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A B S T R A C T   

Passive residual heat removal safety systems are a modern design concept employed in Nuclear Power Plants 
(NPPs), and operate based on natural circulation. Several passive safety systems such as the emergency con
densers (EC) use heat exchanger tube bundles immersed in large pools of coolant acting as a heat-sink (secondary 
side). The primary side of the heat exchanger is connected to the reactor core and, when activated, removes the 
decay heat in case of an accident. Recent research revealed the limitation of the state-of-the-art heat transfer 
models to capture the heat transfer rates achieved in these systems. The problems can be identified in both – 
primary and the secondary sides. The main focus of this study is to investigate the thermal hydraulic behavior of 
the secondary side of an EC. The data from the NOKO test facility has been considered as the validation base of 
this study. It has been observed that strong temperature stratification establishes in the pool due to the heat 
transfer process happening in a confined volume zone. Under this condition, the saturation temperature is 
reached at higher elevations of the tank while lower the liquid remains subcooled. This leads to different thermal 
behavior of the liquid at different elevations in the tank which is not properly captured by simple models. In 
addition, due to the complexity of the heat transfer process the required computational power is another chal
lenge to study the thermal hydraulic behavior of the system. Therefore, the main aim of this study was to 
correctly predict the temperature stratification in the pool and identify boiling onset at different locations 
specially on the heated surfaces, while maintaining minimum numerical complexity. To achieve these targets, 2D 
multi-phase CFD simulations of secondary side using two different frameworks was conducted using ANSYS 
Fluent. Then, the results were validated against experimental data to assess their accuracy to achieve the best 
simulation approach.   

1. Introduction 

Passive heat removal systems (PHRS) play a major role in ensuring 
safety of the nuclear power plants even in a case of complete station 
blackout. These systems operate based on natural convection, which 
increases their reliability. One notable reactor design that incorporates 
various PHRS components is the KERENA reactor concept (formerly 
SWR1000), a Generation III + design. The KERENA reactor integrates 
essential PHRS elements such as containment cooling condensers (CCC), 
emergency condensers (EC), and passive core flooding systems. This 
work focuses on the performance of emergency condensers (EC) during 
potential accidents in the KERENA reactor. 

An EC is designed as a safety measure to handle the transfer of decay 
heat from the core to the coolant in large pools. The system includes a 
heat exchanger composed of bundles of slightly inclined U-shaped tubes 

submerged in water (see Fig. 1). In the event of an accident, as the water 
level in the reactor pressure vessel decreases, the EC U-tubes (primary 
side) gradually fill with steam. Steam inside the tubes condenses upon 
thermal contact with the cold water in the pool (secondary side) via 
tubes’ walls. Condensed water then flows back to the reactor’s pressure 
vessel. This process is driven by the density difference and gravitational 
force. 

Numerous studies have been devoted to exploring the thermal hy
draulic characteristics and assess the heat dissipation potential of ECs. 
This focus stems from the need to accurately predict heat transfer ca
pabilities with the aim of potential design optimization (Cooper, 1984; 
Gorenflo, 1993; Chun and Kang, 1998) and accurate understanding of 
the system performance to provide correct information for NPP accident 
analysis and safety assessments. Notable advancements have been ach
ieved in the analysis and prediction of condensation process of 
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superheated steam in the primary side of ECs (Zhang, 2019; Shabestary, 
2020); nevertheless, there remains room for further progress to attain a 
comparable level of comprehension of the processes occurring on the 
secondary side of these heat exchangers. On the secondary side, natural 
convection in a large pool with unstirred fluids, leads to the formation of 
temperature stratification which increases the difficulty of correct pre
diction of EC performance. During EC operation, the heat transfer in 
secondary side starts with single phase natural convection and then 
shifts to subcooled and nucleate pool boiling as the coolant heats up. The 
generation of steam in the pool has an impact on the fluid velocity and 
disrupts the established temperature stratification. Additionally, steam 
produced in the pool has the potential to escape into the containment 
atmosphere, thereby increasing the pressure inside a containment. This 
pronounced temperature stratification results in the attainment of the 
saturation condition at the uppermost region of a pool at an accelerated 
pace, in contrast to a condition where the temperature profile is uni
formly distributed. Consequently, this triggers an early initiation of the 
boiling process in a pool due to elevated localized temperatures mani
festing in the upper regions (Stephan and Abdelsalam, 1980). This re
sults in an earlier pressure buildup on the containment compared to 
calculations based on the assumption of a uniform temperature in the 
pool. On the other hand, the lower temperatures below the stratification 
layer may improve the heat transfer conditions within the tubes bundle 
temporarily. These all leads to significant challenges to accurately pre
dict the thermal hydraulic behavior of the system during the operation. 
Therefore, the primary objective of this study is to attain an accurate 
prediction of the temperature profile in the pool and cooling capacity of 
the heat exchanger during the operation of an EC. This offers essential 
insights into the factors influencing temperature stratification in the 
pool, enhancing our understanding of the system’s ability to dissipate 
decay heat during accidents. 

Existing literature offers a multitude of empirical or semi-empirical 
correlations, which have been suggested to estimate the heat transfer 
coefficient for external flows around an individual tube or a bundle of 
tubes within various types of heat exchangers, incorporating natural 
convection and nucleate pool boiling mechanisms (Cooper, 1984; Gor
enflo, 1993; Chun and Kang, 1998; Stephan and Abdelsalam, 1980; 
Rohsenow, 1952; Forster and Zuber, 1955; Cornwell and Houston, 1994; 
Kutateladze and Borishanskii, 2021; Kruzhilin, 1947; Labuntsov, 1973). 
Previous investigations have focused on the examination of heat transfer 
performance in heat exchangers, considering various factors that influ
ence the heat transfer process and the determination of the heat transfer 
coefficient. Nonetheless, due to the limited application range of these 
studies and the intricate nature of the pool boiling mechanism in large 
size heat exchangers, their ability to accurately predict the heat transfer 
performance of an EC remains inadequate. In addition, to demonstrate 

the physical behavior of the fluid in this process, some numerical studies 
have been conducted to explore the phenomena of natural convection 
and pool boiling in large, confined spaces in ECs (Tian et al., 2017). The 
most relevant study is from Krepper et al. (2007) who conducted a nu
merical analysis of natural circulation and temperature stratification in 
large pools in a two-dimensional (2D) setting. They focused on the 
application of an EC, specifically studying large volume pools heated by 
a bundle of U-shaped tubes submerged in a water tank based on NOKO 
test facility experiments. The objective of their work was to predict 
temperature distribution and stratification of the fluid in the secondary 
side of this test apparatus. Using experimental data, they showed that in 
NOKO test facility the contribution of the U-bend region of heated tubes 
compared to total heat flux transferred to the cooling water in the sec
ondary side is negligible (Krepper and Beyer, 2010; Krepper et al., 
2000). Therefore, 2D CFD modeling seems like a feasible approach. 
However, the scale of simplifications they used in their calculations, led 
to considerable discrepancy of calculations from experimental data. For 
instance, they employed a constant heat flux as boundary condition only 
in the upper bundle and considered a moment in accident progression 
when lower part of the bundle is still filled with cold water. In contrast, 
this study adopts more precise boundary conditions derived from the 
inherent characteristics of the heat-up process and corroborated by 
experimental data. Furthermore, because of high computational efforts 
they needed for their calculations, their work suffers from a lack of 
comprehensive evaluation based on the experimental data of NOKO 
facility. Hence, enhancing the accuracy and practically of these simu
lations have been considered as the main target in this study. In this 
study, the objective is to maintain calculations within an economically 
viable range while enhancing the precision of calculations to predict the 
thermal–hydraulic behavior of the fluid on the secondary side. 

In another word, in this work, it is aimed to enhance the under
standing of heat transfer performance in a specific type of heat 
exchanger, particularly in subcooled and nucleate boiling regions. To 
achieve this goal, a systematic approach was adopted, beginning with 
2D CFD simulations employing various methods. The aim was to identify 
the most suitable modeling framework for our application by comparing 
the simulation results with experimental data. The research focused on 
the NOKO-HZDR test facility as a validation base, leveraging its high- 
quality data and configuration similarity to real-scale EC systems 
(Krepper and Beyer, 2010; Hicken et al., 2000). However, due to 
experimental constraints limiting the investigation of natural circulation 
in NOKO test rig, particularly the velocity distribution in this region, 
simulations became essential. These simulations are used to demon
strate the coolant’s temperature and velocity distribution in the sec
ondary side, providing insights challenging to obtain through 
experiments. To address computational costs, the study employed 2D 
multi-phase CFD simulations using ANSYS Fluent. The evaluation of 
results centered on two multi-phase approaches: the mixture model and 
the inhomogeneous Eulerian model. The mixture model was chosen for 
its ability to simplify the modeling of phase change in subcooled boiling 
regions and reduce computational costs. However, recognizing the 
complexity of the process, the inhomogeneous Eulerian model was also 
incorporated, employing empirical models to capture evaporation and 
condensation phenomena, thereby enhancing simulation accuracy. 
There are different advantages using this methodology compared to 
previous works. Firstly, the research is initiated by subjecting more 
simplified methods to examination, evaluating their capability to 
accurately model the thermal–hydraulic behavior of the fluid in the 
process. This facilitates the identification of a cost-effective approach for 
understanding the phenomenon. Secondly, more accurate boundary 
conditions are employed, contributing to a reduction in simulation 
disparities without necessitating an increase in the complexity of the 
simulation models. Consequently, a manageable and realistic range of 
computations is maintained. All simulation results were meticulously 
validated against experimental data from NOKO-HZDR. Additionally, a 
heat balance analysis was conducted, aligning with experimental data to 

Fig. 1. Operation Principle of an Emergency Condenser (Krepper and 
Beyer, 2010). 
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conclude the study. Overall, the research aimed to contribute to develop 
insights into heat transfer phenomena and thermal hydraulic behavior in 
EC systems, offering a comprehensive understanding achieved through a 
structured methodology and rigorous validation against experimental 
data. 

2. NOKO-HZDR test facility 

The NOKO test facility has been launched in Forschungszentrum 
Jülich (FZJ) to assess the thermal hydraulic efficiency of the passive 
decay heat removal systems in different pressure (up to 7 MPa) and 
power (4 MW) operating conditions (Hicken and Verfondern, 2000). In 
2005, the test facility was relocated to Forschungszentrum Rossendorf 
(HZDR), where experiments were conducted to perform a detailed 
analysis of the two-phase flow on the secondary side. The NOKO-HZDR 
has been installed in the TOPFLOW (Transient TwO-Phase FLOW) test 
facility with the improved instrumentation concept to measure the 
temperature field on the secondary side with higher resolution. The 
NOKO-HZDR component was constructed using the same materials and 
dimensions as an emergency condenser found in a SWR1000 reactor, 
with the only modification being a reduction in the number of tubes in 
the bundles. The NOKO facility comprises horizontally oriented U-sha
ped tubes with a length of approximately 10,000 mm, an inner diameter 
of 44.5 mm, and a tube wall thickness of 2.9 mm. These tubes are ar
ranged in bundles and are submerged in a cooling water medium con
tained within a horizontally cylindrical tank. The tank has a length of 6 
m, an inner diameter of 2 m, and a total volume of 20 m3 (see Fig. 2-a) 
(Hicken and Verfondern, 2000). The bundles of tubes are submerged in 
the cooling water located in the tank. 

The improved instrumentation of the NOKO secondary side in the 
FZR consists of 11 × 8 type K thermocouples installed in the tank to 
record temperature changes in the heat up process. Eleven thermocou
ples are placed at each of the eight cross-sectional planes (A-H) along the 
tubes (see Fig. 2-a) in different locations (see Fig. 2-b). The 
commencement of the heat transfer process occurs in response to an 
accident within the reactor. During this event, steam replaces water in 
the upper bundle of the U-tubes. Notably, at this initial stage, the lower 
portion of the bundle remains filled with cold water, setting the foun
dation for subsequent thermal dynamics and providing valuable insights 
into the behavior of the system. 

NOKO experiments have been carried out under four different 
working conditions which are regulated based on the pressure of the 
primary side. Table 1, shows the experiment conditions of NOKO-HZDR. 

In NOKO experiments the secondary side is heated from approx. 20 
℃–32 ℃ to the saturation temperature while the pressure in the tank is 
maintained close to ambient pressure. The pressure within the primary 
side, as well as within the inlet and outlet collectors, undergoes a 
decrease along with the temperature gradient from the inlet to the 

outlet, transitioning from superheated steam conditions to the satura
tion state as liquid water exits the system. The high heat flux from pri
mary side to the secondary side leads to a non-uniform temperature 
profile in the tank. Strong thermal stratification and temporal temper
ature jumps (sudden temperature increase) at different levels of the 
cooling water in the tank have been demonstrated during the experi
ments in the NOKO facility (see “Big” and “Small Jumps” in Fig. 3). 
Based on the transient temperature measurements data, it can be 
observed that the temperature distribution along the length of tube 
bundles is nearly uniform (Krepper and Beyer, 2010). Fig. 3 shows the 
temperatures transient recorded with 11 thermocouples located in one 
measuring plane (plane D) when the operating pressure of the primary 
side is equal to 65 bar (Kutateladze and Borishanskii, 2021). 

3. Numerical simulations 

3.1. 2D CFD simulations 

Two multiphase models have been used to calculate the temperature 
stratification in secondary side of an EC. The first was a mixture model 
combined with a semi-mechanistic boiling model to simulate interphase 
mass transfer. 

Mixture model is suitable for subcooled boiling, treating vapor and 
liquid phases as interpenetrating continua governed by a common set of 
equations (see chapter 14 in (ANSYS, 2022). The model assumes that the 
phases are in a state of local thermodynamic equilibrium and computes 
interfacial transfer terms by employing empirical closure relationships. 
This relationship leverages a transport equation to model the interfacial 
area concentration, accounting for coalescence resulting from random 
collisions driven by turbulence, as well as breakage due to the impact of 
turbulence eddies. These phenomena are informed by the seminal con
tributions of Hibiki and Ishii (2000). For more details of the equations 
used for this model see chapter 14.4 in (ANSYS, 2022). The second used 
multiphase model uses an inhomogeneous Eulerian approach, which is 
well-regarded for its precision in predicting the thermal behavior of 
bubbly flows, especially when they are close to saturation condition 
(Lawrence, 2020). In this model, each phase is treated separately with its 
own set of properties and transport equations (Lawrence, 2020). 

In mixture model approach, Schiller-Naumann model is used to 
calculate the drag force coefficient and a standard k-ε model with 
enhanced wall treatment as turbulence model. In addition, a semi- 
mechanistic boiling model has been added to this simulation. It is an 
empirical model to calculate the boiling on the heated walls developed 
by Hibiki and Ishii 2000). It calculates the nucleate boiling heat transfer 
c(oefficient using Foster and Zuber correlation (Hibiki and Ishii, 2000). 
To calculate the slip velocity the Manninet-et-al model has been 
employed. A continuum surface tension force modelling for water and 
vapor phases is added to the simulation setup (Hicken, et al., 2000). 

Fig. 2. The Geometry of the NOKO_EC with measuring planes and location of thermocouples (Krepper and Beyer, 2010; Hicken and Verfondern, 2000).  
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The Inhomogeneous Eulerian model uses Schiller and Naumann 
model (Schiller, 1933) to calculate drag force and Tomiyama (1992) 
model is used to calculate lift force. Turbulent dispersion and turbulence 
interaction have been taken into account by using Tomiyama (1992) 
model and Sato and Sekoguchi, 1979 respectively. In Eulerian model, 
thermal phase change model becomes applicable in instances of evap
oration condensation alongside the two-resistance approach to calculate 
phase heat transfer coefficients. This is useful in Eulerian framework, 
since the mass transfer process of evaporation- condensatin is exclu
sively regulated by interphase heat transfer mechanisms and the overall 
heat balance. Therefore, no calibration is required for mass transfer 
coefficients and it makes the use of two-resistance heat transfer method 
more feasible (Chapter 14 Ref (ANSYS, 2022)). Two-resistance heat 
transfer model is suitable to consider the interphase heat transfer pro
cess accurately. In this approach, distinct computations are conducted to 
determine heat transfer coefficients independently on each side of the 
phase interface (see Chapter 14 in (ANSYS, 2022). In this calculation, 
Ranz-Marshall model is used to calculate heat transfer for liquid side and 
zero-resistance model is used for the vapor side of the fluid. To calculate 
the turbulence effects in the simulation, a standard k-ε model with 
enhanced wall treatment has been used. 

The position of the measuring plane D (see Fig. 2) has been chosen 
for 2D CFD simulation as it is located in the middle of the tube bundle in 
the tank. In both simulations, an unstructured mesh was utilized with 
varying volumes to ensure accurate representation of flow phenomena 
near and away from solid boundaries. Specifically, a minimum volume 
of 2.31 × 10− 6m3 was allocated to regions adjacent to the walls, while 
regions farther away were assigned a volume of 1.53× 10− 3m3. This 
mesh configuration facilitates the capture of boundary layer effects near 
surfaces while maintaining computational efficiency in regions with 
lower flow gradients. The boundary conditions of these simulations have 
been set to match the NOKO facility operational conditions. The detailed 

boundary and initial condition of 2D simulation set up are shown in 
Fig. 4. For these simulations, we incorporated a constant temperature 
boundary condition (210 ℃) for the upper bundle and a time-dependent 
temperature boundary condition for the lower bundle as shown in Fig. 6. 
This decision is based on the trend observed in the experimental data, 
Fig. 5, where the fluid outlet temperature within the bundles initiates a 
gradual increase approximately 200 s after the commencement of the 
process. This increase continues until a steady-state condition is ach
ieved at a constant temperature after 1100 s. Given that, the simulation 
focuses on the central location within the tank and taking into account 
the calculated fluid mass flow rate in the tubes, the time required for the 
temperature of the lower bundle to initiate an increase and subsequently 
reach a stable state had been determined. Meanwhile, the temperature 
profile shown in Fig. 5, corresponds to the fluid inside the tubes. 
Therefore, the outer wall temperature can be determined using corre
lations for the conduction heat transfer mechanism. To calculate the 
value of the transient boundary condition, Eq. (1) is used. In this 
equation, λ is thermal conductivity of the tube’s wall, and dx is tubes 
thickness. 

The wall of the tank has been considered as adiabatic wall and the 
free surface boundary condition is used at the top of the cooling water, 
ensuring free-slip. The initial operating pressure is 0.1 MPa (ambient 
pressure), since the blow-off valves of the secondary side tank is open for 
the experiment and floating operating pressure is applied in the simu
lation. The initial temperature for liquid in the secondary side is 300 K. 

3.2. Numerical simulations results 

2D simulation with mixture model 
Temperature distribution and fluid velocity in the pool for 65 bars in 

the primary side case are shown in sequence of figures presented in 
Fig. 7 at different simulation times. These figures provide a visual 

Table 1 
Experimental conditions for NOKO-HZDR (Hollands et al., 2016).  

Experiment 
No. 

Primary side 
Pressure [MPa] 

Secondary side 
pressure [MPa] 

Mass flow rate of 
primary side [kg/ 
s] 

Differential pressure at 
end of collectors [MPa] 

Initial temperature of 
Secondary side [℃] 

Level of water in 
tank [m] 

Power of the HX 
at steady state 
[MW] 

10 bar 0.994–1.072 0.137–0.156  0–0.065  0–0.02 Approx. 32.5 1.688–1.743  1.35 
30 bar 3.024–3.070 0.133–0.182  0–1.47  0–0.02 Approx. 20.0 1.688–1.792  2.545 
50 bar 5.076–5.090 0.133–0.186  0–1.70  0–0.05 Approx. 22.0 1.673–1.717  3.117 
65 bar 6.476–6.820 0.133–0.155  0–2.52  0–0.05 Approx. 25.5 1.653–1.719  4.011  

Fig. 3. Experimental transient temperature distribution of the secondary side on plane D at 65 bar operating condition in primary side (Krepper and Beyer, 2010).  
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representation of how the temperature distribution and velocity con
tours evolve over simulation time, offering valuable insights into the 
dynamic nature of natural circulation systems. The figures related to the 
temperature distributions, highlight the temperature stratification in the 
secondary side, whereas a stagnant zone forms at the bottom of the tank. 
This stagnant zone initially maintains a relatively constant temperature 
until the upper regions of the tank approach saturation temperature. 
During this phase, heat transfer primarily occurs through natural con
vection, leading to a gradual warming of the stagnant zone. 

As the heat-up process progresses, the stagnant zone gradually dis
sipates as the temperature differential between the bottom and upper 
regions diminishes. However, even after 1800 s from the beginning of 
the process, this zone persists to some extent. While saturation tem
peratures are observed in the upper regions of the tank at this time ac
cording to experimental data, such a change is not fully reflected in the 
calculations. This transition is marked by a sudden temperature increase 
in the lower part of the tank, as evidenced by experimental data at 
approximately t ≈ 1500 s (see Fig. 3). 

The velocity contours provide a visual representation of the flow 
pattern established during natural circulation. In regions characterized 
by higher fluid velocity (around the higher bundle), such as those 
experiencing increased convection, temperature gradients diminish 
more rapidly due to enhanced heat transfer. Consequently, these regions 
undergo faster temperature increases compared to areas with lower fluid 
velocity. 

At the onset of the heat-up process, the calculations conducted via 
the mixture model reveal a relatively uniform velocity distribution. 
Regions with higher velocities predominantly align with the upper 
sections of the tank, nearer to the water surface, and are subject to 
elevated heat flux due to the higher temperatures of tube boundary 
conditions. However, areas proximate to the lower tubes bundle in the 
tank exhibit significantly lower velocities (approximately 0.0342 m/s2) 
and display smaller vortices, resulting in a subdued temperature in
crease in this vicinity. 

The computations have been carried out using an unstructured mesh 
with 114,254 elements and the computational tasks were executed on a 
High-Performance Computing (HPC) cluster, utilizing a single node 
comprising 128 processing cores. The simulations encompassed a simu
lation time of 1900 s and required a total of 96 h of CPU time. As antici
pated, the adoption of such a simplified approach resulted in notable 
disparities with experimental data. The calculated transient temperatures 
at three selected locations have been compared with experimental data, 
Fig. 8. Experimental data indicates that the tank’s bottom stagnant region 
experiences a rapid temperature increase until it disappears, leading to a 
two-phase flow regime (water and vapor mixture) throughout the entire 
tank. This phenomenon is thought to result from the local velocity increase 
caused by steam generation and the downward shift of the boiling front. 
However, simulations using the mixture model failed to replicate this 
abrupt temperature rise pattern, Fig. 8. 

Overall, the mixture model approach was able to capture tempera
ture transients during the initial stages of heat-up process, particularly 
when natural convection is the predominant heat transfer mechanism on 

Fig. 4. Initial and Boundary Condition of 2D CFD Simulation.  

Fig. 5. Measured temperature of inlet and outlet of the primary side.  

Fig. 6. Temperature boundary condition used in calculation  
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the secondary side. However, once boiling initiates, the model cannot 
predict sudden, local temperature increase. A comparable phenomenon 
was observed in the study conducted by Krepper et al. (Krepper and 
Beyer, 2010), wherein they employed single-phase CFD simulation to 
replicate natural circulation within the tank. 

2D simulation with inhomogeneous Eulerian model 
The temperature distribution and velocity contours in the secondary 

side calculated in simulations using Inhomogeneous Eulerian model in 
different simulation times are presented in Fig. 9. The sequential rep
resentation of temperature distribution over simulation time reveals a 

Fig. 7. Calculated temperature distribution and velocity contours with mixture model at different simulation times.  
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notable disparity between the calculated temperature evolution during 
the heating-up process with inhomogeneous Eulerian model and the 
results obtained via the mixture model. In the Eulerian model outputs, 
although a stagnant zone is also observed at the bottom of the tank, it 
tends to dissipate gradually and faster after a certain duration from the 
start of the simulation. Initially, the temperature distribution exhibits 
greater resemblance to the mixture model in the earlier simulation times 
(e.g., t = 400). However, this pattern undergoes significant changes as 
the simulation time progresses. 

The evolution of velocity contours also exhibits apparent variations. 
Initially, similar to mixture model, velocity gradients are primarily 
evident at higher elevations closer to the upper tube bundle. However, in 
Eulerian model, as the heating-up process continues, additional vortices 
emerge at the bottom of the tank due to heat transfer from the lower tube 
bundle. Moreover, as phase change phenomena commence after a 
certain duration, the velocity distribution in the bottom of the tank is 
further influenced. This phenomenon contributes to an abrupt increase 
in temperature in the lower regions of the tank. 

The transient temperature of the same three locations as for the 
mixture model case have been compared with the experimental data as 
shown in Fig. 10. The Eulerian approach has led to considerable 
improvement of numerical results. Notably, the sudden temperature 
increase that has been observed in experiments in the lower region of the 
secondary side are effectively replicated. The CPU time required to 
execute these simulations utilizing an identical configuration on HPC 
cluster with unstructured mesh consisting of 123,707 elements 
amounted to 240 h. In this simulation, the average value of wall Y + for 
heated surfaces is 10 to calculate phase change phenomena using 
enhanced wall function properly. To evaluate the grid independence of 
the model, five distinct sets of computational grids are examined. The 
outcomes demonstrate the independency of the present mesh configu
ration in predicting temperature stratification and sudden temperature 
rise in the secondary side. Detailed information of mesh independence 
analysis can be found in supplementary materials. 

4. Energy balance evaluation 

To further validate the CFD methods, an energy balance evaluation 
has been carried out. The purpose of this assessment is to demonstrate 
the agreement between the computed total heat flux transferred to the 
fluid on the secondary side and the corresponding experimental data. 
The validation is based on the total heat flux when the steady state 
condition is reached in the process. This determination has been carried 
out through the utilization of Eq (2) in experimental data. 

Q̇ = ṁ.Cp.ΔT + ṁ.Δhphase (2)  

Where ΔT it the temperature difference between inlet and outlet fluid of 
primary side, ṁ is the mass flow rate and Δhphase is latent heat of the fluid. 

The transient heat flux transferred from tubes’ wall to the adjacent 
fluid has been recorded in CFD codes for both Mixture and Eulerian 
model. The results of this calculation can be seen in Fig. 11. The tran
sient nature of the heat up process can be seen in this figure. 

The feasibility of calculating transient heat flux from experiments is 
hindered by the instrumentation utilized in NOKO facility. The tempera
ture measurement in the primary loop was conducted only at the inlet and 
outlet. For the first 200 s of the experiment, the condensate does not reach 
the outlet, so the available temperature data is not representative of the 
actual temperature drop in the condensate and does not provide reliable 
means to calculate sensible heat transferred to the coolant. In addition, 
until all the initial cold water is removed from the primary loop, at least 
part of the heat of condensation and further cooldown is removed by 
mixing within the primary loop, rather than transported via tube wall to 
the pool. Therefore, a comparison was made between the calculated heat 
flux results from CFD and the steady-state heat flux observed in experi
ments. In practical terms, the heat flux transferring from the tube walls to 
the secondary side gradually increases throughout the process. This has 
been also represented in Fig. 11. It is noteworthy that the steady state 
condition is achieved earlier in experiments (as seen in Fig. 5) compared to 
CFD calculations due to the delay in sensing heat in the secondary side 
relative to the primary side. As it can be seen in Fig. 11, the deviation of 
calculated heat flux from CFD simulation and experiments in steady state 
condition is around ~12.5 %. 

5. Conclusion 

This research provides a detailed examination of various simulation 
techniques for accurately modelling temperature distribution, not only in 
the NOKO test facility but also broadly applicable to emergency con
densers in nuclear power plants. While the NOKO facility served as a data 
source for validation, the methodologies and findings have wider impli
cations. The study assesses different CFD simulations for predicting tran
sient temperatures and proposes a new correlation that simplifies the 
calculation of heat transfer coefficients. This advancement reduces 
computational intensity and streamlines temperature analysis, benefiting 
various nuclear power plant contexts. The interdisciplinary approach en
riches understanding of heat transfer and thermal dynamics in complex 
nuclear systems, emphasizing safety and optimization. These insights are 
valuable for the design and operation of nuclear reactors and have po
tential applications in enhancing CFD modelling across different engi
neering disciplines. 

To summarize, the research surpasses its initial context of the NOKO 
facility, offering enhanced methods for predicting transient tempera
tures and calculating heat transfer coefficients in emergency condensers 
of nuclear power plants. It sets the stage for further investigations to 
advance safer and more efficient nuclear energy systems. 

Nomenclature  

A area (m2) 
cp specific heat transfer [J Kg− 1K− 1] 
D diameter [m] 
G acceleration due to gravity [m s− 2] 
Nu Nusselt number 
ṁ mass flow rate [Kg/s] 
P pressure [pa] 
Q heat flux (W) 
r specific heat of vaporization [J kg− 1] 
T temperature [K] or [℃] 
x thickness [m] 
λ thermal conductivity [W m− 1 K− 1] 
Non-dimensional numbers 
Pr Prandtl number 
Abbreviations 
HTC heat transfer coefficient [W m− 2 K− 1] 
St. St stainless steel  

Fig. 8. Comparison of the transient temperatures from CFD simulations (single 
phase and mixture model) and experimental data. 
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Fig. 9. Temperature distribution and velocity contours calculated by Inhomogeneous Eulerian model at different simulation times.  
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