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ABSTRACT 
 

This work concerns the design of a specific passive system for an advanced pressurized water 
reactor (PWR). The system studied is based firstly on passive safety condensers, which are increasingly 
used in the design of advanced nuclear power plants. These condensers are typically immersed in large 
water tanks that serve as a heat sink. They are located at a sufficient height to ensure a natural two-
phase circulation mode. Such a heat removal system can be used for a relatively long period depending 
on the size of the tank. 

The present research is based on using a fraction of the energy stored in this volume of boiling 
water as a heat source for an organic Rankine cycle via an immersed heat exchanger. The electrical 
energy produced will power various critical components, complementing existing systems.  

Three unusual issues challenge the use of an ORC in this context: the nature of the hot source 
(boiling pool water), the low temperature of the hot source (100°C), and the requirement for system 
reliability and robustness. Apart from these three challenges, the usual constraints associated with ORC 
systems still exist: maximizing energy performance, using an environmentally friendly fluid and 
minimizing space requirements. 

An experimental test bench with a boiling water pool and an ORC with submerged evaporator was 
built to address the main questions. The first set of results shows the nominal operation of the coupling 
between the boiling water pool and the ORC when Novec649TM is used as working fluid. The reliability 
of the system is then studied through the investigation of the immersed evaporator and the 
implementation of a theoretical model. The theoretical model of the system will be used to scale the 
system. 

 
1 Introduction 

 
With approximately 450 nuclear power plants (NPP), nuclear power generates approximately 10% 

of global electricity [1], [2]. Three major nuclear accidents occurred in the last five decades: Three Mile 
Island (1979), Chernobyl (1986), and Fukushima Daiishi (2011) [3]–[5]. The experience feedback of 
these accidents is taken into account in the design of the new generation NPPs (generation III and 
beyond) with a view to improving safety. The state of the art of these accidents is incorporated into new 
generation NPPs (generation III and beyond) to improve safety systems for nuclear new builds. As a 
result, a safety enhancement program has been developed, with a focus on passive safety systems for 
new-generation NPPs, able to handle with highly severe conditions resulting in a long period of loss of 
offsite power inducing a global loss of heat sink event. These systems can function during station 
blackout (SBO). 

Passive systems, like the passive residual heat removal system (PRHRS), derive their effectiveness 
from the lack of rotating machinery (such as pumps or diesel engines). These systems only rely on 
natural forces, such as natural convection, to transfer the residual heat from the core to the cold source 
(water or air). The use of passive systems simplifies plant systems, as well as their operation and 
maintenance [6]. 
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Some new generation NPPs already include PRHRS [7]. This PRHRS can be connect directly to 
the primary loop as on the AP1000 [8] or the CAP1400 [9]. Indeed, a PRHR transfers the residual heat 
from the core to the in-containment refuelling water storage tank (IRWST) through a heat exchanger 
(HX). To ensure natural convection, the IRWST is located above the reactor. Another existing solution 
is to connect the PRHRS through the secondary loop in order to cool the steam generator (SG) which 
removes the decay heat from the primary loop, as existing on the HPR1000 [10] or the CPR1000 [11]. 
This system is named secondary side passive residual heat removal system (SSPRHRS). Because the 
SSPRHRS is connected to the secondary side, the PRHR HX acts as a safety condenser (SACO).   

Moreover, while passive cooling systems are effective and dependable, they should not be the only 
focus. Thus, another safety concern raised by various safety authorities is the installation of an 
emergency power supply in addition to the existing power supplies [12]. Then, one concept is to use 
the water tank as a hot source for a thermodynamic cycle such as a Stirling engine or an Organic Rankine 
Cycle (ORC). The electricity generated by the cycle will provide electricity for its own use (pump) as 
well as a production surplus [13], [14]. The Figure 1 illustrates the coupling of a PRHRS and an ORC. 

ORC is a thermal-driven power cycle that generates electricity by using a heat source and a low-
boiling-point fluid as the working fluid [15], [16]. ORC has been identified as one of the best thermal 
engines for producing electricity with a low heat source (150 °C) [17]. The majority of the heat sources 
used are geothermal, with approximately 3 GW of cumulative installed capacity in 2020, with power 
output ranging from a few kW to several dozen MW [18].  

A tubular evaporator immersed in the boiling water tank enhances the coupling between the ORC 
and the boiling water tank. Natural convection is used to transfer heat from the boiling water to the 
tubes outer walls. Additionally, mini-channel type tubes have been selected to enable heat transfer over 
a maximum surface area while maintaining acceptable heat transfer coefficients inside the tubes. This 
kind of tube is widely used to dissipate heat in confined spaces [19]. 

Thus, despite the fact that ORC are a well-established system, their use in nuclear safety necessitates 
a focus on their reliability. Indeed, the ORC must be capable of producing electricity on any situation 
(extreme climatic conditions, aging of components etc.) continuously. In addition, the innovative design 
of the heat exchanger also necessitates an experimental investigation of the heat transfer coefficients 
inside and outside the tubes in order to scale it up for a full-scale application. This article will 
concentrate on these two research directions. 

 

 
Figure 1 : PRHRS and ORC coupling - simplified diagram 
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2 Experimental test bench 

2.1 The experimental ORC  
The experimental test bench is composed of two main parts:  

 
- The ORC composed of an immersed evaporator. 
- The boiling water tank, which is supposed to replace the SACO pool, composed of heating 

rods, which are supposed to replace the operation of the passive SACO. 
 

The test bench objective is to operate as a small-scale demonstrator and, through the results 
obtained, to enable scale transposition. At the volumetric pump inlet, the working fluid is liquid. The 
volumetric pump raises the working fluid pressure to a high level. The fluid is evaporated in the boiling 
water tank using an immersed evaporator. This vapour is then expanded in a partial admission axial 
micro-turbine with a maximum power of about 1 kW. A generator transforms the mechanical power 
produced by this expansion into electricity. The low-pressure vapor is cooled by a plate condenser, 
which uses an active external water circuit as a cold source, before it is sent back to the pump. 

The system lubrication is provided by the working fluid itself. An external circuit designed 
specifically for the generator keeps it cool. A small centrifugal pump is placed just before the volumetric 
pump to slightly increase the pressure and avoid cavitation. A tank, located between the condenser and 
the centrifugal pump, ensures a sufficient net positive suction head (NPSH) at the centrifugal pump 
inlet. An additional system comprised of a heat exchanger and a bypass system allows for the 
investigation of a wide range of cold source temperatures. The use of a pump in combination with a 
needle valve allows for the investigation of a wide range of mass flow rates and pressures. 

The boiling water tank has a capacity of 1.5 m3. It includes ten 20 kW heating rods. Every heating 
rod has a heat flux density of 10.1 W/cm2, which is roughly the same order of size as a SACO [20]. The 
power in the pool varies between 0 kW and 100 kW (five heating rods maximum). The maximum power 
ratio between heating rods and immersed exchanger is approximately five.  

Temperature sensor rods are used to measure the temperature gradient in the tank.  The positioning 
of the rods in the water tank is described in Figure 2. A level sensor system linked to an automatic valve 
controls the amount of water in the tank. 

 

 
Figure 2 : Boiling water tank 

 
2.2 Measurement 
 

The characteristics of the measuring equipment used for measurement and data acquisition are 
listed in Table 1. 
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The working fluid, the water tank and cold source loops are equipped with Type-T thermocouples 
to measure the temperatures between the various components. Figure 2 shows the temperature sensors 
at the evaporator exterior tube wall.  The working fluid circuit is instrumented with absolute pressure 
sensors (APS) at the turbine inlet and outlet to measure the two pressure stages within the plant. The 
volume flow measurements of the cold circuit are made with electromagnetic flow meters (EFMs) while 
the fluid flow is measured with a Coriolis-type mass flow rate meter. The gross power produced at the 
turbine is measured with a power meter.  

 

Table 1: Measurement characteristics 

Variable Equipment Range Uncertainty 
Electrical power Wattmeter 0–3250 W ± 0.3% 
Volume flow (cold source) EFM 0–2500 L/h ± 0.33% 
Mass flow rate (working fluid) Coriolis 50–500 kg/h ± 0.30% 
Temperature Thermocouple Type-T −200–200 °C ± 0.1 °C 
Pressure APS 0–7 bar ± 1% 

 
 

3 Working fluid 
 

The working fluid used in this work is the Novec649TM. This fluid is neither toxic nor flammable 
[21]. Furthermore, Novec649TM is exempt from the Kyoto and Paris agreements on refrigerant working 
fluids due to its environmental characteristics (ozone depletion potential (ODP) = 0 and global warming 
potential (GWP) = 1) (Table 2) [22], [23]. Moreover, Novec649TM is a dry fluid (∂T/∂s > 0) which avoid 
any risk of erosion on the turbine. A other interest lies in its moderate high pressure. 

The thermodynamic properties of the Novec649TM, come from EES (engineering equation solver) 
software [24]. 

 

Table 2: Novec649TM properties 

Properties Novec649TM 
Fluid type Dry 
Fluid class Fluoroketone 
Formula CF3CF2C(O)CF(CF3)2 
Critical temperature (°C) 169 
Critical pressure (bar) 18.7 
Normal glide 0 
ODP 0 
GWP 1 
Flammability No 
Toxicity Null 

 
 

4 Global ORC results 
 

The experimental test bench initial results allowed for the determination of the ORC nominal 
operating point. The cycle T-s diagram is shown in Figure 3. 
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Figure 3 : Novec649TM T-s Diagram 

 
The ORC overall efficiency during nominal operation is around 2%. Because of moderate hot 

source temperature, overall efficiency is low. Furthermore, due to the ORC small size, partial admission 
machine has been chosen, leading to an isentropic turbine efficiency of 50%. Detailed elements on 
turbine type and efficiency can be found in a recent article [25]. Projected full scale machine (i.e. 
without partial admission) would lead to an isentropic turbine efficiency of nearly 75%. 

The low efficiency value of the global system is not a central problem as the amount of recoverable 
hot source is significantly higher than the amount of hot source required for the cycle to operate properly 
in real operation (~150 kW), where the hot source is the residual power of a nuclear reactor core (30 
MW). Furthermore, the size of the turbo machine will be larger during scaling up, which will increase 
turbine and system efficiencies.  

Table 3 : Nominal point 

Specification Unit Data 
Electrical power Watts 138 
Overall efficiency % 2 
Turbo generator efficiency % 16 
Pressure rate [-] 7.4 
Temperature of hot source °C  ≈100 
Cold source temperature °C 13 

 
The experimental ORC can generate about 140 Watts of electrical power under nominal operation. 

According to the initial calculations, the ORC will need to be able to generate about 10 kW of power at 
scale 1. Thus, theoretical models of the ORC components under the EES software are realized in order 
to scale up the ORC. 

The present analysis is focused on the submerged evaporator model. An axial turbine model in 
nominal and degraded conditions (partial evaporation condition at turbine inlet) was realized and 
experimentally validated in a recent article [25]. A condenser model in normal and off-normal 
conditions (cold source temperature variation) was realized and experimentally validated in a separate 
paper. 

 
5 Immersed evaporator  

 
The ORC immersed evaporator was designed to validate experimentally inside and outside heat 

transfer coefficients. The validation of these models will support a scale transposition via the 
conservation of some dimensionless numbers (Re; Ra).  

The size of the experimental immersed evaporator is summarized in the  
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Table 4. 
 

Table 4 : Experimental immersed evaporator design. 

Specification Unit Data 
Length in height [mm] 800 
Distance between heat transfer tube [mm] 18 
Outside tube diameter [mm] 3.17 
Tube thickness [mm] 0.89 
Number of tubes [-] 551 
Total exchanger diameter [mm] 406.4 

 
5.1 Natural convection 
 

Since the tubular evaporator is submerged in a tank of water, the heat transfer is processed by natural 
convection. Since the Rayleigh number (eq (1)) value at the wall is around 10�, the flow is laminar. In 
this context, two correlations have been examined. 

 
 𝑅𝑅𝑅𝑅 = 𝐺𝐺𝐺𝐺. 𝑃𝑃𝑃𝑃 (1) 

 
𝐺𝐺𝐺𝐺 =  

 𝜌𝜌�𝑔𝑔𝑔𝑔(𝑇𝑇����� − 𝑇𝑇����)𝑑𝑑�

𝜆𝜆𝜇𝜇�   (2) 

 
The Churchill and Chu (1975) correlation, used in the MARS code for vertical surfaces with  
Gr.Pr> 0.1 [26], [27].  
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⎫
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 (3) 

 
For laminar flow on vertical surfaces, the Ostrach laminar theory (1953) has been used [28], [29]. 

 
 𝑁𝑁𝑢𝑢� = 0.555𝑅𝑅𝑎𝑎

�
� (4) 

 
Figure 4 shows the comparison between the theoretical and experimental convective heat transfer 

coefficients. It has been noted that Ostrach (1953) correlation calculates a convective heat transfer 
coefficient for the entire test in a +/- 30% range. Additionally, the estimated convective exchange 
coefficient values are of an order of magnitude consistent with the literature [30]. Thus, this correlation 
has been selected for the next step. 

Other natural convection models have been tested, based on a revised Ra* [31], [32]. The results 
presentations required a more detailed paper.  
 
5.2 Inside tubes  
 

Bibliography concerning working fluid evaporation correlation is very limited due to the facts that 
Novec649TM is a relatively recent working fluid used in ORC systems and that the Reynolds number 
inside the tubes is small (due to the small mass flow rate). 

In single phase, the Nusselt number of the fluid is calculated using eq (5), which is a classic 
correlation in single-phase laminar flow 𝑅𝑅𝑅𝑅�� < 2300.  

 
 𝑁𝑁𝑢𝑢�� = 4.36 (5) 
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A previous study on a plate evaporator demonstrated that the Gullapalli correlation was adapted for 
for low Reynolds in Novec649TM in two-phase conditions [33], [34]. 

 
 

𝑁𝑁𝑢𝑢������������� = 1.926. 𝐵𝐵𝑜𝑜���.�. �(1 − 𝑥𝑥) + 𝑥𝑥. �
𝜌𝜌�
𝜌𝜌�
�
�.�
� . 𝑅𝑅𝑒𝑒��.�. 𝑃𝑃𝑟𝑟�

�
� (6) 

 
The Gullapalli correlation estimates the two-phase heat transfer coefficient with an approximate 

value of 400 W/m².K. The results are coherent with low Reynolds numbers results of the literature [35]. 
However, the Gullapalli correlation overestimates the value of the heat transfer rate; it would be 
interesting to correct this value using a corrective coefficient. 

However, the goal of this model is to predict a shift in scale for an exchanger size. The accuracy in 
exchanged power that this model can provide is therefore crucial. The size of the components at scale 
1 will then reflect this accuracy. Then, as we can see on the Figure 5 this model predicts the global heat 
transfer between the theoretical model results and the correlated ones within 5%.  
 

 
Figure 4 : Experimental and correlated natural convection heat transfer coefficients comparison 

 

 
Figure 5 : Comparison of the experimental and correlated global power exchanged in the evaporator 
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6 CONCLUSIONS 

 
To conclude, this study has shown by experiments that it is possible to recover low grade heat 

through an immersed heat exchanger and convert it to electricity. 
An evaporator model has been developped, using the Ostrach [28], [29] correlation in natural 

convection and the Gullapalli [33], [34] correlation inside the tubes. This model predicts the global heat 
transfer between the theoretical model results and the correlated ones within 5%. This model, coupling 
through a global ORC system description enable the quantification of electricity production in various 
conditions. 

The experimental study is still in progress in order to investigate off nominal situations and other 
ORC fluids performances.   
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NOMENCLATURE 

 
Symbols   
d tube diameter (m) 
g acceleration of gravity (m/s²) 
T temperature (K) 
x vapour quality (-) 
Greek letters   
α heat transfer coefficient (W/m².K) 

β coefficient of thermal 
expansion (K-1) 

λ thermal conductivity (W/m.K) 
μ dynamic viscosity (Pa.s) 
ρ density (kg/m3) 
 
   

Subscripts  
d diameter 
eq equivalent 
exp experimental 
l liquid 
sp single-phase 
th theoretical 
tp two-phase 
v vapor 
  
  

 
GLOSSARY 

 
EES engineering equation solver 
GWP global warming potential 
HX heat exchanger 
IRWST in-containment refuelling water storage tank 
NPSH net positive suction head 
NPP nuclear power plants 
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ODP ozone depletion potential 
ORC organic Rankine cycle 
PRHRS passive residual heat removal system 
SACO safety condenser 
SBO station blackouts 
SG steam generator 
SSPRHRS secondary side passive residual heat removal system 
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This book contains the compilation of works contributed to the 7th International Se-
minar on Organic Rankine Cycle Power Systems (ORC 2023), held in Seville between 
the 4th and 6th of September 2023. The event was hosted by Universidad de Sevilla on 
behalf of the Knowledge Centre on Organic Rankine Cycle Technology (KCORC), in-
corporated in The Netherlands. 

The ORC conference, organized biennially, stems as the only conference that is specific 
to ORC technology, therefore gathering a diverse community whose affiliation spans 
across all the interested stakeholders, not only in this particular technology but also 
and in a broader context, in the energy transition. Original equipment manufacturers, 
professional associations, end-users, investors, policy makers, academics, scientists feel 
at home at ORC 2023. 

The almost 100 proceedings in this book cover a wide variety of topics, from fundamen-
tals to system integration through component design, accounting for thermodynamic 
performance as well as component design. In addition to this, and as a new track in 
2023, works on heat pump technology were also accepted in order to raise awareness of 
the strong ties between both technologies, specifically in energy storage applications. 

This book provides an excellent overview of the current maturity of power systems ba-
sed on Organic Rankine Cycle technology for applications as diverse as geothermal and 
waste heat recovery in industry or downstream of other prime movers (e.g., marine 
applications). It is also an excellent source of information to understand the current 
challenges faced by the technology, stemming from a very competitive market and in-
creasingly stringent environmental regulations. 

The organizers of ORC 2023 hope that the reader finds this work as exciting as the at-
tendees to the conference and, maybe, make the decision to join the 8th edition to the 
conference in 2025.

https://editorial.us.es
https://kcorc.org/
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