRP work which 



- 163 -

will start from 2009.  RD14M experimental data for the LOCA sequences are being 

compared. If the experimental data for the CANDU severe core damage are 

available, then these data will be used for the validation of the ISAAC code.  
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