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ABSTRACT 
The pressurized light water cooled, medium power (1000 MWt) IRIS (International Reactor Innovative and Secure) has 
been under development for four years by an international consortium of over 21 organizations from ten countries. The 
plant conceptual design was completed in 2001 and the preliminary design is nearing completion. The pre-application 
licensing process with NRC started in October, 2002 and IRIS is one of the designs considered by US utilities as part of 
the ESP (Early Site Permit) process.  

This paper’s focus is on the use of well known computer codes for integrated (reactor vessel and containment) 
calculations of the IRIS response to a small break loss of coolant accident (LOCA). In IRIS, large break LOCA events 
are eliminated by the use of a layout configuration in which the reactor vessel contains all the reactor coolant system 
components including the core, control rod drive mechanisms, pressurizer, steam generators, and coolant pumps. Thus 
the IRIS configuration has no large loop piping; also, no pipes with a diameter greater than 0.1 meters are part of the 
reactor coolant system boundary. For small break LOCAs, IRIS features an innovative mitigation approach that is based 
on maintaining coolant inventory rather than designing high and low pressure injection systems to provide makeup 
coolant to the reactor to maintain core cooling. 

The novel IRIS approach requires development of evaluation models that are different from those used for the current 
generation of pressurized water reactors. An analysis of small break LOCAs for IRIS is documented in two companion 
papers, and has been developed using a preliminary evaluation model based on the explicit coupling of the RELAP5 
and GOTHIC codes. The objective of this paper is to compare the results obtained via the coupled RELAP/GOTHIC 
code with different computational tools. A reference case from the preliminary IRIS safety assessment was selected, 
and the same small break LOCA sequence is analyzed using both RELAP5 and MELCOR codes in two integral 
separated calculations. The paper also describes the phenomenology of the containment spherical vessel and its strong 
interactions with the IRIS reactor vessel.  

These two integrated analyses have been developed for IRIS in order to better identify the characteristics of the 
integrated plant response to a SBLOCA. 

1 INTRODUCTION 
The IRIS reactor [1], [2] is being developed by an international team, led by Westinghouse Science & 
Technology, that includes universities, research centres and industrial companies from ten countries. The 
plant design is characterized by a reactor coolant system that is fully integrated within a single pressure 
vessel, which makes the nuclear island more compact and eliminates the possibility of large releases of 
primary coolant. The emphasis is on utilization of existing nuclear technology, modularity, elimination (or, 
at least, reduction) of accident initiators, and passive systems to cope with the consequences of accident 
events. The demonstration of the reactor’s capability to successfully respond to a broad range of potential 
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initiating events without the occurrence of appreciable core damage, requires a deep knowledge of all the 
thermal-hydraulic phenomena involved in each postulated sequence and the availability of appropriate 
computer tools, capable of performing such a kind of system analysis, characterised by an integrated 
approach to the whole reactor system. A preliminary study has been performed [3] that addresses the main 
design basis events for the IRIS reactor aimed to assist in the definition of requirements for IRIS evaluation 
models and the development of a complete set of phenomena identification and ranking tables. The results of 
these analyses for non-LOCA events are summarized in Reference [3], while the analysis of a small break 
LOCA event for IRIS is discussed in two companion papers [4, 5]. 

The present work is a contribution to the activities in progress to define  an IRIS Evaluation Models for 
Small Break LOCA Safety Analyses, where particular emphasis is given to the development of an 
appropriate procedure and code selection to analyze the coupled IRIS reactor vessel and containment [6]. 
Due to the strong coupling that exists between the reactor coolant system (RCS) and containment system 
(CS) in the IRIS plant, the choice has been to develop two integral models of the plant as required by the 
RELAP5/Mod. 3.3 [7] and MELCOR 1.8.5 codes [8], [9]. One small break LOCA sequence simulated with 
RELAP/GOTHIC has been selected and is analyzed with both RELAP5 and MELCOR. These analyses 
allowed to better identify the characteristics of the integrated plant response to a SBLOCA and allowed to 
compare the thermal-hydraulics results of RELAP5, a well known system code which is not normally 
applied to containment studies, with the results from MELCOR, which was developed for source term 
studies. The results obtained using a third code, FUMO [10], a fast-running program aimed to provide a 
flexible support to the evaluation model development and assessment procedure of a nuclear plant, are also 
presented to further support the interpretation of the analysis results. 

The objective of this study is to improve the understanding of the IRIS response following a small break 
LOCA event, by comparing code differences and identifying physical models that can have an impact on the 
system response. Also, by comparing the FUMO and MELCOR results with the RELAP/GOTHIC model, 
the possiblity of using these simpler models for fast running sensitivity studies was assessed. While the 
analysis presented in the companion paper [6] is focused on an overall review of the SBLOCA response of 
IRIS, the focus of these analyses is to expand on that initial study by focusing the attention on some key 
containment analyses issues that were identified during the benchmark of the different codes. 

2 NODALIZATIONS OF THE IRIS PLANT 
Models of the IRIS reactor coolant system and containment systems for the RELAP5, MELCOR and FUMO 
codes were developed for this study as discussed in the previous section, and are described in some detail as 
follows. 

2.1 RELAP Integral Nodalization 
A nodalization of the Westinghouse IRIS containment for the computer code RELAP5 has been realized in 
analysis for a postulated break of a 4” chemical volume and control system (CVCS) line, as discussed in 
Section 3. This effort represents a different approach to the SBLOCA analysis by using only the RELAP5 
code, as compared to the IRIS RELAP5 nodalization created by the University of Zagreb which uses a 
coupled RELAP5/GOTHIC model as reported in reference [4]. 

While the overall structure is relatively simple and straightforward, the components discretization is 
sufficiently detailed in order to take into account all the important phenomena. A sliced approach was used 
in the discretization of the reactor vessel and it is maintained also for the containment system. It is 
specifically suitable for calculating scenarios that imply fluid stagnation in different parts of the system, or 
scenario characterized by low driving forces (i.e. natural circulation). The sliced approach is presented in 
Figure 1 where the complete nodalization is shown. The containment model has been developed using only 
“pipe” and “single junction” components and removing all the boundary conditions modeled with time 
dependent volumes used for the GOTHIC boundary conditions. The containment model can be divided in the 
following components: cavity, drywell (divided in two regions), vent, containment pressure suppression 
system (CPSS) tanks, the air tank and the pipe connecting the system previously mentioned). This is the 
same approach used in the GOTHIC model described in Reference [4].  
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The cavity region has been modeled with a pipe component connected with the long gravity make-up system 
(LGMS) lines and with the drywell. The drywell region has been subdivided, consistent with the GOTHIC 
model, into two regions.  

The vents are pipe components that connect the drywell with pressure suppression tanks. During the  
blow-down phase, in the LOCA event, the steam released to the drywell from the primary system is 
conveyed by the vents to the bottom of the suppression pools, where the steam is condensed. The ADS line 
has also been modeled. 

All these systems are initialized considering the non-condensable gas (nitrogen) pressurization assuming 
30% of humidity in the CPSS tank and vents. The total number of the volumes and the junctions are 2128 
and 2192 respectively. 

It is important to notice that, as discussed in Reference [5], a modified version of the RELAP code is being 
used in IRIS safety analyses. This version has only minor modifications from the RELAP5 Mod3.3 code [7], 
moslty to provide correction of some code deficiencies and to expand the capability of the control variables 
to allow simplifications in the input deck. 

 

 

 

25.03 0.434 0.434
24.596 0.434 0.434
24.162 0.434 0.434
23.728 0.434 0.434
23.294 0.434 0.434
22.86 0.4340 31 0.434 3 682 0.434

22.426 0.4340 30 0.434 0.434
21.992 0.3860 29 0.386 0.386
21.606 0.2870 28 0.287 0.287
21.319 0.3040 27 0.304 0.304
21.015 0.3040 26 0.304 0.304
20.711 0.3040 25 0.304 0.304
20.407 0.3040 24 0.304 0.304
20.103 0.3040 23 0.304 0.304
19.799 0.3040 22 0.304 0.304
19.495 0.3040 21 0.304 0.304
19.191 0.3040 20 0.304 0.304
18.887 0.2000 19 0.2 0.2
18.687 0.4310 18 0.431 18 0.431 0.431
18.256 0.2500 684 0.25 17 0.25 4 0.25
18.006 0.25 22 22 0.2500 16 35 0.25 16 0.25 150 0.25
17.756 0.25 21 21 0.2500 15 34 0.25 15 0.25 2 0.25
17.506 0.66 20 20 0.6600 14 33 0.66 14 0.66 1 0.66 1 9 10 2
16.846 0.309 19 19 0.3090 13 32 0.309 13 0.309 125 0.309 612/632
16.537 0.3 18 18 0.3000 12 31 0.3 12 0.3 27 201 27 0.3
16.237 0.316 17 17 0.3160 11 30 0.316 11 0.316 26 50 25 26 0.316
15.921 0.316 16 16 0.3160 10 29 0.316 821 0.316 25 48 24 25 0.316
15.605 0.316 15 15 0.3160 9 28 0.316 9 0.316 24 46 23 24 0.316
15.289 0.316 14 14 0.3160 8 27 0.316 8 0.316 23 44 22 23 0.316
14.973 0.316 13 13 0.3160 7 26 0.316 7 0.316 22 42 21 22 0.316
14.657 0.316 829 830 0.3160 6 25 0.316 6 0.316 21 40 20 21 0.316
14.341 0.316 11 11 0.3160 5 24 0.316 5 0.316 20 38 19 20 0.316
14.025 0.316 10 10 0.3160 4 23 0.316 4 0.316 19 36 18 19 0.316
13.709 0.316 9 9 0.3160 3 22 0.316 3 0.316 18 34 17 18 0.316
13.393 0.316 8 8 0.3160 2 21 0.316 2 0.316 240 32 16 17 0.316 10
13.077 0.316 7 7 0.3160 1 20 0.316 1 0.316 16 30 15 16 0.316 9
12.761 0.316 6 6 10.0990 19 2.528 0.316 15 27X 211 241 0.316 8
12.445 0.316 5 5 18 0.316 14 26 13 14 0.316 7
12.129 0.316 4 4 17 0.316 13 24 12 13 0.316 608/628
11.813 0.316 3 3 16 0.316 12 22 11 12 0.316 5
11.497 0.316 2 2 15 0.316 11 20 10 11 0.316 4
11.181 0.316 1 1 14 0.316 10 18 9 10 0.316 3
10.865 4.424 13 0.316 9 16 8 9 0.316 2
10.549 1.896 12 0.316 8 14 7 8 0.316 1
10.233 11 0.316 7 12 6 7 0.316 606/626
9.917 10 36 36 0.316 6 10 5 6 0.316 6 13 645/66
9.601 9 35 35 0.316 5 8 4 5 0.316 5 604/624
9.285 849 34 34 0.316 4 6 3 4 0.316 600/620 1 9 10 11 643/663 1 10 11
8.969 7 33 33 0.316 3 4 2 3 0.316 3
8.653 6 32 32 0.316 2 2 1 2 0.316 2
8.337 5 31 31 0.3 1 221 1 0.3 1
8.037 4 30 30 0.2544 0.254

7.7826 3 29 29 0.2774 0.277
7.5052 2 28 28 0.2775 0.278
7.2277 1 27 27 0.2775 0.278
6.9502 0.2032 20 26 26 0.2032 0.203
6.747 0.2032 19 25 25 0.2032 0.203

6.5438 0.2032 18 24 24 0.2032 0.203
6.3406 0.2032 17 23 23 0.2032 0.203
6.1374 0.2032 16 22 22 0.2032 0.203
5.9342 0.2032 15 890 800 0.2032 115 0.203
5.731 0.2032 14 20 20 0.2032 0.203

5.5278 0.2032 13 19 19 0.2032 0.203
5.3246 0.2032 12 18 18 0.2032 0.203
5.1214 0.2032 850 17 17 0.2032 0.203
4.9182 0.2032 10 16 16 0.2032 0.203
4.715 0.2032 9 15 15 0.2032 0.203

4.5118 0.2032 8 14 14 0.2032 0.203
4.3086 0.2032 7 13 13 0.2032 0.203
4.1054 0.2032 6 12 12 0.2032 0.203
3.9022 0.2032 5 11 11 0.2032 0.203
3.699 0.2032 4 10 10 0.2032 0.203

3.4958 0.2032 3 9 9 0.2032 0.203
3.2926 0.2032 2 8 8 0.2032 0.203
3.0894 0.2032 1 7 7 0.2032 0.203
2.8862 4.064 6 6 0.2032 0.203
2.683 5 5 0.437 0.437
2.246 4 4 0.717 0.717
1.529 3 3 0.529 0.529 7.97

1 2 2 0.5 0.5
0.5 1 1 0.5 0.5

1
102
103

104
105

1
106

5
4
3
2

9
8
7
6

13
12
11
10

17
101

15
14

21
20
19
18

25
24
23
22

151

191

610/630

3
2

7
6
5
4

11
10

23

9
8

15
14
13
12

22
21
20

3
2
1

24

3
2
1

7
6
5
4

11
10
9

121

15
14
13
12

6

3
2
1

13

11
12

10

13
12
11
10
9

130
7

123

2
1

124
14

5
4

9
120

7
6

19
18

6
5
4

12
11
10

5
4

15
14

17
110

122
14
13

3

8
7

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22

810
24
25
26
27
28
29
30
31
32
33
34

36
37

35

38
39
40
41
42
43
44
4545

44
43
42
41
40
39
38
37
36
35
34
33
32
31
30
29
28
27
26
25
24

815
22
21
20
19
18
17
16
15
14

6

13
12
11
10

1

1

5
4
3
2

9
8
7

601

602

603

613

Cavity 1

Drywell 1Drywell 2

Suppression 
Pool Tank 2

Air Tank

Vent

Jun 802

Jun 803, 804 Cavity and 

Pipe between SP 
and Air Tank

Jun. 843-844
Sup. Pool and LGMS1/2

Jun. 837-842

Jun. 830-

Jun. 851

Jun. 852

ADS

Jun. 845

Jun 811 Jun 801
Jun 812
Jun 813

Jun 814
Jun 815
Jun 816

Jun 801

Jun. 
683

SBLOCA Jun. 
Suppression 
Pool Tank 1

Cavity2

 
Figure 1.  IRIS plant nodalization for RELAP integrated calculation. 
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2.2 MELCOR Nodalization 
The IRIS nodalization for the MELCOR 1.8.5 code is presented in Figure 2. It is a rather detailed 
schematization of the plant which allows for an integral calculation of the RCS and CS. Four reactor coolant 
pressure/steam generator (RCP/SG) modules have been modeled, simulating respectively two single SGs, a 
module with two SGs and a double-module with four SGs, respectively. This choice was considered the best 
compromise between the calculation time requirements and the necessity to address possible asymmetries in 
coolant flow during an accident. The secondary system is modeled only up to the main feed and isolation 
valves, while the SGs were modeled with a high level of detail. Particular care has also been devoted to the 
core simulation. The core schematization is comprised of two radial rings and six axial levels ; four thermal 
hydraulic levels are used in each ring of the core region, with three core cells axially in each thermal-
hydraulic control volume. Radial and axial flow paths in the core region allow for the prediction of 2-D flow 
patterns. Heat structures representative of the control rod guide tubes and upper tie plate in the upper plenum 
have been added to the model to permit condensation heat transfer and coolant recirculation inside the vessel. 
The input deck was developed using default MELCOR modeling parameters where possible, and allows for 
a complete description of a possible severe accident progression. Emergency safety features are also 
explicitly modeled, including the Emergency Heat Removal System (EHRS), the Emergency Boration Tanks 
(EBTs) the Refueling Water Storage Tank (RWST) and those IRIS safety features (automatic 
depressurization system (ADS), pressure suppression system, long term core make-up system) that cause a 
strong coupling between the integral RCS and the CS. The CS has been simulated with six control volumes 
(three volumes for the large spherical dome and cavity, two for the suppression tanks and air volumes and 
one for the venting pipes) using an approach similar to the one used for GOTHIC and FUMO. The results 
compared in this document were obtained considering an adiabatic CS, even though some calculations have 
also been performed considering a rough simulation of heat sinks. 
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Figure 2. IRIS plant nodalization for the MELCOR code. 
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2.3 FUMO Nodalization 
The FUMO code [10], a code initially intended to analyze dry containment systems, has been modified in 
order to allow the simulation of pressure suppression systems and has been integrated with other codes, 
specifically dedicated to the simulation of the primary system behavior. New models have been recently 
added in order to make it able to simulate the whole thermal-hydraulic transient in a Generation IV plant. In 
the framework of a research co-operation with the Westinghouse Technology Centre and the Polytechnic of 
Milan, FUMO has been employed in the simulation of some postulated accidental sequence in the IRIS 
plant. This activity highlighted the capabilities of the code as a valid support tool for both the design and the 
analysis of a new reactor concept. 

The IRIS nodalization for the FUMO code is presented in the Figure 3. It is a simple schematization of the 
plant which allows for an integral calculation of the RCS and CS. The primary system with the eight 
RCP/SG modules has been modeled with two control volumes. Also the whole secondary side has been 
simulated with two control nodes, which are able to take into account the actuation of the EHR system and 
its operation. The EBT and ADS line are also modeled, along with a simplified actuation logic. The CS 
model is very similar to the MELCOR one and is able to simulate the long term gravity makeup system, with 
two junctions linking the suppression pool and the containment cavity to the RCS. 

This simple nodalization allows a fast simulation of transients and provides a reasonably good qualitative 
level of detail of the plant response. Another characteristic of the simulation performed with FUMO is the 
reduced computational time (a ratio of about 1:100, with respect to MELCOR and RELAP codes has been 
generally verified), which allows for the execution of a large number of sensitivity analyses or different 
transients. Moreover, the detail of the FUMO nodalization can be easily increased, also including the 
simulation of the logic of actuation of various accident mitigation signals, or simple models of others 
containment emergency safety features. 
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Figure 3. IRIS plant nodalization for the FUMO code. 
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3 RESULTS 
The SBLOCA analyses for IRIS using the RELAP/GOTHIC code are discussed in two companion papers 
[4], [5] and are not discussed here in detail. A single case from those analyses was selected for this 
benchmark exercise: namely a 4” break of the chemical and volume control system, representing the rupture 
of the largest single pipe connected to the IRIS RCS. The break area is 4” (0.0081 m2) and is located 15.6 m 
above the bottom of the vessel. 

As discussed in Reference [5], the IRIS SBLOCA transient can be divided in three distinct phases. First, the 
blowdown phase is defined as the period during which the RCS pressure is reduced and the CS pressure 
increases until the RCS and CS pressures equalize. This phase can be further divided in two portions, before 
and after the transition from critical flow to subcritical flow through the break. The blow down phase is 
followed by a depressurization phase. During this phase the CS and RCS pressures are coupled and the 
coupled system is depressurized by the EHRS. From a phenomenological point of view, the depressurization 
phase should cover all the relevant phenomena that will occur during the depressurization of the coupled 
system (flooding of the cavity from the suppression pool, makeup of coolant from the suppression pool to the 
vessel). Finally, a long term cooling phase is established. This phase covers the long term cooling of the 
coupled CS and RCS and will be used to verify that sufficient water is provided by gravity driven flow from 
the reactor vessel cavity to the reactor vessel, and that the refueling water storage tank is correctly sized to 
provide seven days of heat sink for the EHRS, without requiring any operator action. 

For all the calculations considered in this paper it was assumed no heat transfer from the containment 
atmosphere to the containment structures and to the external environment. This was considered an adequate 
simplification for this initial benchmark of the different codes, and additional cases with a complete CS 
model, including thermal structures, will be the object of future investigations. It is important to notice that 
simplification of the model allows a better comparison of the different relevant phenomena, by minimizing 
the potential for the various differences between the codes to compensate and offset each other. 

In all calculations the large drywell is modeled by subdividing it in three sub-volumes, simulating the cavity 
and two similar halves of the upper region, in order to better address atmosphere natural circulation flows. 
The six suppression pools and the related vents are instead simulated with two single control nodes, 
respectively connected to the lower air tanks node and to the drywell. As explained below, this simplified 
nodalization of the IRIS CS can lead to quite different predicted responses to a SBLOCA sequence, 
depending on which of the two drywell control volumes the vents are connected to. The comparison of the 
base case presented in this paper is related to calculations performed with the same CS configuration, with 
the vents located in the drywell region that is the farther from the break. 

3.1 Transient Overview and Sequences of Events 
The sequence of events for a IRIS SBLOCA is discussed in detail in Reference [5], and only a brief 
summary is provided here. Following the initiating event, the LM-signal is rapidly actuated on a coincident 
low pressurizer pressure and high containment pressure. As a consequence the containment penetrations are 
isolated while the four EHRS subsystems are actuated by closing the main feed and steam isolation valves, 
and by opening the fail-open valves in the EHRS return lines from the EHRS heat exchangers connected to 
the SG feedlines. Finally the ADS is actuated and EBT discharge isolation valves are opened. 

Table 1 shows the comparison between the four calculations relating to the sequence of events: the 
differences on the reactor trip signal are due to the differences on the break mass flow-rate predictions, 
affecting the level and pressure behavior in the primary system (both MELCOR and FUMO, as discussed 
later, predict a lower break mass flow rate and thus a slower sequence of events). Another difference is 
relative to the time to reach the LM-signal setpoint. The lower CS pressurization rate for the RELAP 
integrated model leads to a delay in the LM-signal on high CS pressure. The reasons for this lower CS 
pressurization rate predicted by RELAP are also discussed later in this paper. The different codes present 
some significant differences in the prediction of the end of the blowdown phase (RCS and CS pressure 
equalization). The shorter duration of the MELCOR and FUMO blowdown phases would seem in 
contradiction with the lower break flow predicted by the codes as discussed above. However, as discussed in 
the following, both FUMO and MELCOR predict a higher heat removal through the EHRS than RELAP and 
this explains why for these two codes the lower mass flow rate at the break is offset by the increased heat 
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removal and thus leads to a faster depressurization. A detailed analysis of the differences between the various 
codes is provided in the following sections. 

Table 1.  time sequence of events for IRIS SBLOCA in the CVCS line. 

Event RELAP/GOTHIC RELAP MELCOR FUMO 
Break occurs 0.0 0.0 0.0 0.0 
Low pressurizer level setpoint 10.6 11.4 20.0 15.6 
Low pressurizer pressure signal   16.6 22.7 
High containment pressure signal   19.2 16.7 
SCRAM beginning 12.6 13.4 18.6 17.6 
LM signal setpoint reached 19.7 22.8 24.4 27.9 
EHRS valves completely open 33.7 36.8 38.4 37.9 
EBT valves completely open 29.5 39. 41.4 42.9 
ADS valves completely open 51.7 54.8 56.4 57.9 
CS and RCS pressure equalization 1600. 1820. ≈1150. ≈1600. 
Injection from the SP to the RCS begins ≈1600. ≈1900. ≈1150. ≈1650. 
Containment flooding from SP starts ≈3000. ≈2100. ≈1450. ≈2300. 

 

It is important to notice that another set of differences between the different codes analysis is relative to 
minor input differences between the various codes. For example a difference in the main steam isolation 
valves model was identified: the RELAP/GOTHIC model discussed in Reference 4 includes a complete 
description of the reactor protection system, and thus predicts an early steam line isolation as soon as the 
high containment pressure signal is reached. While in the RELAP integral calculation the same trip logic has 
been used, in the other models developed for this exercise only a simplified protection system is modeled, 
and for example the main steam isolation valves signal is thus generated later only following the LM-signal 
as part of the EHRS actuation sequence. While the impact on the transient response is small, the effect on 
some local plant parameters can be significant: Figure 4 shows the steam generator header pressure, and it is 
evident that the RELAP/GOTHIC and RELAP models predict a much higher steam line pressure due to the 
early closure of the main steam isolation valves. 
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Figure 4. SBLOCA on the IRIS plant: secondary side pressure. 
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3.2 Detailed Comparisons of the Transient Evolution Predicted by the Different Codes 
The blowdown phase is characterized by a steep decrease of the RCS pressure (Figure 5) due to the loss of 
mass at the break and at the ADS. 
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Figure 5. SBLOCA on the IRIS plant: primary system pressure. 

The rate at which pressure decreases in the RCS is initially rapid, slows when the coolant in the RCS reaches 
saturation conditions, and then increases again when the mixture level drops below the break position. The 
imbalance between the heat transferred from the primary fluid through the SGs and the heat removed 
through the EHRS determines the depressurization of the secondary system (Figure 6). 
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Figure 6. SBLOCA on the IRIS plant: Core Power (Decay Heat) and Removed Power at the SGs for different codes. 
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The comparison shows a qualitative agreement among the four calculations, but some significant differences 
exist. RELAP and RELAP/GOTHIC results are quite naturally in very good agreement given the fact that the 
RCS and EHRS models have an identical input and are analyzed by RELAP in both cases. Differences in the 
second part of the transient can be explained on the basis of the different transient evolution. FUMO and 
MELCOR both show significant differences from the RELAP calculations, and this is probably due to the 
fact that the model of the EHRS used in FUMO and MELCOR is simpler and the calculation is sensitive 
since it involves several different flow regime conditions and heat transfer modes. Qualification of the EHRS 
model and performance will be a focus of the IRIS testing program, and will lead to the development of an 
appropriate heat transfer package for the helical coil steam generators and for the EHRS heat exchangers. It 
can also be noted that both FUMO and MELCOR predict a slightly faster RCS depressurization, due to a 
more effective heat removal through SGs predicted (Figure 6). Once the pressure in the RCS and in the CS 
are equalized (end of the blowdown phase), the RCS continues to depressurize, albeit at a lower rate, due to 
the EHRS condensation of the steam produced in the core on the steam generator tube surface until a steady 
condition is reached where the EHRS power balances the core decay power. The CS pressure behavior 
presents the most significant differences among the four considered codes (Figure 7). These differences 
depend on a large number of variables, such as the mass and energy discharged through the break (Figures 8 
and 9), the interaction between the water discharged through the break and the CS atmosphere and the 
thermal dynamics of the CS pools. 
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Figure 7. SBLOCA on the IRIS plant: containment atmosphere pressure. 

 

The total break flow rate is provided in Figures 8 and 9. The default RELAP critical flow model (Henry-
Fauske) with a discharge coefficient of 1.0 was employed to calculate critical flow and the break was 
simulated as an orifice with a length/diameter (L/D) ratio equal to zero. The FUMO critical flow model 
allows to take into account the effect of the L/D ratio and the calculation reported here has been performed 
with L/D = 0, in order to minimize differences with RELAP. When using a L/D ratio equal to 3 (consistent 
with a vessel thickness of about 30 cm) the FUMO break flow rate is predicted to be much more similar to 
MELCOR one. On the other side, the critical flow in MELCOR is evaluated by a polynomial interpolation 
and does not depend on the junction length (predicted data seem to be consistent with a L/D ratio larger than 
the asymptotic value of 3). Besides, RELAP and MELCOR, which have a more refined simulation of 
mixture level than FUMO, predict a longer time before the break uncovers. The lower break mass flow rate 
also explains the delay in MELCOR and FUMO sequence of events on the actuation of the reactor trip 
signal. 
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Figure 8. SBLOCA on the IRIS plant: break mass flowrate. 
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Figure 9. SBLOCA on the IRIS plant: break mass flow rate (detail) 

 

Following the pressure equalization between the RCS and CS, the break flow rate reverses, due to the unique 
IRIS approach of providing heat removal inside the reactor vessel and thus RCS depressurization by the 
EHRS. All the calculations show this flow reversing through the break, even though the related mass flow 
rate is quite low and progressively decreases to almost zero. 

The CS pressure transients requires some additional clarification, and the RELAP integral calculation shows 
the most interesting differences in that a slower CS pressurization and a lower pressure peak are obtained 
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even though the mass and energy discharged through the break are almost identical to those predicted by the 
RELAP/GOTHIC calculation,. To explain this inconsistent behavior and also to allow a better comparison of 
the various containment models, an additional analysis was performed. In this analysis the CS models for 
each code (RELAP/GOTHIC, RELAP, MELCOR, FUMO) were uncoupled from the RCS models, and for 
each case the break and ADS mass and energy terms calculated by RELAP/GOTHIC were employed as a 
boundary condition. This study is discussed in detail in Section 3.3. 

As shown in Figure 10, the liquid mass in the RCS stabilizes at the end of the blow-down phase and then 
increases during the depressurization phase. RELAP and RELAP/GOTHIC calculations predict similar 
trends for this variable that appears to be only weakly affected by CS behavior for this specific case; and the 
differences with respect to MELCOR and FUMO calculations can still be associated to the break mass flow 
rate as discussed above. For MELCOR, the lower break flow rate essentially corresponds to a smaller break 
and thus explains why the loss of RCS inventory is smaller than for RELAP and RELAP/GOTHIC. For 
FUMO, the reason for the reduced loss of mass is different and is due, as discussed above, to the fact that a 
lower mixture level is predicted (essentially the mixture level is coincident with the collapsed liquid level). 
Thus, the break uncovers more rapidly, and the loss of mass is significantly reduced when only steam is 
released at the break. The differences between the two codes are evident in the RCS mass transient, that 
shows how in MELCOR the loss of mass is under predicted from the beginning of the transient, while 
FUMO follows RELAP and RELAP/GOTHIC with good agreement at the beginning of the transient, until, 
at about 150 seconds, the break uncovers and only steam is discharged at the break. 
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Figure 10. SBLOCA on the IRIS plant: primary coolant inventory. 

 

The recovery of the liquid inventory is predicted by all the codes and is due to water injection from the 
suppression pools to the RCS through the makeup lines from the bottom of the suppression pool volume. 
While all codes qualitatively predict this phenomenon, some significant quantitative differences are evident 
in the inventory transient following the end of the blowdown phase. An explanation of these differences 
requires a review of the IRIS design and of the LGMS (long term core makeup system) and PSS (pressure 
suppression system) in particular. The suppression pool water level is in fact located at a higher elevation 
than the core and this, combined with the slightly higher pressure in the suppression pool atmosphere during 
the initial part of the depressurization phase, results in injection flow to the RCS following the actuation of 
the valves on the makeup line that connects the suppression pool to the direct vessel injection line  
(Figure 11). 
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Figure 11. SBLOCA on the IRIS plant: LGMS mass flow rate (single line). 

 

To explain the differences between the codes, it must be noted that once the RCS and CS pressures are 
equalized, the two systems are coupled and the CS pressure follows the same pressure transient as the RCS 
pressure decreases. The suppression pool atmosphere is not coupled to the rest of the CS due to the absence 
of vacuum-breakers as in conventional BWRs. As the CS pressure decreases and the suppression pool 
pressure remains essentially constant, the suppression pool water is discharged to the cavity through the 
vents. The flow of water from the suppression pool affects the depressurization rate of the CS in different 
ways for the different codes. The reason is that the depressurization rate is not only impacted by the amount 
of water discharged through the vents, but also by how the codes treat this injection. For example in 
MELCOR the interaction between the relatively cold water being discharged to the drywell and the CS 
atmosphere causes a very fast containment depressurization. This increases the water flow from the PSS to 
the CS and naturally limits the amount of water that is available from the pool for injection to the RCS, and 
this explains the slower mass recovery in the RCS predicted by MELCOR. Similar considerations could be 
made for the other analyses, and in particular the RELAP standalone results are of particular interest: given 
the different CS pressure prediction discussed above, little water is discharged from the suppression pool 
vents to the CS and more water is thus available for injection to the RCS.  

The analysis of these results confirms the uncertainty already discussed in Reference [5] regarding the 
depressurization phase. The uncertainty related to the phenomena of the reflooding of the vents and the effect 
of the water discharge from the vents to the containment on the CS makes it very difficult at this stage of the 
investigation to suggest an adequate analytical approach. For conservative analyses, the following approach 
could be adopted. When the RCS is analyzed, the assumption should be that all the suppression pool water is 
delivered from the suppression pool to the CS, with the gravity makeup lines not credited. When the CS is 
analyzed, the opposite approach should be used, assuming that all the water is delivered to the RCS. 

3.3 Containment Response Sensitivity Study 
As previously discussed, significant differences were observed in the CS response, which can only be 
partially explained on the basis of the considerations provided in the previous sections. To allow a better 
comparison of the various CS models, an additional set of analyses was performed until 2000 seconds, about 
the time of the CS pressure peak, i.e. the initial phase where RCS and CS are uncoupled. In this analysis the 
CS models for each code (RELAP/GOTHIC, RELAP, MELCOR, FUMO) were uncoupled from the RCS 
models, and for each case the break and ADS mass and energy terms calculated by RELAP/GOTHIC were 
used as a boundary condition. To allow for a clearer comparison, results are presented here divided in two 
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subsections: first the MELCOR and FUMO results are compared with GOTHIC, and then the RELAP results 
are separately discussed. 

3.3.1 FUMO, MELCOR and GOTHIC Containment Response 

The pressurization of the drywell and air tanks is presented in Figure 12. The agreement between the results 
confirms that the differences among integral calculations are basically due to different break discharge 
models, as expected. However, some difference between the codes still exists, and in particular a higher 
containment pressure is calculated by MELCOR. 
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Figure 12. SBLOCA on the IRIS plant (stand alone): containment pressurization. 

 

Review of the nitrogen and steam masses in the drywell and cavity showed that the larger pressurization of 
the CS predicted by MELCOR is due to a more efficient sweeping of nitrogen from the drywell to the air 
tanks during the initial blowdown phase. The amount of non-condensable gas as a function of time that is 
forced to flow through the vents during the early part of a LOCA play an important role in the IRIS 
containment pressurization, also affecting the medium and long-term system behavior. 

This nitrogen relocation depends on several different variables, ranging from the blowdown characteristics 
(mass/energy and break location in the CS), the drywell spatial configuration (level of compartimentation, 
existence of dead-end zones, geometry of heat structures) to the number and location of the vents connecting 
the drywell to the suppression pools. Taking into account all these variables would require a computational 
three-dimensional analysis, but lumped parameter codes are able to show the importance of these effects on 
the performance of the suppression pool system. For example, the position of the vents with respect to the 
break has been investigated by performing two more sets of stand-alone calculations, in which only the break 
contribution to the CS pressurization was considered in order to reduce to a minimum the possible 
differences in boundary conditions for the three containment codes. Figure 13 shows the pressurization of the 
IRIS CS, as predicted by the three codes when the vents are connected to the half drywell control volume 
farther from the break, while Figure 14 reports the results obtained with the vents located closer to the break. 
With the second configuration all the codes show a reduction in the CS pressurization rate and in the final 
peak, due to the different composition of mixture flowing through the vents, more rich in steam during the 
early part of the transient than in the former configuration. The nitrogen tends to be pushed on the other side 
of the drywell and towards the containment cavity and the amount of noncondensable gas forced thought he 
vents is smaller. 
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Stand alone calculations (only break contribution) 
Containment pressurisation with vents far from the break

0

0.2

0.4

0.6

0.8

1

1.2

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time [s]

Pr
es

su
re

 [M
Pa

]

FUMO drywell

FUMO wetwell

MELCOR drywell

MELCOR wetwell

GOTHIC drywell

GOTHIC wetwell
 

Figure 13. SBLOCA on the IRIS plant (stand alone): containment pressurization with vents far from the break. 

Stand alone calculations (only break contribution)
Containment pressurisation with vents close to the break
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Figure 14. SBLOCA on the IRIS plant (stand alone): containment pressurization with vent close to the break. 

 

The non-condensable gas dynamics inside the IRIS CS during a LOCA accident must be recognized to be a 
key issue for a realistic prediction of system pressurization, and is a known analytical problem in the analysis 
of pressure suppression CSs. A conservative approach for the evaluation of the containment peak pressure 
would assume that the non-condensable gas is completely relocated through the vents before steam can be 
discharged and thus condensed. However, it must be stressed that while such an approach is conservative for 
the calculation of the containment peak pressure, in the case of IRIS it would actually lead to a non-
conservative analysis of the RCS inventory. Given the complexity of the phenomena involved, it is difficult 
to specify a best-estimate model for these analyses, and thus bounding calculations could be used for the 
purpose of determining the IRIS CS pressure transients, with two sets of analyses being performed, one to 
calculate conservatively the CS peak pressure, and the second to calculate conservatively the RCS inventory. 



5th International Conference on Nuclear Option in Countries with Small and Medium Electricity Grids 
Dubrovnik, Croatia, May 16-20, 2004. 

 15

3.3.2 RELAP Containment Response 

The importance of the compositions of the flow discharged through the vents to the suppression pool is 
further confirmed by RELAP analyses. As discussed in Section 3.2, the RELAP results are of difficult 
interpretation for the CS pressure: while the same break mass and energy terms of the RELAP/GOTHIC 
code is calculated for the break, the peak pressure of the RELAP containment model is significantly lower. 

This difference can be explained in terms of the model used for the RELAP CS. As shown in Figure 1, the 
RELAP CS model was developed using 1-D components rather than a lumped parameter approach. The 
sliced modeling of the CS with RELAP, along with the particular configuration of vents leads in fact to the 
prediction of a “pocketing” of the noncondensable gas in the cavity and lower parts of the CS. This is similar 
to the behavior discussed above, but the use of a sliced nodalization approach enhances the localization of 
nitrogen in the lower drywell volumes, thus leading to a more effective suppression pool performance as an 
atmosphere richer in steam is delivered to the pool. 

To confirm this explanation, a modified containment model was developed. In particular, a delayed opening 
of some of the junctions connecting the two drywell subvolumes allowed a more efficient sweeping of 
nitrogen through the vents towards the suppression pools and air tanks. In Figure 15 the CS pressurization 
obtained with this configuration is compared with the one obtained in the base case. Due to the larger amount 
of nitrogen mass pushed inside the air tanks (a similar amount with respect to the other calculations), the CS 
pressurization rate and the pressure peak at the end of the blowdown phase result are larger than the base 
case. Moreover, the depressurization phase results are also more similar to those predicted by the other 
containment codes. 
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Figure 15. SBLOCA on the IRIS plant (RELAP sensitivity case): containment pressurization. 

 

Another key difference between RELAP and the other codes that has not been extensively explored in this 
paper is the suppression pool thermal dynamics. While in MELCOR, FUMO and GOTHIC the water of the 
pool is perfectly mixed (as consistent with physical expectations during the blowdown phase), the sliced 
approach of a RELAP nodalization can lead to an unphysical thermal stratification, even in the presence of 
strong mixing forces. These effects have been highlighted in the simulation of the PANDA experiments [12], 
an important validation test about the modeling approach with RELAP for the containment suppression 
pools. As for the present IRIS simulations, to avoid an unphysical pool stratification, both the cavity and the 
suppression pool were subdivided into two parallel sub-volumes, allowing a homogenization of liquid and 
gas phases through natural circulation flows. 
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4 CONCLUSIONS 
The behavior of the IRIS plant under a SBLOCA transient has been analyzed with three different codes and 
the RELAP/GOTHIC results presented in Reference [4] ad [5] were compared with results obtained using 
the MELCOR, RELAP and FUMO codes. The modeling of the IRIS RCS, safety systems and CS with these 
three codes has also been presented in this paper.  

All the calculations confirmed the capability of IRIS plant, based on the “Safety-by-design” approach, to 
mitigate the consequences of a loss of coolant accident. The results demonstrate the possibility of 
maintaining the RCS inventory without the necessity of high and low pressure injection systems. The 
comparison between the four codes (RELAP/GOTHIC, RELAP, MELCOR and FUMO) predictions showed 
a good qualitative agreement, confirming the expected behavior of the plant during a SBLOCA event.  

However, significant quantitative differences between the codes predictions were identified. The results were 
reviewed and used to identify important physical phenomena during the blowdown and depressurization 
phase of a IRIS small break LOCA event. In particular, most of the differences between the codes can be 
attributed to modeling of the following parameters: 

1. Critical flow model at the break; 

2. Composition of the flow mixture at the vents during the early blowdown phase (i.e. how fast the 
non-condensables are relocated from the drywell to the wetwell); 

3. EHRS performance (heat transfer modeling); 

4. Behavior and simulation of the interactions of the CS atmosphere and the liquid flow from the 
suppression pool to the containment during the depressurization phase. 

For some of these effects a conservative, bounding approach could be used, relying on the intrinsic 
robustness of the IRIS design to obtain the required performance (i.e. the core remains covered throughout 
any postulated design basis LOCA). A conservative approach would naturally eliminate some of main 
concerns discussed in this paper regarding the analytical modeling and simplify the testing program required 
to validate the conservativeness of the proposed evaluation model. On the other hand, this approach may lead 
to increased performance requirements for the safety systems (EHRS, ADS) and thus to an increase in the 
cost of the plant. Both these aspects will have be considered and carefully balanced in the definition of a 
testing program and an evaluation models for IRIS SBLOCA. 
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