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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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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



  

12 
 

 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. 














































