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 D3.1 

Summary 

This deliverable contains the results of the activity conducted in the Task 3.1 “Simplified PIRT” of the ELSMOR project.  

The objective of the task is to provide a simplified PIRT to characterize the most promising passive systems to accomplish 

the relevant safety function in SMR designs, with particular attention to the relevant phenomena in passive safety systems 

for heat removal from the core with passive safety systems. The scope of this work is  the identification of significant T/H 

phenomena involved in the behaviour of the SMR in normal and accidental conditions (e.g. DHR, heat transfer through 

compact heat exchangers, natural circulation, primary to containment system interaction, etc.), considering DBC Level 1-4 

and (BDBA) conditions. 

Considering the scope of the task we have not to take a reference to a specific reactor design, with a complete 

characterization of the safety components, in opposition of classical development of the method. This work task is based on 

the knowledge of several reactor design publications, and is presented as an applicative method of characterization and 

ranking table phase for the main physical phenomena of the most passive systems used in a core cooling safety 

demonstration. IRIS reactor from Westinghouse and International Consortium and SMART reactor from KAERI are the 

reactor design concepts of which most of the following transient studies have been studied and analysed in this document.  

We have considered two main transient accidents category in a typical preliminary safety report demonstration, with a 

typical loss of offsite power or normal heat sink in a first step, and a typical loss of cooling accident with the most penalizing 

break event, in a second step.    

The main result is a list of the relevant phenomena interesting to provide a better understanding of the passive safety 

systems  behaviour for heat removal from the core. 

The obtained result is a list of the relevant phenomena interesting to provide a better understanding of the passive safety 

systems knowledge, can be taken into consideration for the execution of experimental campaigns to support the licensing 

activity of SMR-type plants. 
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1. Introduction 

In the framework of a licensing phase development for new advanced Small and Modular 
Reactors, with a large use of passive systems included in a safety architecture system, preliminary 
tasks concern the characterization of the main physical phenomena driving such passive 
components. In this respect, we are presenting a collective work from experts in reactor design and 
thermal hydraulics specialists in the elaboration of three different Phenomena Identification and 
Ranking Tables exercises, adapted to specific and representative transient accidents and involving 
both passive systems and core cooling safety function assessment, for Small and Modular 
Reactors. 

In a typical licensing phase of a reactor design, such work is planned in a preliminary phase from 
the thermal hydraulic code qualification, helped by experimental facilities, with separate effect tool 
qualification, and integral effect tool calibration and scaling. In such an application task, there is no 
reference reactor design, with a complete characterization of the safety components, in opposition 
of classical development of the method. This work task is based on the knowledge of several 
reactor design publications, and is presented as an applicative method of characterization and 
ranking table phase for the main physical phenomena of the most passive systems used in a core 
cooling safety demonstration. IRIS reactor from Westinghouse and International Consortium and 
SMART reactor from KAERI are the reactor design concepts of which most of the following 
transient studies have been studied and analysed in this document.  

We have considered two main transient accident categories in a typical preliminary safety report 
demonstration, with a typical loss of offsite power or normal heat sink in a first step, and a typical 
loss of cooling accident with the most penalizing break event, in a second step.    

First PIRT exercise concerns a Loss of Offsite Power (LOOP) situation, without classified Diesel 
support, and a global passive systems use for the core-cooling situation. This first PIRT is called 
SACO LOOP in reference to the SAfety COndenser used in the secondary side of a SMR, as the 
reference choice component for this study. The study of a reactor design with a Passive Residual 
Heat Removal System as direct primary cooling system, like in the Westinghouse SMR [1] reactor 
design, is out of this scope. Very limited examples of such design exist in front of all various SMR 
designs in the world, in opposition to a large use of Safety Condensers connected to steam 
generators. Main disadvantage of such system is the extension of the primary circuit with 
significant diameter line, leading to the abandonment of the physical elimination of intermediate or 
large break event.  

The second PIRT exercise concerns the loss of cooling accident in a SMR configuration, with a 
cumulative loss of off-site power situation, in a typical long-term cooling mode associated to a long-
term injection situation. Such water injection is ensured with safety injection water tanks with a 
typical grace period of 72 hours. Referent reactor design for such strategy is the reactor SMART 
from KAERI.  

The third and last PIRT exercise concerns a variation in the stable state achievement in case of a 
loss of cooling accident situation, with a different long-term cooling strategy. In opposition to a 
long-term injection situation, the final state is characterized by a closed-cycle situation into the 
containment. IRIS reactor design adopts such strategy, with significant variation in the scenario 
from previous study in the SMART reactor case, and the long-term injection mode.  

Typical reactor designs will be presented to support the creation of these simplified PIRT 
exercises. Any absence about reactor design presentation or exposition, from specific industrials or 
countries has no significance except the fact that some reactor designs are best known from our 
collective expert team, without any preference or recommendation about reactor design and safety 
architecture. 
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2. PIRT analysis method 

 Overview 

The analysis which led to the construction of a Phenomena Identification and Ranking Table 
(PIRT) has been developed initially by the Nuclear Regulatory Commission (NRC) in the United 
States, during the 1980s. Then, it has been refined and extended by several authors, and it found 
application in several domains beyond the nuclear engineering [2]. A PIRT, as its name suggests, 
allows identifying the phenomena characterizing a certain scenario, and ranking them according to 
two parameters: an importance level and a knowledge level. The importance level is estimated on 
the basis of one or several evaluation criteria, which must be established a priori by the PIRT 
editors according to the scenario. 

For each of the three scenarios presented in this document, the PIRT analysis was performed in 
the following steps: 

- Definition of the current knowledge base (by performing a bibliographic research and 
asking for expert advices);  

- Definition of the accident scenario, the SMR configuration and its components; 

- Partitioning of the accident scenario into suitable time phases; 

- Identification and description of the phenomena characterizing each time phase and each 
component; 

- Definition of the evaluation criteria to be used for the importance ranking; 

- Phenomena importance ranking according to the time phase and the evaluation criteria; 

- Phenomena knowledge ranking; 

- Results processing and interpretation through some screening parameters. 

Next paragraphs will treat more in detail the main aspects of the PIRT analysis. 

 

 Evaluation criteria definition and time phases partitioning 

The importance of a phenomenon has to be judged against some evaluation criteria (or figures of 
merit). Hence, the importance level of a particular phenomenon is a measure of its relative 
influence on the selected evaluation criteria [3]. In the framework of the ELSMOR WP3 project, it 
has been decided to adopt a single evaluation criterion, linked to the risk of uncovering or 
overheating the fuel in the core. This criterion may be formally stated as follows: The importance of 
a phenomenon is proportional to the impact that it has on the risk of uncovering or overheating the 
nuclear fuel in the core. 

In order to correctly rank the phenomena importance, it is also necessary to divide each accident 
scenario into two or more time phases. A phenomenon may indeed be important at the beginning 
of the scenario (during a short-term time phase) but negligible thereafter, or vice-versa. Therefore, 
different importance levels have to be assigned to the same phenomenon, one for each time 
phase. In order to avoid making the PIRT analysis excessively complex, it has been decided 
however to keep the number of time phases as low as possible: 
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- The Loss Of Offsite Power (LOOP) scenario has been divided into two time phases (short-
term and long-term), as detailed in section 3.2 ; 

- The Small Break Loss of Cooling Accident scenario (SBLOCA), applied to two different 
SMR configurations, has been divided in three time phases (short, medium and long term) 
as detailed in sections 4.2 and 4.4. 

 Importance and knowledge levels calculation 

In order to conduct the PIRT analysis, a workgroup of twelve people has been formed (six of which 
from CEA, three from CIRTEN, one from ENEA, one from GRS and one from IRSN). Following 
some examples found in literature ( [2] [3]), the workgroup adopted a three-level scale for the 
importance and knowledge ranking. The three possible ranks according to this scale are: ‘Low’ (L), 
‘Medium’ (M) and ‘High’ (H), which correspond to as many arbitrary numerical values, or weights 
(0, 0.5 and 1.0 respectively, cf. Table 2.3.1). 

Table 2.3.1 Evaluation scale used in the PIRT analysis 

Rank Weight Definition with respect to the 
importance 

Definition with respect to the 
knowledge 

High (H) 1.0 The phenomenon is judged important 
according to the evaluation criteria 

The phenomenon is well 
known and understood. 
Experimental data is available. 
Models are validated. 

Medium (M) 0.5 The phenomenon is judged moderately 
important according to the evaluation 
criteria. 

The phenomenon is partially 
known and understood. 
Experimental data is available 
but in small quantity / quality. 

Low (L) 0.0 The phenomenon is judged of little or no 
importance according to the evaluation 
criteria. 

The phenomenon is poorly 
known and understood. Little 
or no experimental data is 
available. No validated 
models. 

 

Some preliminary meetings have been organized in order to allow the exchange of information and 
opinions between all the members of the workgroup. Then, for practical and logistical reasons, 
several smaller workgroups were formed, who conducted their analysis in parallel and voted 
independently of the others. All the votes were therefore collected and combined to produce the 
final versions of the PIRTs. Some of the smaller workgroups preferred focusing only on one or two 
PIRTs, but in any case, each of the three PIRTs has been filled by at least eight people out of 
twelve. It should be noted also that some people preferred abstaining from ranking some 
phenomena, as they felt not confident enough about the votes to give. For this reason, in each 
PIRT the total number of votes given is not necessarily the same for all the phenomena.   

The PIRTs structure is analogous to the one shown in Table 2.3.2. The votes given by the 
workgroup are inserted in the grey boxes, and the importance and knowledge levels are computed 
by taking these votes as input. The formula for the Importance level calculation can be defined 
after having fixed the weights corresponding to the votes [3]: 

 

𝐼𝑚𝑝𝑜𝑟𝑡𝑎𝑛𝑐𝑒 𝑙𝑒𝑣𝑒𝑙 ≝  IL ≝  
0.0 𝑁𝐿 + 0.5 𝑁𝑀 + 1.0 𝑁𝐻

𝑁𝐿 + 𝑁𝑀 + 𝑁𝐻
 



  

4 
 

where 𝑁𝐿, 𝑁𝑀 and 𝑁𝐻 represent respectively the number of ‘low’, ‘medium’ and ‘high’ votes 
assigned to the importance. The formula for the knowledge level is analogous:  

𝐾𝑛𝑜𝑤𝑙𝑒𝑑𝑔𝑒 𝑙𝑒𝑣𝑒𝑙 ≝  KL ≝  
0.0 𝑛𝐿 + 0.5 𝑛𝑀 + 1.0 𝑛𝐻

𝑛𝐿 + 𝑛𝑀 + 𝑛𝐻
 

where 𝑛𝐿, 𝑛𝑀 and 𝑛𝐻 represent respectively the number of ‘low’, ‘medium’ and ‘high’ votes 
assigned to the knowledge. It should be noted that, according to the weights chosen, both the 
importance level and the knowledge level can only vary between 0 and 1. In order to quantify the 
dispersion of the votes (i.e. the scatter in people opinion) the standard deviation of the importance 
and knowledge level can also be calculated: 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑛 𝑖𝑚𝑝𝑜𝑟𝑡𝑎𝑛𝑐𝑒 ≝  σ(IL) ≝ √
𝑁𝐹(0.0 − IL)2 + 𝑁𝑀(0.5 − IL )2 + 𝑁𝐻(1.0 − IL)2

𝑁𝐹 + 𝑁𝑀 + 𝑁𝐻 − 1
 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑛 𝑘𝑛𝑜𝑤𝑙𝑒𝑑𝑔𝑒 ≝  σ(KL) ≝ √
𝑛𝐹(0.0 − KL)2 + 𝑛𝑀(0.5 − KL )2 + 𝑛𝐻(1.0 − KL)2

𝑛𝐹 + 𝑛𝑀 + 𝑛𝐻 − 1
 

If all the members of the workgroup ranked the importance of a phenomenon with the same vote, 
then the standard deviation would be zero. If half of the members voted for ‘high importance’ and 
the other half voted for ‘low importance’ instead, then the standard deviation would be maximized. 
Analogous considerations are valid when the knowledge is considered instead of the importance. 

It is worth noticing that, in the standard deviation formulas, the term −1 in the denominator 
corresponds to the Bessel’s correction. Anyway, it can be shown that the main results of the 
PIRTs, in particular the screening parameters defined in section 2.4, are unaffected by the 
presence or absence of this correction. 

Table 2.3.2 Example of the PIRT structure 

Phenomenon 

Importance ranking 
Knowledge ranking 

Time phase 1 Time phase 2 

L M H 
Importance 

level 
L M H 

Importance 
level 

L M H 
Knowledge 

level 

𝛼 2 3 1 0.42 0 3 3 0.75 1 1 4 0.75 

 

The example in Table 2.3.2 shows that, out of six people who had to rank the phenomenon 𝛼 in 
time phase 1, two considered it of low importance, three considered it of medium importance, and 
one considered it of high importance: the resulting importance level in that time phase is 0.42. The 
example shows also that the background colour in the boxes corresponding to the importance 
levels and the knowledge level varies as a function of the numerical values inside the boxes. The 
colour legend adopted (shown in Figure 2.3.1) should make the PIRTs easier to read. The most 
important and the less known phenomena are highlighted in red. 
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Figure 2.3.1 Color legend adopted in the PIRTs 

 

 Screening parameters for the interpretation of the results 

Following the methodology found in the literature [3], two screening parameters have been used 
for the interpretation of the PIRTs results: the relative relevance and the relative dispersion. The 
relative relevance, referred to a phenomenon 𝛼 and a time phase 𝑖 can be defined as follows: 

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑒𝑙𝑒𝑣𝑎𝑛𝑐𝑒 𝛼 𝑖 ≝
IL 𝛼 𝑖 (1 − KL 𝛼 𝑖)

max
𝑖

 [max  
𝛼

[IL 𝛼 𝑖 (1 − KL 𝛼 𝑖) ] ]
 

where IL 𝛼 𝑖 and KL 𝛼 𝑖 are the importance level and the knowledge level, respectively, of the 

phenomenon 𝛼 in the time phase 𝑖. The denominator represents the maximum value of the product 
IL 𝛼 𝑖 (1 − KL 𝛼 𝑖) among all the phenomena and all the time phases. The phenomena having the 
largest values of relative relevance are those on which further research should be conducted 
primarily. They are indeed important and not well known. 

The relative dispersion, referred to a phenomenon 𝛼 and a time phase 𝑖 can be defined as follows: 

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 𝛼 𝑖 ≝
𝜎(IL 𝛼 𝑖) 𝜎(KL 𝛼 𝑖)

max
𝑖

 [max  
𝛼

[𝜎(IL 𝛼 𝑖) 𝜎(KL 𝛼 𝑖) ] ]
 

where 𝜎(IL 𝛼 𝑖) and 𝜎(KL 𝛼 𝑖) are the standard deviations on the importance level and the 

knowledge level, respectively, of the phenomenon 𝛼 in the time phase 𝑖. The denominator 
represents the maximum value of the product 𝜎(IL 𝛼 𝑖) 𝜎(KL 𝛼 𝑖) among all the phenomena and all 
the time phases. The phenomena having the largest values of relative dispersion are those on 
which the members of the workgroup agreed less when they had to rank them. 

The screening parameters have been placed in the right hand side of the PIRTs, as shown in the 
example of Table 2.4.1. The colour legend adopted for them is the same as for the importance 
level (cf. Figure 2.3.1), so the phenomena having the highest relative relevance and/or dispersion 
are highlighted in red. 

 

Table 2.4.1 Example of the PIRT structure including the screening parameters 

Phenom. 

Importance ranking 
Knowledge ranking 

  Screening parameters 

Phase 1 Phase 2   Phase 1 Phase 2 

L M H 
Importance 

level 
L M H 

Importance 
Level 

L M H 
Knowledge 

level 
  

Relative 
relevance 

Relative 
dispersion 

Relative 
relevance 

Relative 
dispersion 

𝛼 2 3 1 0.42 0 3 3 0.75 1 1 4 0.75   0.17 0.93 0.31 0.67 

 

  

0 0.25 0.5 0.75 1

0 0.25 0.5 0.75 1

Importance Level

Knowledge level
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3. Simplified PIRT exercise in a Loss Of Offsite Power (LOOP) situation  

 Overview 

WP3 task concerns the passive systems reliability assessment in a safety demonstration, when 
normal thermal power removal systems are unavailable. All Anticipated Operational Occurrence 
situations, based on unclassified material, are out of the scope of this study. Only Design Basis 
Conditions events are considered, with a general occurrence concerning the absence of significant 
electricity power (except battery power for a minimum control-command driving and monitoring 
situation). Loss Of Offsite Power electricity is a classical transient event, with a long time situation, 
corresponding to a typical significant seism event situation or extreme external aggression event 
like hurricane, large flooding situation, and so on. In that case, considering the large use of passive 
systems in a safety demonstration, no classified DIESEL groups are solicited, in association with 
classified Main Steam Relief Trains and Emergency Feed Water Systems. Two main passive 
systems were developed for a long time decay heat removal period, either in a direct cooling mode 
from primary side, or in parallel to steam generators main loop, with a specific safety condenser 
system (or groups of). Considering the large panel of international Small and Modular Reactor 
designs in the world, as presented in the IAEA SMR booklet of 2018 [1], direct cooling system (like 
the Passive Residual Heat Removal Systems of the AP-600 Westinghouse reactor) are few 
represented for two main reasons: 

- Direct cooling system from primary side is a significant extension of the primary side, in 
opposition to the main target design goal consisting in limiting the break statistical event 
and consequences for the primary circuit.  

- Driving forces of a single-phase natural circulation cooling mode are around ten time lower 
than in a two-phase case, with higher difficulties in the reliability assessment demonstration 
of sufficient flow rate and heat removal performance. The absence of a total blockage 
instantaneous event in case of an upper gas or steam bubble situation has to be 
demonstrated and prevented with in-service inspection and control (high pressure purge 
system). 

In that study, we will consider the use of safety condensers, connected to steam lines and feed 
water lines of the secondary circuit, without any considerations about number of trains or power 
extraction performance and dimensioning. We don’t consider the most penalizing transient 
accident in a deterministic study, as we could find in a typical safety report, with single failure 
criteria considerations, instantaneous passive failure or delayed failure after 24 hours, common 
cause failure about all similar passive systems, and diversification architecture systems in a 
Beyond Design Basis Accident strategy. For detailed explanations about these safety 
considerations and Defence in Depth approach, the reader is invited to consult the WENRA Class I 
Guideline about safety demonstration of new class 1 nuclear installations [4], both adapted for loop 
reactors in a medium or high power version, and the WENRA RHWG guidelines for New Nuclear 
Plant designs in [5]. For application concept on advanced nuclear plants, IAEA produced a 
dedicated TECDOC-1791 [6] about “Considerations on the application of the IAEA safety 
requirements for the design of nuclear power plants”.  

 

 Typical Loss of Offsite Power situation event 

Most of the SMR designs in the world are compatible with the LOOP transient accident we will 
expose here. ACP100 (CNNC China), NuScale (NuScale Power USA), SMART (KAERI South 
Korea), SMR-160 Holtec (USA), IRIS (Westinghouse USA, and international consortium) embed 
safety condenser loops connected to steam lines and normal feed water lines. Specific geometry of 
the heat exchangers, where the steam is condensed, can vary from one concept to another one, 
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depending on the average angle of tube inclination, C shape, U shape, V shape, or one-through 
vertical tubes. With a focus on the SMART reactor design, in the same general design than 
NuScale reactor, vertical tubes will be considered, even if water hammer effect phenomenon is 
pointed out in the delivered PIRT exercise, generally observed in a larger importance in low 
inclination tube design, as usually mentioned in isolation condensers from Boiling Water Reactors. 

The next two figures are representing both SMART reactor design, and NuScale reactor design. 
Considering the two Safety Condenser loop configurations, the main significant difference could be 
the amount of the ultimate heat sink, corresponding to the main reactor building pool for the 
NuScale version, and specific elevated external Ultimate Heat Sink (UHS) pools for SMART 
design. The figures below are extracted from the IAEA SMR booklet 2018. The IRIS reactor design 
could be taken as example of safety condenser use too, in a similar mode than with SMART, but 
with some differences in the condenser heat exchanger design (low inclination angle tube version). 

 

Figure 3.2.1 Figure Safety condenser implement in the NuScale and SMART reactor designs 

 

Concerning the Small and Modular Reactor passive strategy, it is generally admitted that a 
minimum period of grace of 72 hours is required, where the core cooling safety function is ensured 
without any human actions, any in-site or external site intervention, any refilling pool possibility by 
active means, and of course any external electricity power system connection. 

Considering a Loss Of Offsite Power situation, the transient scenario can be described, with 
simplified actions, as below, following the KAERI publication in [7] concerning the safety analysis 
for the major design basis events in SMART. We consider the Postulated Accident (PA) 
corresponding to a Total Loss of Reactor Coolant Flow (TLOF). This scenario is close to the Loss 
of Main Feed Water Accident, with the additive conditions of total absence of primary pump 
operation mode. During the first seconds, the Departure from Nuclear Boiling Ratio can approach 
the value of 1, with the competition between the primary water mass flow and the SCRAM 
efficiency on the decreasing core power. This first phase of the transient accident leads to an 
overpressure situation for the primary side, with an additive overheating phase for the core 
cladding during the first seconds of the SCRAM period. It is important to notice that SMRs have 

SAFETY 
CONDENSER

Nuscale SMART
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significant variation in the global strategy compared to classical PWRs loop design, for all the 
postulated accidents (except large main steam line break or large primary break event). With a 
total integrated components design, the total water inventory of secondary side is generally low, 
and the overheating and overpressure situation of the primary circuit can hardly be absorbed in a 
Main Steam Relief Train operation mode from secondary side, like in classical Safety 
Demonstration from classical PWRs. That is why we mention the optional Pressurizer Operated 
Relief Valves action period in the PIRT, as probable preliminary transient phase of the accident. 
This phase stays optional because of a possible elimination in case of very large pressurizer sizing 
and depends on the global thermal inertia of the primary side, versus the Safety Condenser loop 
operation time, from zero to full power extraction mode. Traditionally, nuclear plant operators do 
not like the opening mode of the pressurizer safety valves, because of the risk of a fail in closure in 
post action time, leading to a Loss of Coolant Accident post scenario.  

All this first period is called phase 1 in the following PIRT, where the n+1 time period is not safer 
than the previous period and cannot be considered as a stable period for the transient accident. 
This phase 1 covers all the period in time, from initiating event, to the time when the safety 
condenser systems can extract more thermal power than produced from the core. 

This first phase includes the time of accident detection (typically, a low speed level detection of 
feed water pump), leading to a SCRAM action. Main Steam Isolation Valve action (to keep 
secondary water inventory for Safety Condenser operation) is combined with a turbine trip. Safety 
Condenser loop valve opening action can be declared according several different criteria from the 
plant protection program, but typical decision adapted to such transient accident could be a low 
speed detection level of the Main Feed Water Pumps. 

Phase 2 concerns all the cooling down period for the primary and secondary side, from state A (full 
power mode) to state B (intermediate cold state), with a final primary temperature and pressure 
adapted for a shut-down cooling systems connection. A minimum period of grace of 72 hours is 
generally required, before human actions are needed, for example to refill tanks or to activate the 
shut-down cooling system. 

We don’t consider the problematic of the control of criticality as safety function during this cooling 
down phase of the reactor, as it is out of scope of the WP3 framework. So, there’s no mention 
about boron dilution control and adaptation, in respect to the state B unsaturated mode for primary 
circuit. 

We don’t consider the entire probabilistic study accident of such a loss of off-site power accident, 
with possible post failure phase to consider (alternative decay heat removal system action) after 
the safety condenser failure final event. In that case, we should consider the new pressure and 
temperature increase phase for the primary circuit, with a new open action time of Pressurizer 
Operated Relief Valves and possible safety injection tank activation, or not. As generally planned in 
such plant protection program, diversification of Passive Residual Heat Removal Systems exists to 
take into account the common cause failure of such systems (in Design Extending Conditions). A 
forced depressurization phase for the primary side (with Assisted Depressurization System valves) 
and a final bleed and feed situation, or a final recirculation mode, is engaged, to meet the same 
demonstration in the core cooling safety demonstration, than in a final long term cooling mode 
demonstration, due to initial event caused by a Loss Of Cooling Accident.  

From the LOOP transient event of a classical SMR with safety condensers connected to secondary 
lines, with SMART reactor as typical reference model, we developed such PIRT matrix, and asked 
to CEA, GRS, and IRSN specialists in safety studies to give notations as explained in Chapter 2. 

IRIS, SMART, and other reactor concepts (MASLWR experimental facility and original passive 
reactor concept at the origin of the NuScale Reactor base design) are briefly presented in the IAEA 
TECDOC-1624 [8] “Passive Safety Systems and Natural Circulation in Water Cooled Nuclear 
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Power Plants”. Main passive components dedicated to the core decay heat removal are shortly 
described, with detailed considerations about thermal hydraulic phenomena. 
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Table 3.2.1 PIRT concerning the Loss of Offsite Power LOOP (part 1) 

 

L M H
Importance 

Level
L M H

Importance 

Level
L M H

Knowledge 

Level

Relative 

relevance

Relative 

dispersion

Relative 

relevance

Relative 

dispersion

Core power Decay heat 0 2 5 0.86 0 2 5 0.86 0 1 6 0.93 0.10 0.28 0.10 0.28

Wall-fluid friction 5 2 0 0.14 3 4 0 0.29 0 3 4 0.79 0.05 0.40 0.10 0.44

Buoyancy forces (by density gradient. 

The core is the hot region, the steam 

generator is the cold region)

5 2 1 0.25 0 4 4 0.75 0 0 8 1.00 0.00 0.00 0.00 0.00

Natural convection/subcooled 

boiling/nucleate boiling
0 4 3 0.71 0 4 3 0.71 0 2 5 0.86 0.17 0.40 0.17 0.40

Departure from nucleate boiling 

(Critical heat flux)
1 4 3 0.63 7 0 1 0.13 0 4 4 0.75 0.26 0.58 0.05 0.58

Fluid flow (by single-

phase natural 

convection)

Wall-fluid friction 5 3 0 0.19 0 7 1 0.56 0 3 5 0.81 0.06 0.41 0.17 0.28

Natural convection 4 2 2 0.38 0 6 2 0.63 0 2 6 0.88 0.08 0.63 0.13 0.33

Effect of fouling 7 1 0 0.06 2 3 3 0.56 4 3 1 0.31 0.07 0.41 0.63 0.96

Relief valves opening 0 4 4 0.75 5 1 2 0.31 1 4 3 0.63 0.46 0.58 0.19 1.00

Primary fluid swelling/contracting 4 3 1 0.31 5 3 0 0.19 0 1 7 0.94 0.03 0.41 0.02 0.28

Wall-fluid friction (singular & 

continuous pressure drops)
6 2 0 0.13 1 6 1 0.50 0 3 5 0.81 0.04 0.37 0.15 0.43

Pressure drop due to primary pumps 

stop
5 2 1 0.25 1 4 3 0.63 0 4 4 0.75 0.10 0.62 0.26 0.58

Wall-fluid friction 6 2 0 0.13 0 2 6 0.88 1 3 4 0.69 0.06 0.53 0.45 0.53

Gas-liquid interfacial friction 7 1 0 0.06 6 1 1 0.19 1 4 3 0.63 0.04 0.39 0.12 0.81

Water hammer effect 2 6 0 0.38 3 5 0 0.31 6 2 0 0.13 0.54 0.33 0.45 0.37

Film condensation 1 3 4 0.69 0 2 6 0.88 0 5 3 0.69 0.35 0.59 0.45 0.37

Effect of fouling 5 3 0 0.19 1 6 1 0.50 4 3 1 0.31 0.21 0.59 0.56 0.61

Effect of non-condensable gases 7 1 0 0.06 1 3 4 0.69 5 3 0 0.19 0.08 0.28 0.92 0.59

Primary circuit 

system (pumps, 

valves, 

penetrations…)

Time phase 2

Pressurizer

Macroscopic 

phenomenon

Heat transfer

Fluid flow (by single-

phase natural 

convection)

Pressure variation / 

Energy balance

Screening parameters

Microscopic phenomenaComponent

Importance ranking

Time phase 1

Steam generator 

(primary side)

Time phase 2

Safety Condenser 

(SACO) (secondary 

side)

Fluid flow (by two-phase 

natural convection)

Heat transfer

Secondary 

circuit

Primary 

circuit

Heat transfer

Fluid flow (by single-

phase natural 

convection)

Knowledge ranking
Time phase 1

Circuit

Core
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Table 3.2.2 PIRT concerning the Loss of Offsite Power LOOP (part 2) 

 

 

L M H
Importance 

Level
L M H

Importance 

Level
L M H

Knowledge 

Level

Relative 

relevance

Relative 

dispersion

Relative 

relevance

Relative 

dispersion

Wall-fluid friction 6 2 0 0.13 1 5 2 0.56 1 3 4 0.69 0.06 0.53 0.29 0.74

Gas-liquid interfacial friction 6 2 0 0.13 6 1 1 0.19 1 4 3 0.63 0.08 0.51 0.12 0.81

Buoyancy forces (by density gradient. The 

steam generator is the hot region, the SACO 

is the cold region)
4 4 0 0.25 0 7 1 0.56 0 2 6 0.88 0.05 0.38 0.12 0.25

Natural convection / subcooled boiling / 

nucleate boiling
0 4 3 0.71 0 4 3 0.71 0 2 5 0.86 0.17 0.40 0.17 0.40

Effect of fouling 1 5 2 0.56 1 4 3 0.63 4 4 0 0.25 0.69 0.53 0.77 0.58

Pressure variation / 

Energy balance

Small steam leak or MSIV failure to fully 

close
6 0 2 0.25 3 3 2 0.44 0 1 7 0.94 0.03 0.51 0.04 0.46

Water inventory 

variation

Small steam or l iquid leak or MSIV failure to 

fully close
3 2 3 0.50 0 1 7 0.94 0 3 5 0.81 0.15 0.74 0.29 0.28

Fluid flow (by two-phase 

natural convection)

Wall-fluid friction (singular & continuous 

pressure drops)
7 1 0 0.06 3 5 0 0.31 1 4 3 0.63 0.04 0.39 0.19 0.56

Effect of fouling 1 3 4 0.69 0 3 5 0.81 5 2 1 0.25 0.85 0.87 1.00 0.60

Nucleate boiling 1 4 3 0.63 0 4 4 0.75 1 2 5 0.75 0.26 0.83 0.31 0.62

Thermal diffusion 4 4 0 0.25 5 3 0 0.19 0 4 4 0.75 0.10 0.44 0.08 0.43

Buoyancy forces (by density gradient) 5 3 0 0.19 1 7 0 0.44 0 4 4 0.75 0.08 0.43 0.18 0.29

Gas-liquid interfacial friction or chugging 1 6 1 0.50 1 7 0 0.44 5 3 0 0.19 0.67 0.43 0.58 0.28

Ambiance 

containment
Atmosphere

Pressure variation / 

Energy balance
Pressurizer relief valves opening 8 0 0 0.00 8 0 0 0.00 2 5 1 0.44 0.00 0.00 0.00 0.00

Time phase 2
Macroscopic 

phenomenon

Screening parameters

Microscopic phenomenaComponent

Importance ranking

Time phase 1 Time phase 2

Heat transfer

Fluid movement (by 

single-phase or two-

phase natural 

convection) / 

stratification

Heat transfer

Fluid flow (by two-phase 

natural convection)

Ultimate Heat 

Sink

Safety Condenser 

(SACO) (tertiary 

side)

Secondary circuit 

system (pipes, 

pumps, valves, 

penetrations…)

Steam Generator 

(secondary side)

Secondary 

circuit

Knowledge ranking
Time phase 1

Circuit
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 PIRT results – LOOP scenario 

During the short-term phase of the accident (phase 1), the phenomena having the largest values of relative 
relevance and/or dispersion in the PIRT are: 

- The effect of fouling occurring on the tertiary side, i.e. the pool side, of the SACOs [9] (relative 
relevance = 0.85, relative dispersion = 0.87). The fouling induces additional thermal resistance on 
the outer side of the SACOs tubes and reduces the heat exchange between the secondary circuit 
and the ultimate heat sink. This phenomenon has at the same time the highest values of relative 
relevance and of relative dispersion in phase 1. The votes on both the importance level and the 
knowledge level are dispersed.  

- The effect of fouling occurring on the secondary side of the steam generators [9] (relative relevance 
= 0.69, relative dispersion = 0.53). The fouling induces additional thermal resistance on the surfaces 
of the steam generators and reduces the heat exchange between the primary and secondary 
circuits. 

- The gas-liquid interfacial friction and the steam chugging occurring in the SACOs pools [10] [11] 
(relative relevance = 0.67, relative dispersion = 0.43). These phenomena affect the flow distribution 
through the SACO tube bundles. On one hand, they have not been considered especially important 
by the workgroup, but on the other hand they have been ranked as poorly known. 

- The nucleate boiling occurring on the tertiary side of the SACOs tubes (relative relevance = 0.26, 
relative dispersion = 0.83). This phenomenon has not been considered very relevant overall, but the 
votes are dispersed. 

- The loss of water inventory in the secondary circuit due to a small steam or liquid leak, or an 
isolation valve failure to fully close (relative relevance = 0.15, relative dispersion = 0.74). It has not 
been considered relevant, but the votes on both the importance level and the knowledge level are 
dispersed. It has been especially difficult to evaluate the importance of a loss of inventory, as it 
strongly depends on its relative magnitude (i.e. the ratio between the leaked inventory and the total 
inventory). It should be noted that the secondary circuit, whose design is based on the integrated 
steam generators concept, typically contains a very limited water inventory. 

 

During the long-term phase of the accident (phase 2), the phenomena having the largest values of relative 
relevance and/or dispersion in the PIRT are: 

- The effect of fouling occurring on the tertiary side of the SACOs (relative relevance = 1.0, relative 
dispersion = 0.60). It has been considered the most relevant phenomenon overall. The votes on its 
importance are also less dispersed in phase 2 than in phase 1. 

- The effect of non-condensable gases on the secondary side of the SACOs [12] (relative relevance = 
0.92, relative dispersion = 0.59). The presence of non-condensable gases in the SACOs tubes can 
hinder the film condensation of the steam (especially at low pressure) and therefore reduce the heat 
exchange between the secondary circuit and the ultimate heat sink. 

- The effect of fouling occurring on the secondary side of the steam generators (relative relevance = 
0.77, relative dispersion = 0.58), as seen in phase 1. 

- The effect of fouling occurring on the primary side of the steam generators (relative relevance = 
0.63, relative dispersion = 0.96). Even though the chemistry of water is better controlled in the 
primary circuit than in the secondary one, the corrosion and the deposition of unwanted material is 
still possible, especially in the cooler parts of the circuit. The importance of this phenomenon has 
been difficult to evaluate, as it may vary according to the reactor vessel and integrated steam 
generators design. The votes of the workgroup members are therefore dispersed. 
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- The wall-fluid friction on the secondary side of the steam generators [13] (relative relevance = 0.24, 
relative dispersion = 0.74). According to the overall ranking, it is not a very relevant phenomenon. 
However, its importance and knowledge have been debated as they strongly depend on the steam 
generator design. If the hydraulic diameter of the channels is particularly small, fouling may increase 
significantly the wall-fluid friction and reduce the mass flow rate through the channels. 

- The depressurization in the primary circuit due to the pressurizer relief valves opening (relative 
relevance = 0.19, relative dispersion = 1.0). Some members of the workgroup thought that this 
phenomenon is no longer important in the long-term phase of the accident. Other members thought 
that it could maintain a certain importance throughout the entire accident. 

- The gas-liquid interfacial friction in the secondary side of the steam generators and of the SACOs 
(relative relevance = 0.12, relative dispersion = 0.81). It has not been ranked as a relevant 
phenomenon, but the votes on the knowledge level are dispersed. 

 

As a conclusive remark, it is worth noticing that the most relevant phenomena identified in the PIRT are 
those affecting the SACOs performance. In the safety demonstration of the decay heat removal during the 
period of grace, the SACOs are indeed the only heat sink. Their capability of extracting the decay heat is 
essential to prevent fuel overheating. 
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4. Simplified PIRT exercise in a Loss of Coolant Accident (LOCA) situation 

 Overview 

Stable state appellation is preferred from safe state name. Safe state can be considered only when 
shutdown-cooling systems are connected to the reactor, with primary pressure and temperature generally 
around 100 °C 1 bar, or close to. 

The main characteristic of SMR safety strategy, concerning the loss of cooling accident situation, is the 
practical elimination of intermediate or large break event. Only small break event is possible, due to a break 
line of the Chemical and Volume Control System or from the Safety Injection Lines. Generally, the typical 
maximum break size is around two inches in diameter, in the lowest position physically achievable. Other 
outer connections from the reactor vessel are dedicated to secondary line circuits, with exceptions for very 
small connections due to monitoring or normal operation mode actions (heaters and spargers of 
pressurizer, fluency detectors, electric connections of integrated control rod mechanisms in case of, and so 
on). 

Such a practical elimination consideration requires a specific design of primary pumps connecting flanges, 
and control rod external mechanisms penetrations (except for integrated control rod mechanisms). Either 
ejection grapes or blade blockage from primary pumps should not lead to significant break, with higher 
consequences in terms of equivalent break diameter than the maximum guillotine break line connected to 
the reactor vessel.  

Long-term cooling mode demonstration is generally quite complex and can interfere with the WP4 safety 
function considerations and tasks. In our application, considering a simplified PIRT dedicated to the core 
cooling safety function reliability assessment, we will consider the cooling down mode of ambiance 
containment only when it enters significantly in the safety demonstration of the core covered mode 
situation. We don’t consider the overpressure protection criteria of the third barrier, as a control of the 
radioactivity containment maintain criteria.  

Two main philosophies exist in the safety demonstration of a long-term cooling mode, from a Loss of 
Cooling Accident event: 

- A Long Term Injection, in a passive mode (considering penalizing transient situation with a loss of 
off-site power situation, and no classified Diesel group assistance): Safety Injection water tanks 
deliver enough water into the reactor vessel, during the entire period of grace, to ensure a covered 
core situation at any moment. The temperature and pressure of the ambiance containment is 
estimated for a correct evaluation of the residual steam leak on the break during the scenario, as a 
backpressure behind the break. A correct evaluation of the containment pressure is necessary too 
for a good estimation of the equilibrium phase between the primary side and the containment, in 
which the injection mass flow rate from the external gravity draining tank depends on the residual 
pressure difference between primary side and outer side. Hybrid Safety Injection Tanks (HSIT) used 
in the SMART design reduce significantly this dependence, in opposition to a classical recirculation 
mode from NuScale, SMR-W, or AP-1000 demonstration case. Upper gas plenum in Hybrid SIT 
case is directly connected to the primary circuit, in opposition to NuScale, SMR-W, or AP-1000 
external condensate level where upper gas pressure conditions are connected to the ambiance 
containment. 

- A final recirculation mode, in a passive way, with the same considerations of absence of significant 
electric power: Safety Injection Water tanks can be engaged (like in the IRIS or SMART reactor 
design), but the final demonstration of a covered core situation is different. At the end, and during all 
the period of grace, the evaporation of the primary water is condensed outside the reactor vessel, 
the condensate is collected and reinjected into the core, through specific direct vessel injection 
lines, or Reactor Recirculation Valves. The main penalty of such strategy is the low altitude 
requirement for the safety injection line, with a strategic isolation valve position, leading to difficult 
approach for the inspection and control access. With such strategy, the period of grace can be 
extended to 96 hours or more, but the multiple sequence of evaporating and condensing phase can 
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lead to dilution or precipitation risk for the boric acid into the core zone (except for boron free 
reactor). With this strategy, the importance of the atmosphere containment is important too, for a 
good estimation of the separation between liquid and steam, performance of the steam 
condensation, level of condensate, and final reinjection performance into the core depending on the 
final pressure difference between inner and outer side of the reactor vessel.  

 

 LOCA transient with Long Term Injection (LTI) mode for stable state 
situation 

The first PIRT considered consists in a long-term cooling mode demonstration, after a typical 2 inch break 
LOCA event, in the lowest altitude possible (maximum water loss of mass upon the break, with no 
significant steam break energy release). Reference reactor design is the SMART, with a reproduction of the 
simplified LOCA transient event extracted from the document in Ref 3 called “Safety Analysis for the Major 
Design Basis Events in Passive PWR SMART”. The figure below shows the main components involved in 
the demonstration of the long-term cooling mode for the SMART design, with a period of grace of 72 hours. 
This figure is extracted from the previous publication mentioned [7], concerning the Major Design Basis 
Events in Passive PWR SMART. 

 

Figure 4.2.1 Schematic of the Passive Systems of SMART 

 

Upon the break, the primary water mass is released into the lower containment area, with a decreasing 
primary pressure phase due to the decreasing level in the pressurizer. A reactor trip occurs on a low-level 
pressurizer detection. With the reactor trip occur, the turbine trip is actuated, and both Main Steam Isolation 
Valves and the Main Feed Water Line Valves are closed. In parallel, the low-level pressurizer detection 
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signal induces the Core Makeup Tank isolation valve opening. Highly borated water is injected into the 
annulus part of the reactor vessel. Reactor Cooling Pumps begin to coast down, with a Loss of Offsite 
Power penalizing situation. The Safety Condenser loops, called PRHRS in the SMART design, are 
actuated with a low feed water flow detection (either a flow rate captor or a speed level detection in the 
motor pump). In addition to the PRHRS cooling down mode, the Automatic Depressurization Systems is 
engaged when the CMT are partially drained, like in the AP1000 strategy from Westinghouse. The 
difference here about the ADS activation from the Westinghouse strategy is a limited small stage of ADS, 
with lighter effects on high speed in mass and volume of steam release into the lower containment area. In 
the SMART design, we can see that the ADS sparger line goes directly in the ambiance containment to 
accelerate the equilibrium phase between primary and containment pressure (to stop the break release). 

A very low pressure level in the primary circuit generates the activation of the upper isolation valve 
connected to the balance line of hybrid Safety Injection Tank, for a continuous draining water injection 
phase. In opposition to accumulator delivery, such a component can inject water without any dependence 
of the primary pressure depressurization rate (like a Core Makeup tank, with a atmospheric initial 
pressurized level). To take into account the eventual possibility of accumulator delivery instead of such 
component used in SMART design (like in the AP-600 or AP-1000 design), additional cells of the PIRT 
characterizing accumulator device, and association with Core Makeup Tank, have been added. 

At the end, with the equilibrium phase of primary circuit and ambiance containment, the long term cooling 
mode is driven by the water mass delivery from Hybrid SIT during the entire period of grace. The core 
decay heat is removed both with Passive Residual Heat Removal systems associated to steam generators 
in a “Heat pipe” mode for primary circuit, and cold water delivery from Hybrid SIT. There is no use of 
closed-cycle circulation with the primary water inventory, and a global final recirculation mode 
demonstration for the primary water inventory. The importance of the ambiance containment characteristics 
(temperature, pressure) is due to the final steam release mass from the reactor vessel (through the break, 
and through the ADS stage), versus the internal steam part condensed through the steam generator. In this 
case, there is no competition between the inner heat sink from the PRHRS, and the outer heat sink 
connected to the third barrier containment. There is no mention about the ambiance containment 
temperature and pressure decreasing performance in the KAERI publications, concerning the small break 
LOCA transient detailed explanations. 

Three successive phases split the evolution of the LOCA transient, from initial event to the end of the 
period of grace, with a long-term injection strategy.   

- The phase 1 concerns the initial accident period, from the initial event up to the primary circuit 
depressurization phase (ADS opening action). This phase concerns the initial Safety Cooling mode 
action for the primary circuit depressurization, in addition to the steam break release. In the first 
moments, the steam part through the break is low, but growing in time while the primary water 
inventory progressively goes down.  

- The phase 2 concerns the period of the primary circuit depressurization phase due to ADS action, 
in parallel to the CMT gravity draining mode, and possible Hybrid SIT gravity draining mode too 
(depending on the time sequence of each component). The end of the phase 2 corresponds to the 
pressure equilibrium between the primary circuit and the ambiance containment (end of significant 
steam break release). 

- The phase 3 is the long-term injection mode, with a continuous water injection from the Hybrid SIT, 
and a core decay heat removal mainly done by the Safety Condensers. External heat sink, like a 
suppression pool or direct steel cooling containment is not engaged to avoid competition between 
inner and outer vessel condensation. 
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Table 4.2.1 PIRT concerning the LOCA scenario with Long Term Injection (part 1) 

 

 

L M H
Importance 

Level
L M H

Importance 

Level
L M H

Importance 

Level
L M H

Knowledge 

Level

Relative 

relevance

Relative 

dispersion

Relative 

relevance

Relative 

dispersion

Relative 

relevance

Relative 

dispersion

Fluid flow (by two-

phase natural 

convection)

Wall-fluid friction 1 5 4 0.65 6 0 4 0.40 1 5 4 0.65 0 5 5 0.75 0.20 0.37 0.12 0.56 0.20 0.37

two-phase natural 

convection
0 6 4 0.70 3 3 4 0.55 0 3 7 0.85 1 7 2 0.55 0.39 0.30 0.31 0.51 0.47 0.28

Effect of non-condensable 

gases (for exemple nitrogen 

coming from the 

accumulator or the HSIT)

6 0 4 0.40 6 0 4 0.40 0 1 9 0.95 7 3 0 0.15 0.42 0.51 0.42 0.51 1.00 0.16

Effect of fouling 1 5 4 0.65 6 0 4 0.40 0 2 8 0.90 3 5 2 0.45 0.44 0.51 0.27 0.78 0.61 0.32

Pressure drop due to 

primary pumps stop
1 7 2 0.55 6 0 0 0.00 1 5 0 0.42 0 2 8 0.90 0.07 0.25 0.00 0.00 0.05 0.17

Wall-fluid friction 1 5 4 0.65 6 0 4 0.40 1 5 4 0.65 0 5 5 0.75 0.20 0.37 0.12 0.56 0.20 0.37
Boron non-homogeneous 

distribution
6 0 4 0.40 4 2 4 0.50 6 0 4 0.40 5 5 0 0.25 0.37 0.56 0.46 0.51 0.37 0.56

Water inventory 

variation
Level (inventory) 3 3 4 0.55 9 1 0 0.05 6 0 0 0.00 2 2 6 0.70 0.20 0.76 0.02 0.27 0.00 0.00

two-phase flow
Entrainment/de-

entrainment
5 1 4 0.45 6 4 0 0.20 6 0 0 0.00 0 8 2 0.60 0.22 0.43 0.10 0.22 0.00 0.00

Level swell 6 2 2 0.30 6 2 2 0.30 6 0 0 0.00 0 2 8 0.90 0.04 0.37 0.04 0.37 0.00 0.00

Stored energy release 6 2 2 0.30 6 2 2 0.30 6 0 0 0.00 0 0 10 1.00 0.00 0.00 0.00 0.00 0.00 0.00
High speed (or sonic) flow 

in ADS lines
6 0 4 0.40 0 3 7 0.85 6 0 0 0.00 0 7 3 0.65 0.17 0.51 0.37 0.24 0.00 0.00

l iquid entrainment 6 0 4 0.40 0 4 6 0.80 6 0 0 0.00 2 6 2 0.50 0.25 0.71 0.50 0.35 0.00 0.00

Circuit Component
Macroscopic 

phenomenon

Primary circuit

Automatic 

Depressurization 

System (ADS) l ines, 

valves and 

spargers

two-phase flow

Screening parameters

Time phase 1 Time phase 2 Time phase 3 Time phase 1 Time phase 2 Time phase 3

Importance ranking
Knowledge ranking

Steam generator 

(primary side)

Heat transfer

Microscopic phenomenon

Primary circuit 

system  (pumps, 

valves, 

penetrations…)

Fluid flow (by two-

phase natural 

convection)

Pressurizer

Pressure variation 

/ Energy balance
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Table 4.2.2 PIRT concerning the LOCA scenario with Long Term Injection (part 2) 

 

L M H
Importance 

Level
L M H

Importance 

Level
L M H

Importance 

Level
L M H

Knowledge 

Level

Relative 

relevance

Relative 

dispersion

Relative 

relevance

Relative 

dispersion

Relative 

relevance

Relative 

dispersion

Core Power Decay heat 0 1 5 0.92 0 1 5 0.92 0 1 5 0.92 0 1 5 0.92 0.09 0.16 0.09 0.16 0.09 0.16

Departure from nucleate 

boiling (Critical heat flux)
4 2 4 0.50 10 0 0 0.00 10 0 0 0.00 4 1 5 0.55 0.28 0.96 0.00 0.00 0.00 0.00

Natural 

convection/subcooled 

boiling/nucleate boiling
0 3 3 0.75 0 3 3 0.75 0 3 3 0.75 0 1 5 0.92 0.08 0.21 0.08 0.21 0.08 0.21

boron precipitation on 

cladding
6 0 0 0.00 1 5 0 0.42 0 2 4 0.83 5 1 0 0.08 0.00 0.00 0.47 0.16 0.95 0.20

Flow distribution 1 4 5 0.70 5 1 4 0.45 6 0 4 0.40 4 2 4 0.50 0.43 0.68 0.28 0.96 0.25 1.00

Wall-fluid friction 6 0 4 0.40 6 0 4 0.40 6 0 4 0.40 0 5 5 0.75 0.12 0.56 0.12 0.56 0.12 0.56

Level swell 6 2 2 0.30 6 2 2 0.30 4 4 2 0.40 0 1 8 0.94 0.02 0.29 0.02 0.29 0.03 0.27

Flashing 4 6 0 0.30 2 7 1 0.45 10 0 0 0.00 2 6 1 0.44 0.21 0.32 0.31 0.35 0.00 0.00

Flashing in the upper zone 0 6 0 0.50 6 0 0 0.00 6 0 0 0.00 4 4 1 0.33 0.41 0.00 0.00 0.00 0.00 0.00

Steam condensation (void 

effect)
5 4 1 0.30 5 4 1 0.30 6 0 0 0.00 5 4 0 0.22 0.29 0.38 0.29 0.38 0.00 0.00

Wall-fluid friction 6 4 0 0.20 10 0 0 0.00 6 0 0 0.00 0 4 5 0.78 0.06 0.28 0.00 0.00 0.00 0.00

Balance line thermal 

stratification
5 4 1 0.30 10 0 0 0.00 6 0 0 0.00 2 3 4 0.61 0.14 0.59 0.00 0.00 0.00 0.00

Gravity injection 2 4 4 0.60 10 0 0 0.00 6 0 0 0.00 0 6 3 0.67 0.25 0.40 0.00 0.00 0.00 0.00

Flow rate blockage due to 

interaction with ACCU
6 0 0 0.00 0 1 5 0.92 6 0 0 0.00 4 2 0 0.17 0.00 0.00 0.95 0.20 0.00 0.00

Energy balance Cooling down effect 0 1 9 0.95 4 4 2 0.40 6 0 0 0.00 3 2 4 0.56 0.52 0.30 0.22 0.75 0.00 0.00

Circuit Component
Macroscopic 

phenomenon

Primary circuit

Screening parameters

Time phase 1 Time phase 2 Time phase 3 Time phase 1 Time phase 2 Time phase 3

Importance ranking
Knowledge ranking

Microscopic phenomenon

Core

Heat transfer

two-phase flow

Pressure variation

Core Make-up Tank 

(CMT)

Pressure variation

Fluid movement (by 

single-phase 

natural convection 

/ stratification)

Water inventory 

variation
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Table 4.2.3 PIRT concerning the LOCA scenario with Long Term Injection (part 3) 

 

L M H
Importance 

Level
L M H

Importance 

Level
L M H

Importance 

Level
L M H

Knowledge 

Level

Relative 

relevance

Relative 

dispersion

Relative 

relevance

Relative 

dispersion

Relative 

relevance

Relative 

dispersion

Pressure driven injection 6 0 0 0.00 0 2 4 0.83 3 3 0 0.25 0 1 5 0.92 0.00 0.00 0.09 0.20 0.03 0.21

Check valve oscillation 

impact
6 0 0 0.00 4 2 0 0.17 3 3 0 0.25 2 4 0 0.33 0.00 0.00 0.14 0.25 0.21 0.27

Energy balance Cooling down effect 6 0 0 0.00 1 5 0 0.42 4 2 0 0.17 0 2 4 0.83 0.00 0.00 0.09 0.20 0.03 0.25

Water inventory 

variation

Gravity injection (fluid 

friction)
6 0 4 0.40 2 4 4 0.60 0 2 8 0.90 0 5 5 0.75 0.12 0.56 0.19 0.43 0.28 0.23

Steam condensation (void 

effect)
6 0 4 0.40 0 2 8 0.90 3 2 5 0.60 7 3 0 0.15 0.42 0.51 0.95 0.21 0.63 0.46

Water hammer/ wave 

shock at actuation
6 0 4 0.40 5 4 1 0.30 10 0 0 0.00 3 7 0 0.35 0.32 0.51 0.24 0.35 0.00 0.00

Energy balance Cooling down effect 6 0 4 0.40 1 5 4 0.65 4 2 4 0.50 0 4 6 0.80 0.10 0.55 0.16 0.36 0.12 0.50

Wall-fluid friction 2 4 4 0.60 6 0 4 0.40 0 2 8 0.90 0 7 3 0.65 0.26 0.39 0.17 0.51 0.39 0.21

Gas-liquid interfacial 

friction
2 4 4 0.60 6 0 4 0.40 0 2 8 0.90 0 7 3 0.65 0.26 0.39 0.17 0.51 0.39 0.21

Water hammer effect 0 4 6 0.80 6 0 0 0.00 6 0 0 0.00 8 2 0 0.10 0.89 0.22 0.00 0.00 0.00 0.00

Film condensation 0 3 7 0.85 6 0 4 0.40 0 3 7 0.85 0 6 4 0.70 0.32 0.26 0.15 0.55 0.32 0.26

Effect of fouling 0 4 6 0.80 6 0 4 0.40 0 3 7 0.85 3 5 2 0.45 0.54 0.39 0.27 0.78 0.58 0.37

Effect of non-condensable 

gases
3 3 4 0.55 6 0 4 0.40 0 1 9 0.95 6 4 0 0.20 0.54 0.46 0.40 0.55 0.94 0.17

Wall-fluid friction 0 6 4 0.70 6 0 4 0.40 0 4 6 0.80 0 7 3 0.65 0.30 0.26 0.17 0.51 0.35 0.26

Gas-liquid interfacial 

friction
0 6 4 0.70 6 0 4 0.40 0 4 6 0.80 0 7 3 0.65 0.30 0.26 0.17 0.51 0.35 0.26

Heat transfer Effect of fouling 0 4 6 0.80 6 0 4 0.40 0 3 7 0.85 3 5 2 0.45 0.54 0.39 0.27 0.78 0.58 0.37

Circuit Component
Macroscopic 

phenomenon

Heat transfer

Steam Generator 

(secondary side)

Fluid flow (by two-

phase natural 

convection)

Accumulator

Water inventory 

variation

Hybrid Safety 

Injection Tank 

(HSIT)

Screening parameters

Time phase 1 Time phase 2 Time phase 3 Time phase 1 Time phase 2 Time phase 3

Importance ranking
Knowledge ranking

Microscopic phenomenon

Safety Condenser 

(SACO) (secondary 

side)

Fluid flow (by two-

phase natural 

convection)

Primary circuit

Pressure variation

Secondary 

circuit
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Table 4.2.4 PIRT concerning the LOCA scenario with Long Term Injection (part 4) 

 

 

L M H
Importance 

Level
L M H

Importance 

Level
L M H

Importance 

Level
L M H

Knowledge 

Level

Relative 

relevance

Relative 

dispersion

Relative 

relevance

Relative 

dispersion

Relative 

relevance

Relative 

dispersion

Pressure variation 

/ Energy balance

Small steam leak or MSIV 

failure to fully close
0 2 8 0.90 6 0 4 0.40 0 2 8 0.90 1 4 5 0.70 0.33 0.30 0.15 0.74 0.33 0.30

Water inventory 

variation

Small steam or l iquid leak, 

or MSIV failure to fully 

close
0 2 8 0.90 6 0 4 0.40 0 0 10 1.00 1 4 5 0.70 0.33 0.30 0.15 0.74 0.37 0.00

Wall-fluid friction 2 4 4 0.60 6 0 4 0.40 0 4 6 0.80 0 7 3 0.65 0.26 0.39 0.17 0.51 0.35 0.26

Buoyancy forces (by 

density gradient)
0 4 6 0.80 6 0 4 0.40 0 4 6 0.80 0 6 4 0.70 0.30 0.27 0.15 0.55 0.30 0.27

Effect of fouling 1 4 5 0.70 6 0 4 0.40 0 4 6 0.80 3 5 2 0.45 0.48 0.53 0.27 0.78 0.54 0.39

Nucleate boiling 2 4 4 0.60 6 4 0 0.20 3 3 4 0.55 0 1 9 0.95 0.04 0.26 0.01 0.17 0.03 0.28

Thermal diffusion 1 5 4 0.65 6 0 4 0.40 2 3 5 0.65 2 6 2 0.50 0.40 0.46 0.25 0.71 0.40 0.56

Buoyancy forces (by 

density gradient)
1 5 4 0.65 6 0 4 0.40 2 3 5 0.65 0 6 4 0.70 0.24 0.36 0.15 0.55 0.24 0.44

Gas-liquid interfacial 

friction or chugging 
0 4 6 0.80 6 0 4 0.40 1 3 6 0.75 4 4 2 0.40 0.59 0.42 0.30 0.84 0.56 0.57

Heat transfer

Steam injection in the pool 

by sparger and 

condensation
6 0 0 0.00 0 1 5 0.92 2 4 0 0.33 4 2 0 0.17 0.00 0.00 0.95 0.20 0.34 0.25

Thermal diffusion 5 1 0 0.08 2 4 0 0.33 1 5 0 0.42 1 3 2 0.58 0.04 0.29 0.17 0.37 0.21 0.29

Buoyancy forces (by 

density gradient)
4 2 0 0.17 2 4 0 0.33 1 5 0 0.42 0 2 4 0.83 0.03 0.25 0.07 0.25 0.09 0.20

Thermal diffusion 6 0 4 0.40 6 0 4 0.40 0 3 7 0.85 1 7 2 0.55 0.22 0.60 0.22 0.60 0.47 0.28

Buoyancy forces (by 

density gradient)
5 1 4 0.45 5 1 4 0.45 0 2 8 0.90 1 6 3 0.60 0.22 0.65 0.22 0.65 0.45 0.27

Circuit Component
Macroscopic 

phenomenon

Screening parameters

Time phase 1 Time phase 2 Time phase 3 Time phase 1 Time phase 2 Time phase 3

Importance ranking
Knowledge ranking

Microscopic phenomenon

Secondary circuit 

system (pipes, 

pumps, valves, 

penetrations…) Fluid flow (by two-

phase natural 

convection)

Secondary 

circuit

Ambiance 

containment

Atmosphere inside 

the Containment 

Pressure and 

Radioactivity 

Suppression 

System

Fluid movement (by 

natural convection 

/ stratification)

Ultimate Heat 

Sinks

Safety Condenser 

(SACO) (tertiary 

side)

Heat transfer

Fluid movement (by 

single-phase or 

two phase natural 

convection / 

stratification)

In-Refueling Water 

Storage Tank 

(IRWST) Fluid movement (by 

natural convection 

/ stratification)
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 PIRT results – LOCA LTI scenario  

During the initial phase of the accident (phase 1), the phenomena having the largest values of relative 
relevance and/or dispersion in the PIRT are: 

- The water hammer effect in the SACOs condensate line, i.e. the pipes vibrations induced by the 
two-phase fluid flow (relative relevance = 0.89, relative dispersion = 0.22). The magnitude of this 
phenomenon strongly depends on the SACO tubes design. 

- The departure from nucleate boiling (relative relevance = 0.28, relative dispersion = 0.96). Some 
members of the workgroup considered this phenomenon unlikely to happen in this accident 
scenario, while other thought it could happen depending on several other phenomena (mainly rate 
of the depressurization after the break and the evolution of the coolant flow through the core). 
Therefore, the votes are quite dispersed. 

 

During the phase 2 of the accident, the phenomena having the largest values of relative relevance and/or 
dispersion in the PIRT are: 

- The Interaction between the CMT and the accumulator [14] (relative relevance = 0.95, relative 
dispersion = 0.20). In this time phase, in which both of these passive systems are supposed to be 
operational, the liquid flow rate descending from the CMT decreases because of the overpressure 
on the injection line induced by the accumulator. 

- The steam condensation (void effect) in the HSIT [15] (relative relevance = 0.95, relative dispersion 
= 0.21). When the HSIT isolation valves are opened, the steam in the primary circuit should reach 
the SIT upper plenum and pressurize it, and the water contained in it should start flowing through 
the injection line by gravity drainage. But the steam condensation occurring on the cold water 
surface of the SIT prevents it from reaching the pressure equilibrium with the rest of the circuit, and 
reduces the gravity draining flow.  

- The steam injection in the IRWST through the sparger and its subsequent condensation [16] 
(relative relevance = 0.95, relative dispersion = 0.20). This phenomenon affects the evolution of the 
pressures in the primary vessel and in the lower containment, which come to equilibrium after a 
certain amount of time. The steam flow rate released through the break strongly depends on these 
pressures. 

- The flow distribution in the core (relative relevance = 0.28, relative dispersion = 0.96). Both the 
importance of the phenomenon and its knowledge were debated. Some members of the workgroup 
wanted to highlight that a non-uniform flow distribution represents a risk for fuel integrity as it can 
contribute to the formation of hot spots.  

- The gas-liquid interfacial friction and the steam chugging occurring in the SACOs pools (relative 
relevance = 0.30, relative dispersion = 0.84). The members of the workgroup were split mainly on 
the importance of this phenomenon. Some considered that the SACOs action is not really important 
in phase 2 in comparison to the ADS action, which strongly contribute to the vessel 
depressurization. This phenomenon has been discussed also in the previous PIRT (cf. section 3.3). 

- The effect of fouling in the steam generators (primary and secondary sides), and in the SACOs 
(secondary and tertiary sides) (relative relevance = 0.27, relative dispersion = 0.78). These 
phenomena have been discussed also in the previous PIRT (cf. Section 3.3). 
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During the long-term phase of the accident (phase 3), the phenomena having the largest values of relative 
relevance and/or dispersion in the PIRT are: 

- The effect of non-condensable gases on the primary side of the steam generators (relative 
relevance = 1.0, relative dispersion = 0.16). The presence of non-condensable gases in the steam 
generators tubes can hinder the film condensation of the steam and therefore reduce the heat 
exchange between the primary and the secondary circuits. Two passive components, the 
accumulator and the HSIT, are important sources of these gases. Once the accumulator or the 
HSIT valves are opened, the nitrogen which pressurizes their upper plenum progressively spreads 
in the upper part of the primary circuit and mixes with the steam. It should be noted however that 
the accumulator contributes to this phenomenon more than the HSIT, as it contains more nitrogen 
by design. 

- The effect of the non-condensable gases in the secondary side of the SACOs (relative relevance = 
0.94, relative dispersion = 0.17). As discussed previously (cf. section 3.3), these gases limit the film 
condensation in the SACOs tubes. 

- The effect of boron precipitation that could occur on the fuel cladding, and could reduce significantly 
the heat exchange between the fuel and the primary coolant [17] [18] (relative relevance = 0.95, 
relative dispersion = 0.20). The two-phase natural circulation of the primary circuit at saturation may 
induce: on one hand, a local increase of the boron concentration (and subsequent deposition when 
the concentration exceeds the solubility limit), especially in the upper core region, where the void 
fraction is higher; on the other hand, a significant clear water production in the steam generators 
due to steam condensation. 

- The flow distribution in the core (relative relevance = 0.25, relative dispersion = 1.0), as already 
seen in the time phase 2. 

 

 LOCA transient with Final Recirculation Mode (FRM) for stable state 
situation 

The second PIRT considered focusses on long-term cooling achieved through a final recirculation mode 
strategy, after a small break LOCA. The reference reactor design is IRIS as presented in [19]. In case of 
SBLOCA, the differential pressure between RPV and containment equalizes in a short time to stop the loss 
of coolant accident.  
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Figure 4.4.1 IRIS integral layout and steel containment arrangement [19]. 

 

With the IRIS safety strategy, the cooling capability can be ensured for 7 days (equivalent to 168 h 
of grace time) without operator action or off-site assistance for replenishing. 

The IRIS safety strategy in case of LOCA relies on three main design features [19], namely i) the initial 
large coolant inventory in the reactor vessel, ii) the EHRS which removes heat directly from inside the RV 
thus depressurizing the RV by condensing steam, rather than depressurizing by discharging mass, iii) the 
compact, small diameter, high design pressure containment that assists in limiting the blowdown from the 
RV by providing a higher backpressure in the initial stages of the accident and thus rapidly equalizing the 
vessel and containment pressures.  

The main safety system involved in the IRIS safety strategy (Figure 4.4.2) are: 

 A passive Emergency Heat Removal System (EHRS) consisting in four independent trains of 
horizontal U-tube heat exchanger located in the refuelling water storage tank (RWST). They are 
placed outside the containment structure and connected to the four separate SG feed/steam lines. 

 An Automatic Depressurization System (ADS) from the pressurizer steam space, formed by two 
parallel lines, each with two normally closed valves. The single ADS line discharges into the 
pressure suppression system pool tanks through a sparger.  

 Two Emergency Boration Tanks (EBTs) that can deliver borated water to the Reactor Vessel 
through the Direct Vessel Injection (DVI) lines. 

 A containment Pressure Suppression System (PSS) made up of six water tanks and a common 
tank for non-condensable gas storage. Each suppression water tank is connected to the 
containment atmosphere through a vent pipe linked to a submerged sparger to condense steam 
released in the containment following a loss of coolant or steam/feed line break accident. 

 A Long Term Gravity Makeup System (LGMS) formed by a lower containment volume (the RV 
cavity aimed at collecting the liquid break flow and any condensate from the containment), the DVI 
lines, valves and the cavity lines. A gravity-driven flow is established trough the cavity and DVI lines 
able to cool down the reactor vessel. It also provides a path for gravity injection to the coolant 
system from the CPSS. 

The SBLOCA scenario can be summarized as follows [20]. Three main phases (Figure 4.4.3) can be 
identified: 

1. The blowdown phase (phase 1), starting from the break initiation to the pressure equalization. 
After the LOCA initiation, the RV depressurizes whereas the CV pressure starts to rise thanks to the 
mass transfer from the RV. After the break, the reactor trip and pump trip occur and the EBTs are 
actuated to inject borated water. The EHRS is actuated to depressurize the primary system by 
condensing steam on the steam generators (depressurization without loss of mass), and finally the 
ADS is actuated to assist the EHRS in depressurizing the RV. The containment pressure is limited 
by the PSS and the reduced break flow due to the EHRS heat removal from the RV (Vessel 
Depressurization by Condensation & ADS Phase). At the end of the blowdown phase the RV and 
CV pressure become equal (Pressure Equalization Phase) with a CV pressure peak of 
approximately 8 barg. The break flow stops and the gravity makeup of borated water from the 
suppression pool becomes available.  

2. The RV/CV depressurization phase (phase 2), starting from the pressure equalization until the 
RV/CV pressure is reduced below 2 barg. After the pressure equalization, the coupled RV/CV 
system is depressurized by the EHRS through steam condensation inside the RV. In this phase, the 
break flow reverses since heat is being removed not from the containment, but directly from inside 
the vessel. Since steam from the containment is condensed inside the reactor vessel and water is 
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provided from the PSS water tanks, the liquid level in the RV increases. As the CV pressure 
decreases, a portion of suppression pool water is pushed out through the vents and assists in 
flooding the vessel cavity. Eventually the RV and CV pressures are reduced below 2 barg in less 
than 12 hours. 

3. The Long-term cooling phase (phase 3) where the RV and CV pressure is slowly reduced as the 
core decay heat decreases. During this phase of the accident recovery, gravity makeup of borated 
water from both suppression pool and RV cavity is available as required. Since decay heat is 
directly removed from within the vessel and the vessel and containment are thermodynamically 
coupled, the long term break flow does not depend on the core decay heat, but it is in fact limited to 
only the containment heat loss. 

 

Figure 4.4.2 IRIS passive safety system schematic. [19] 

Detailed response and time frame associated with SBLOCA is provided [21] in Table 4.4.1.  

Table 4.4.1 SBLOCA evolution in IRIS  

Time (s) Event (Phases) 

0  Rupture occurs on the reactor vessel (Break Initiation)  

 Reactor vessel pressure declines while the coolant floods containment vessel and pressure in 
containment vessel rises (Blowdown Pressure Suppression) 

12.6  Reactor and pump trip 

26.5  EBTs are activated to provide boration 

33.7  Emergency heat removal system (EHRS) starts to function in order to decrease primary 
system pressure by condensing steam on the steam generators. This is known as 
depressurization without loss of mass 

51.7  Automatic Depressurization System (ADS) is started in order to support EHRS in reducing the 
reactor vessel pressure (Vessel Depressurization by Condensation & ADS) 

 Pressure suppression system reduces containment pressure  

 Containment pressure also reduced by lower coolant flow from rupture location 

1600  Containment vessel and reactor vessel pressure become equal (Pressure Equalization)  

 Containment vessel pressure peak less than 8 barg 

AUX.      T.B.

BLDG.

IRIS - Schematic of Engineered Safeguards Features
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Tank (1 of 1)
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(2 of 8)
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Space
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1 of 4 Subsystems
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 Break flow stops  

 Gravity make-up of borated water from suppression pool becomes available  

 Pressure of reactor vessel and containment vessel declines via EHRS (system condenses 
inside reactor vessel exceeds decay heat boiloff) (RV/CV Depressurization)  

 Break flow reverses since heat is removed directly inside vessel  

 Containment vessel pressure decreases post-reactor vessel depressurization as steam from 
containment condenses inside pressure vessel   

 

 

Figure 4.4.3 SBLOCA sequence in IRIS reactor. 

The IRIS SBLOCA PIRT is presented in Table 4.4.2, Table 4.4.3, Table 4.4.4 and Table 4.4.5. In the 
following, some remarks on the phenomena and components of the PIRT are presented: 

 Riser region – Upper and Lower part. In the PIRT, these two parts are treated as two different 
components since the intrinsic structure of IRIS. About half of steam generator there is a check 
valve in order to allow recirculation of liquid thanks to LGMS. 

 Pressure Suppression System – Back pressure effects. During the initial phases of a loss of 
coolant accident, the pressure in the IRIS containment increases early in the accident and reaches 
a higher allowable pressure. This higher back-pressure, together with the depressurization inside 
the vessel discussed above, provides an inherent limitation to the inventory loss from the reactor 
coolant system, by effectively and quickly zeroing the differential pressure across the break. 

 



  

26 
 

 

Table 4.4.2 PIRT concerning the LOCA scenario with Final Recirculation Mode (part 1) 

 

L M H
Importance 

Level
L M H

Importance 

Level
L M H

Importance 

Level
L M H

Knowledge 

Level

Relative 

relevance

Relative 

dispersion

Relative 

relevance

Relative 

dispersion

Relative 

relevance

Relative 

dispersion

Core region Heat transfer Thermal crisis 0 3 6 0.83 7 1 1 0.17 7 2 0 0.11 6 2 1 0.22 0.65 0.42 0.13 0.63 0.09 0.44

Level (inventory) 1 1 7 0.83 3 4 2 0.44 5 1 3 0.39 1 7 1 0.50 0.42 0.41 0.22 0.48 0.19 0.67

Level swell 4 5 0 0.28 7 1 1 0.17 7 1 1 0.17 0 5 4 0.72 0.08 0.32 0.05 0.46 0.05 0.52

Entrainment/de-entrainment 3 5 1 0.39 9 0 0 0.00 9 0 0 0.00 4 2 3 0.44 0.22 0.72 0.00 0.00 0.00 0.00

Riser flow resistance 5 4 0 0.22 3 4 2 0.44 5 3 1 0.28 0 5 4 0.72 0.06 0.32 0.12 0.51 0.08 0.53

Riser bypass flow resistance 4 1 4 0.50 3 1 5 0.61 7 1 1 0.17 4 3 2 0.39 0.31 0.97 0.37 1.00 0.10 0.82

Flow distribution 4 1 4 0.50 3 1 4 0.56 7 2 0 0.11 1 7 1 0.50 0.25 0.58 0.28 0.61 0.06 0.31

Heat transfer Flashing 0 7 2 0.61 8 1 0 0.06 9 0 0 0.00 5 4 0 0.22 0.48 0.27 0.04 0.22 0.00 0.00

Level (inventory) 0 3 6 0.83 2 3 4 0.61 4 1 4 0.50 1 6 2 0.56 0.37 0.35 0.27 0.62 0.22 0.83

Entrainment/de-entrainment 1 6 2 0.56 7 2 0 0.11 9 0 0 0.00 3 4 2 0.44 0.31 0.55 0.06 0.43 0.00 0.00

Level swell 2 5 2 0.50 8 1 0 0.06 9 0 0 0.00 0 5 4 0.72 0.14 0.43 0.02 0.22 0.00 0.00

Heat transfer Stored energy release 1 4 4 0.67 4 3 2 0.39 5 2 2 0.33 0 2 6 0.88 0.08 0.38 0.05 0.45 0.04 0.55

Draining 1 5 2 0.56 5 0 0 0.00 5 0 0 0.00 2 4 2 0.50 0.28 0.55 0.00 0.00 0.00 0.00

Level (inventory) 0 5 4 0.72 5 0 0 0.00 5 0 0 0.00 1 3 5 0.72 0.20 0.44 0.00 0.00 0.00 0.00

Entrainment/de-entrainment 1 1 7 0.83 5 0 0 0.00 5 0 0 0.00 3 3 3 0.50 0.42 0.71 0.00 0.00 0.00 0.00

Level swell 3 4 2 0.44 5 0 0 0.00 5 0 0 0.00 0 5 4 0.72 0.12 0.48 0.00 0.00 0.00 0.00

Flow regimes Flow resistance 3 3 3 0.50 5 0 0 0.00 5 0 0 0.00 0 3 6 0.83 0.08 0.50 0.00 0.00 0.00 0.00

Heat transfer Stored energy release 1 6 2 0.56 5 0 0 0.00 5 0 0 0.00 0 0 9 1.00 0.00 0.00 0.00 0.00 0.00 0.00

Water inventory

System / Circuit Component
Macro 

phenomenon
Micro phenomenon

Screening parameters

Phase 1

Riser region - 

lower part

Water inventory

Flow regimes

Riser region - 

upper part

Fluidynamics 

Pressurizer

Primary Circuit

Phase 2 Phase 3

Importance ranking
Knowledge ranking

Phase 2 Phase 3 Phase 1
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Table 4.4.3 PIRT concerning the LOCA scenario with Final Recirculation Mode (part 2) 

 

L M H
Importance 

Level
L M H

Importance 

Level
L M H

Importance 

Level
L M H

Knowledge 

Level

Relative 

relevance

Relative 

dispersion

Relative 

relevance

Relative 

dispersion

Relative 

relevance

Relative 

dispersion

Condensation 1 1 7 0.83 0 0 9 1.00 0 2 7 0.89 3 6 0 0.33 0.56 0.41 0.67 0.00 0.59 0.31

Flashing 1 3 5 0.72 6 3 0 0.17 9 0 0 0.00 3 4 2 0.44 0.40 0.66 0.09 0.48 0.00 0.00

Inversion of heat transfer 1 3 4 0.69 3 1 0 0.13 3 1 0 0.13 0 3 5 0.81 0.13 0.44 0.02 0.27 0.02 0.33

Non-condesable effects (heat 

transfer alteration)
3 2 4 0.56 0 1 8 0.94 0 0 9 1.00 6 3 0 0.17 0.46 0.54 0.79 0.21 0.83 0.00

Flow resistance 3 1 5 0.61 0 3 6 0.83 0 4 5 0.78 0 5 4 0.72 0.17 0.59 0.23 0.33 0.22 0.38

Non-condesable effects (flow 

occlusion)
5 4 0 0.22 5 4 0 0.22 3 6 0 0.33 7 2 0 0.11 0.20 0.27 0.20 0.29 0.30 0.31

Flow regimes Flow resistance 3 1 5 0.61 1 2 6 0.78 1 2 6 0.78 0 4 5 0.78 0.14 0.59 0.17 0.47 0.17 0.53

Heat transfer Thermal stratification 3 2 4 0.56 1 2 6 0.78 1 5 3 0.61 1 7 1 0.50 0.28 0.54 0.39 0.45 0.31 0.46

Driving forces 3 2 4 0.56 0 4 5 0.78 1 4 4 0.67 4 2 3 0.44 0.31 1.00 0.43 0.60 0.37 0.91

Pressure Drop 3 2 4 0.56 0 4 5 0.78 3 2 4 0.56 1 6 2 0.56 0.25 0.65 0.35 0.39 0.25 0.77

Non-condesable effects (heat 

transfer alteration)
5 0 4 0.44 0 2 7 0.89 0 2 7 0.89 8 1 0 0.06 0.42 0.41 0.84 0.18 0.84 0.20

Non-condesable effects (flow 

occlusion)
5 4 0 0.22 5 4 0 0.22 5 4 0 0.22 9 0 0 0.00 0.22 0.00 0.22 0.00 0.22 0.00

Instability 0 0 4 1.00 0 0 4 1.00 0 0 4 1.00 4 0 0 0.00 1.00 0.00 1.00 0.00 1.00 0.00

Low driving forces 0 0 4 1.00 0 0 4 1.00 0 0 4 1.00 4 0 0 0.00 1.00 0.00 1.00 0.00 1.00 0.00

Heat transfer Evaporation 0 4 5 0.78 0 1 8 0.94 0 2 7 0.89 4 3 2 0.39 0.48 0.51 0.58 0.34 0.54 0.51

Flow regimes Flow resistance 0 4 5 0.78 0 3 6 0.83 0 4 5 0.78 4 3 2 0.39 0.48 0.51 0.51 0.51 0.48 0.61

Non-condesable effects (heat 

transfer alteration)
3 2 4 0.56 0 3 6 0.83 0 1 8 0.94 7 2 0 0.11 0.49 0.48 0.74 0.27 0.84 0.20

Condensation 0 4 5 0.78 0 2 7 0.89 0 0 9 1.00 6 2 1 0.22 0.60 0.44 0.69 0.40 0.78 0.00

Non-condesable effects (flow 

occlusion)
4 1 4 0.50 1 3 5 0.72 0 3 6 0.83 9 0 0 0.00 0.50 0.00 0.72 0.00 0.83 0.00

Flow resistance 0 4 5 0.78 0 4 5 0.78 0 3 5 0.81 4 4 1 0.33 0.52 0.43 0.52 0.46 0.54 0.50

Steam 

Generator 

(primary side)

Heat transfer

Flow regimes

Downcomer

Integral 

Phenomena

Natural 

circulation

Intermittent 

natural circulation

EHRS

Steam 

Generator 

(secondary side)

EHRS heat 

exchanger (loop 

side)

Heat transfer

Flow regimes

System / Circuit Component
Macro 

phenomenon
Micro phenomenon

Screening parameters

Phase 1

Primary Circuit

Phase 2 Phase 3

Importance ranking
Knowledge ranking

Phase 2 Phase 3 Phase 1
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Table 4.4.4 PIRT concerning the LOCA scenario with Final Recirculation Mode (part 3) 

 

  

L M H
Importance 

Level
L M H

Importance 

Level
L M H

Importance 

Level
L M H

Knowledge 

Level

Relative 

relevance

Relative 

dispersion

Relative 

relevance

Relative 

dispersion

Relative 

relevance

Relative 

dispersion

RWS Tank

EHRS heat 

exchanger (pool 

side)

Heat transfer Evaporation 3 1 1 0.30 1 1 7 0.83 1 3 5 0.72 0 3 6 0.83 0.05 0.49 0.14 0.44 0.12 0.50

Upstream phase separation 0 0 9 1.00 5 0 0 0.00 5 0 0 0.00 7 2 0 0.11 0.89 0.00 0.00 0.00 0.00 0.00

Upstream acceleration 0 1 8 0.94 5 0 0 0.00 5 0 0 0.00 7 2 0 0.11 0.84 0.17 0.00 0.00 0.00 0.00

Flow resitance 0 1 8 0.94 5 0 0 0.00 5 0 0 0.00 2 4 3 0.56 0.42 0.30 0.00 0.00 0.00 0.00

Heat transfer Condensation/evaporation 0 1 8 0.94 1 1 7 0.83 4 1 4 0.50 5 4 0 0.22 0.73 0.20 0.65 0.46 0.39 0.73

Steam/non-condensable 

distribution 
0 1 8 0.94 1 1 7 0.83 3 1 5 0.61 7 2 0 0.11 0.84 0.17 0.74 0.39 0.54 0.59

PSS expelled water flow regime 1 2 0 0.33 1 1 1 0.50 2 1 4 0.64 4 2 1 0.29 0.24 0.45 0.36 0.73 0.46 1.00

Liquid distribution 1 4 2 0.57 1 4 2 0.57 3 3 2 0.44 3 3 1 0.36 0.37 0.58 0.37 0.55 0.28 0.85

PSS water expulsion 3 1 0 0.13 1 1 2 0.63 3 1 4 0.56 6 2 0 0.13 0.11 0.24 0.55 0.47 0.49 0.63

ADS quench tank water 

expulsion 
1 1 6 0.81 3 1 0 0.13 4 0 0 0.00 6 2 0 0.13 0.71 0.39 0.11 0.25 0.00 0.00

Back pressure effects from gas 

space
1 2 5 0.75 3 1 4 0.56 8 0 0 0.00 2 3 3 0.56 0.33 0.72 0.25 0.95 0.00 0.00

Mass flow 1 2 5 0.75 3 1 4 0.56 8 0 0 0.00 0 1 7 0.94 0.05 0.31 0.04 0.40 0.00 0.00

Flow resistance 1 3 5 0.72 3 1 5 0.61 7 0 1 0.13 0 5 3 0.69 0.23 0.43 0.19 0.58 0.04 0.50

Non-condensable effects (heat 

transfer alteration)
0 4 5 0.78 3 5 1 0.39 3 0 1 0.25 7 2 0 0.11 0.69 0.27 0.35 0.36 0.22 0.56

Thermal stratification and 

mixing
1 3 5 0.72 2 7 0 0.39 5 0 0 0.00 1 8 0 0.44 0.40 0.28 0.22 0.18 0.00 0.00

Condensation 0 4 5 0.78 2 3 4 0.61 3 1 0 0.13 4 3 1 0.31 0.53 0.45 0.42 0.72 0.09 0.47

Level (inventory) 0 3 5 0.81 0 2 6 0.88 4 1 0 0.10 5 1 3 0.39 0.50 0.58 0.53 0.55 0.06 0.57

Level swell 3 1 4 0.56 3 5 0 0.31 4 1 0 0.10 0 3 6 0.83 0.09 0.57 0.05 0.32 0.02 0.29

Flow regimes
Non-condensable effects (flow 

occlusion)
5 0 0 0.00 5 0 0 0.00 5 0 0 0.00 9 0 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00

PSS

Containment 

dry well

Flow regimes

Water inventory

PSS suppression 

pool spargers 

and vents to 

containment

Flow regimes

PSS suppression 

pool tanks

Heat transfer

Water inventory

ADS
ADS lines, valves 

and spargers
Flow regimes

System / Circuit Component
Macro 

phenomenon
Micro phenomenon

Screening parameters

Phase 1 Phase 2 Phase 3

Importance ranking
Knowledge ranking

Phase 2 Phase 3 Phase 1
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Table 4.4.5 PIRT concerning the LOCA scenario with Final Recirculation Mode (part 4) 

L M H
Importance 

Level
L M H

Importance 

Level
L M H

Importance 

Level
L M H

Knowledge 

Level

Relative 

relevance

Relative 

dispersion

Relative 

relevance

Relative 

dispersion

Relative 

relevance

Relative 

dispersion

Level (inventory) 1 3 1 0.50 0 2 7 0.89 3 1 1 0.30 4 4 1 0.33 0.33 0.55 0.59 0.39 0.20 0.83

Level swell 0 4 0 0.50 2 5 1 0.44 3 1 1 0.30 0 5 4 0.72 0.14 0.00 0.12 0.41 0.08 0.62

Flow regimes
Non-condensable effects (flow 

occlusion)
5 0 0 0.00 7 2 0 0.11 5 0 0 0.00 9 0 0 0.00 0.00 0.00 0.11 0.00 0.00 0.00

Thermal stratification and 

mixing
1 2 1 0.50 2 6 1 0.44 3 1 1 0.30 2 7 0 0.39 0.31 0.38 0.27 0.33 0.18 0.52

Non-condensable effects (heat 

transfer alteration)
3 1 1 0.30 5 4 0 0.22 3 1 0 0.13 5 3 0 0.19 0.24 0.51 0.18 0.32 0.10 0.33

Condensation 0 4 1 0.60 5 4 0 0.22 2 3 0 0.30 4 5 0 0.28 0.43 0.26 0.16 0.34 0.22 0.38

DVI line Flow regimes Flow resistance 3 2 0 0.20 0 4 5 0.78 3 1 0 0.13 0 4 4 0.75 0.05 0.32 0.19 0.33 0.03 0.34

Valve Flow regimes Hydraulic shock 1 2 1 0.50 1 3 4 0.69 3 1 0 0.13 1 6 2 0.56 0.22 0.52 0.31 0.55 0.06 0.38

Cavity line Flow regimes Flow resistance 5 0 0 0.00 4 1 0 0.10 1 1 6 0.81 0 4 4 0.75 0.00 0.00 0.03 0.26 0.20 0.54

Valves Flow regimes Hydraulic shock 5 0 0 0.00 4 1 0 0.10 2 1 6 0.72 1 6 2 0.56 0.00 0.00 0.04 0.31 0.32 0.73

DVI line Flow regimes Flow resistance 4 1 0 0.10 4 1 0 0.10 1 0 7 0.88 0 5 3 0.69 0.03 0.25 0.03 0.25 0.27 0.50

RPV cavity Water inventory Level (inventory) 4 1 0 0.10 4 1 4 0.50 1 0 7 0.88 5 3 1 0.28 0.07 0.36 0.36 0.90 0.63 0.71

RPV injection 

system

PSS suppression 

pools

Water inventory

Heat transfer

LGMS

System / Circuit Component
Macro 

phenomenon
Micro phenomenon

Screening parameters

Phase 1 Phase 2 Phase 3

Importance ranking
Knowledge ranking

Phase 2 Phase 3 Phase 1
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 PIRT results – LOCA FRM scenario  

During the first phase of the LOCA scenario (phase 1 - Blowdown), the phenomena having the largest 
values of relative relevance / dispersion in the PIRT are: 

- The intermittent natural circulation due to instability or the low driving force in the primary circuit 
(relative relevance = 1, relative dispersion = 0). These integral phenomena (judged just by CIRTEN 
+ ENEA experts) has been considered relevant to ensure the proper natural circulation cooling in 
the reactor vessel. The low driving force can result from high pressure losses along the natural 
circulation path (especially the localized ones), in addition to the relative low power level provided 
by the decay heat. The low driving force – considered as one of the major drawback for the natural 
circulation [22] – results in a limited cooling flow and a low heat transfer capabilities. This 
phenomenon is considered as “integral” since it involves different components (RV height, pipes 
and valves sized…) and different phenomena (flow resistance, heat transfer…). In addition, 
instability may occur due to the physical coupling between driving force and natural circulation flow 
that can lead to undesired oscillation of the mass flow and temperatures. 

- The flow regimes in the ADS lines, in particular the issues related to the upstream phase separation 
and acceleration (relative relevance = 0.89 with relative dispersion = 0 and relative relevance =0.84 
with relative dispersion = 0.17). In the case of an SBLOCA, after the vessel depressurization, in the 
ADS lines there is a two phase water mixture. Since the vapour and the liquid phase have different 
velocities, there is a separation between them. These are considered important in order to 
depressurize the reactor vessel and reaching the equalization between RV and CV.  

- The steam/non-condensable distribution in the containment drywell (relative relevance =0.84, 
relative dispersion = 0.17) can impact both the flow regimes and the condensation performance of 
the drywell. This may have also an impact on the interactions between the PSS and the 
containment drywell. This is judged relevant in the first phase of the transient since the safety 
system are aimed at reaching the pressure equalization between RV and CV.  

- The driving forces for natural circulation as integral phenomena (relative relevance = 0.31, relative 
dispersion = 0.1) have been judged in different way by the experts (the votes are dispersed). See 
the previous comment on the natural circulation.  

During the second phase of the LOCA scenario (phase 2 – RV/CV depressurization), the phenomena 
having the largest values of relative relevance and/or dispersion in the PIRT are: 

- The effect of non-condensable gas, especially in terms of heat transfer alteration in the primary 
steam generator (relative relevance = 0.79, relative dispersion = 0.21), and in terms of flow regimes 
in the loop side of the EHRS heat exchanger (relative relevance = 0.79, relative dispersion = 0.21), 
and in general as integral phenomenon (relative relevance = 0.84, relative dispersion = 0.181) are 
considered relevant in this phase aimed at the RV/CV depressurization and at heat extraction from 
the reactor vessel. This is accomplished also through the EHRS connected to the primary steam 
generator. The level of knowledge is also connected to the innovative design of the steam generator 
and the emergency heat exchanger. In this regard, all the phenomena related to the flow resistance, 
condensation, heat transfer in the primary steam generator and in the EHRS heat exchanger, 
evaporation in the RWS tank are considered important, with different level of knowledge. These 
phenomena are also considered relevant in long term cooling phase and are not reported again for 
brevity. 

- The flow resistance in the riser (lower part) bypass (relative importance 0.37, relative dispersion = 1) 
have been judged in different way by the expert. 
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During the third phase of the LOCA scenario (phase 3 – long term cooling), the phenomena having the 
largest values of relative relevance and/or dispersion in the PIRT are (in addition to those previously 
mentioned : 

- The phenomena related to the LGMS are considered important in this phase, namely the flow 
regimes in the cavity and DVI lines, in the valves and the inventory in the reactor vessel cavity. 
Especially the latter is also considered relevant (relative relevance = 0.63, relative dispersion = 
0.71) for the role in the establishment of a natural circulation flow for the long-term cooling of the 
reactor vessel. It is worth mentioning that, in this phase, also the phenomena mentioned above are 
relevant. In particular the intermittent natural circulation due to instability or the low driving force in 
the primary circuit, and the phenomena related to the flow resistance, condensation, heat transfer in 
the primary steam generator and in the EHRS heat exchanger, and the evaporation in the RWS 
tank. 

- The PSS expelled water flow regime (relative relevance = 0.46, relative dispersion = 1) have been 
judged in different way by the expert. 

5. Conclusion 

The Loss Of Offsite Power scenario has been divided in two main phases: a short-term and a long-term 
one. The short-term phase ranges from the accident initiation to the moment in which the thermal power 
extracted by the passive heat removal system is larger than the power produced by the core decay heat. 
The long-term phase follows the previous one and lasts until the end of the period of grace (72 h). 

The PIRT concerning this scenario outlined that the most relevant phenomena are those affecting the heat 
transfer performance of the Safety Condensers, in particular the effect of fouling on both the tertiary side of 
the Safety Condensers, and the secondary side of the steam generators. The PIRT also outlined that the 
gas-liquid interfacial friction or steam chugging in the Safety Condenser pool is particularly relevant in the 
short-term phase, while the effect of non-condensable gas in the Safety Condenser tubes is relevant in the 
long-term phase. 

The Loss Of Coolant Accident scenario concerning the Long Term Injection configuration has been divided 
in three phases: the first one ranging from the initial event up to the ADS opening; the second one, focusing 
on the primary circuit depressurization up to the pressure equilibrium state; the third one, focusing on the 
long-term injection. 

The PIRT concerning this scenario outlined that the most relevant phenomena in the first phase are the 
water hammer effect in the Safety Condenser loop, and the risk of departure from nucleate boiling in the 
core. In the second phase, the most relevant phenomena are the interference between the Core Make up 
Tank and the Accumulator water delivery, the steam condensation in the upper plenum of Core Make up 
Tank or Hybrid Safety Injection Tank, the steam injection in the IRWST through the sparger and its 
subsequent condensation. In the third phase, the most relevant phenomena are the effect of non-
condensable gas on both the primary side of the steam generators and the secondary side of the Safety 
Condensers, and the boron precipitation on the fuel cladding. 

The PIRT of the IRIS SBLOCA outlined that the most relevant phenomena identified are those affecting the 
natural circulation in the primary circuit, mainly instabilities or the low driving force. The intermittent natural 
circulation should be seen as integral phenomenon since it is affected by phenomena (e.g. flow resistance) 
that involve different components (e.g., flow resistance). This phenomenon should require significant 
experimental data and analytical tool development due to the importance in all the phases of the SBLOCA 
scenario and the low knowledge level. Another significant area for experimental/analytical development is 
connected to the coupling between the primary steam generator and the EHRS heat exchanger. The effect 
of non-condensable gas (mainly in terms of heat transfer alteration), the condensation and the evaporation 
mechanisms, the heat transfer between the primary and the secondary sides are of paramount importance 
especially when dealing with innovative design for both the steam generators and the emergency heat 
exchangers. 
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6. Summary 

This deliverable contains the results of the activity conducted in the Task 3.1 “Simplified PIRT” of the 
ELSMOR project.  

The objective of the task is to provide a simplified PIRT to characterize the most promising passive systems 
to accomplish the relevant safety function in SMR designs, with particular attention to the relevant 
phenomena in PSS for heat removal from the core with passive safety systems. The scope of this work is 
the identification of significant T/H phenomena involved in the behaviour of the SMR in normal and 
accidental conditions (e.g. DHR, heat transfer through compact heat exchangers, natural circulation, 
primary to containment system interaction, etc.), considering DBC Level 1-4 and DEC A conditions. 

Considering the scope of the task we have not to take a reference to a specific reactor design, with a 
complete characterization of the safety components, in opposition of classical development of the method. 
This work task is based on the knowledge of several reactor design publications, and is presented as an 
applicative method of characterization and ranking table phase for the main physical phenomena of the 
most passive systems used in a core cooling safety demonstration. IRIS reactor from Westinghouse and 
International Consortium and SMART reactor from KAERI are the reactor design concepts of which most of 
the following transient studies have been studied and analysed in this document. 

We have considered two main transient accidents category in a typical preliminary safety report 
demonstration, with a typical loss of offsite power or normal heat sink in a first step, and a typical loss of 
cooling accident with the most penalizing break event, in a second step.    

The obtained result is a list of the relevant phenomena interesting to provide a better understanding of the 
passive safety systems knowledge, can be taken into consideration for the execution of experimental 
campaigns to support the licensing activity of SMR-type plants. 

7. List of abbreviations 

ACCU Accumulator 

AOO Anticipated Operational Occurrences 

ADS Automatic Depressurization System 

CV Containment Vessel 

EBT Emergency Boration Tanks 

EFW Emergency Feed Water 

EHRS Emergency Heat Removal System 

HSIT Hybrid Safety Injection Tank 

IAEA International Atomic Energy Agency 

IRIS International Reactor Innovative and Secure 

IRWST In-Refuelling Water Storage Tank 

LGMS Long Term Gravity Makeup System  

LOOP Loss Of Offsite Power 



  

33 
 

MSRT Main Steam Relief Train 

MSIV Main Steam Isolation Valve 

PIRT Phenomenon and Identification Ranking Table 

PRHRS Passive Residual Heat Removal System 

PSS Pressure Suppression System 

RV Reactor Vessel 

RHWG Reactor Harmonization Working Group 

SACO Safety Condenser 

SBLOCA Small Break Loss Of Cooling Accident 

SCRAM Safety Control Rod Axe Man 

SMART System-Integrated Modular Reactor 

SMR Small and Modular Reactor 

TLOF Total Loss Of Flow 

WENRA Western European Nuclear Regulators Association 
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