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ABSTRACT 

The influence of geometry and heating power on the natural circulation process is a crucial consideration for the 

development of passive cooling systems. This study investigates the effect of varying heating power on the thermal 

and hydrodynamic behavior of a single-phase natural circulation in a rectangular loop with a U-shaped top. The 

simulations were performed using CFD, using a pressure-based solver with a realizable k-ε turbulence model and 

steady-state energy equations. The loop has a height of 2812 mm, a width of 950 mm, and a top elbow of radius 

350 mm. Heating power was applied to the lower vertical section of the loop using direct contact heating elements, 

with varying power of 750 W, 1100 W, and 1540 W. A cooling section is located in the upper vertical section whit 

a constant temperature of 10°C.The simulation results show increasing heating power significantly enhances fluid 

temperature (from 48.39 °C to 80.95 °C), flow velocity (from 0.067 m/s to 0.0795 m/s), and mass flow rate (from 

0.03352 kg/s to 0.04332 kg/s), indicating a stronger buoyancy effect. Furthermore, the flow regime transitions 

from laminar to transitional with higher power input. These findings underline the critical role of thermal input 

and geometric configuration in natural circulation systems. 

Keywords: natural circulation, U-top rectangular loop, passive cooling, power variation, CFD, mass flow rate. 

1. INTRODUCTION 

Natural circulation has been widely studied due to its applications in energy systems, such 

as nuclear reactors, thermal power plants, and passive cooling systems. In nuclear safety, 

natural circulation has become a key concept in developing passive cooling systems to reduce 

reliance on active controls, external power supplies, or operator intervention (Hashemi-

Tilehnoee et al., 2025)(IAEA, 2009)(Juarsa et al., 2014). However, the driving force for natural 

circulation mechanisms may not always be sufficient to circulate coolant and remove the 

required heat in passive nuclear reactor systems (Cheng et al., 2017). The natural circulation 

flow phe­nomenon has several disadvantages such as low driving force, low system pressure, 

instability effects and etc. The weakness of such condition, especially instability effect 

regarding changes occurring in initial conditions (IC) and boundary conditions (BC), for 

example if the initial temperature of the coolant is too high, it may reduce the natural circulation 

flow rate (Putra et al., 2025). Previous studies have examined flow behavior in conventional 

rectangular natural circulation loops (NCL), indicating that natural circulation is influenced by 

geometry, heater-cooler orientation, and operating conditions. For instance, (Vijayan et al., 

2008) demonstrated that flow stability strongly depends on loop geometry and heat distribution, 
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while (Swapnalee & Vijayan, 2011) identified the effect of heater and cooler orientation on 

circulation performance. Additional research has addressed the impact of aspect ratio and 

thermal power on circulation characteristics. 

Computational Fluid Dynamics (CFD) has emerged as an essential analytical tool for 

engineering systems, particularly in the study of natural circulation loops. This numerical 

approach enables comprehensive investigation of complex flow phenomena, including three-

dimensional effects, local pressure losses, and flow development characteristics (Gangwar et 

al., 2025). CFD provides detailed visualization of velocity and temperature fields, allowing 

precise evaluation of flow regimes (laminar/transitional/turbulent) and geometric effects (X. 

Wang et al., 2023; Wilson et al., 2024). Validation studies demonstrate CFD's remarkable 

accuracy, with (J. Y. Wang et al., 2013) reporting only 3% deviation in temperature predictions 

when comparing simulations with experimental data from (Misale et al., 2007) and (Kumar et 

al., 2011). Recent advances have expanded CFD capabilities to predict complex flow 

behaviors, including bidirectional pulsating flows (Kudariyawar et al., 2016; Nakul & U C, 

2024) while innovative approaches combining machine learning with CFD have enhanced 

instability mitigation strategies (Huang, Perez, Alpy, & Medale, 2024; Huang, Perez, Alpy, 

Medale, et al., 2024; Li et al., 2024). Although extensive research has examined various NCL 

configurations (Angelo et al., 2024; Hariyanto et al., 2020, 2022, 2024; Hariyanto & Permana, 

2020; Pinheiro & Alvim, 2023).  Research on natural circulation using CFD continues to 

evolve, with various advancements aimed at improving performance. (Alzahrani & Usman, 

2019; Cao et al., 2024; Cong et al., 2017; Geng et al., 2024; Khelifa et al., 2023; Narendar & 

Charishma, 2021).  However, most studies on rectangular loops use standard small-radius 

elbows, which produce different flow profiles compared to large-radius bends (Thomas, 

1980)(Ikarashi et al., 2018). To address this gap, studies investigating large radius elbow 

configurations combined with CFD based analysis to assess power dependent flow 

performance can be conducted. 

This study discusses a new configuration model for the loop design, namely the U-top 

Rectangular Loop, where the top part of the loop is U-shaped and adapted using a large-radius 

elbow of 350 mm. The geometry with a U-top elbow of 350 mm radius has not been previously 

studied and is considered to influence the characteristics of natural circulation due to changes 

in local pressure gradients and buoyancy force distribution. In addition, the variation of thermal 

power supplied to the heater is examined to understand its effect on flow characteristics and 

heat transfer. By combining a CFD approach with parametric analysis, this study aims to 

provide a deeper understanding of the flow dynamics in the U-top Rectangular Loop 

configuration and its contribution to the development of more efficient natural circulation 

systems.  

2. METHODS 

2.1. Physical Model 

The rectangular loop with a U-shaped top section is illustrated in Fig. 1. The loop geometry 

has a height of 2812 mm and a width of 950 mm. The elbow radius at the top is R = 350 mm, 

and the pipe diameter is D = 26.64 mm. The heater and cooler orientation follows the VHVC 

(Vertical Heater Vertical Cooler) configuration, which prior studies suggest offers better 

stability than other orientations (Archana et al., 2015; Elton & Arunachala, 2021; Pini et al., 



 

INTERNATIONAL CONFERENCE ON DIGITAL, SOCIAL, AND SCIENCE 
VOL. 02 (2025) 

 ISSN 3063-3303 

 

 

 

1615 

2014; Vijayan et al., 2007), The lower right section serves as the heater with uniform heat input 

at varying power levels (750 W, 1100 W, and 1540 W), while the upper left section acts as the 

cooler, maintained at a constant temperature of 10 °C. Gravity (9.81 m/s²) is applied vertically 

downward (–Y direction). The loop material is stainless steel, and the working fluid is water. 

The thermophysical properties of water are listed in Table 1, and thermocouple configurations 

are provided in Table 2. 

Table 1. Properties of working fluid 

Properties Value 

Density of water ρ0 (kg/m3) 996.3 

Specific heat capacity of water cP (J/kg⋅K) 4182 

Thermal conductivity of water k (W/m⋅K) 0.6 

Dynamic viscosity of water μ (kg/m⋅s) 0.001003 

Thermal expansion coefficient of water β (1/K) 0.000257 

 

Table 2. Thermocouples configuration 

Name  Description   

T1 Inlet heating section 

T2 Outlet heating section 

T3 Hotleg 

T4 Inlet cooling section 

T5 Outlet cooling section 

T6 Coldleg 
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                       (a) schematic loop         (b) thermocouples position 

Figure 1. U-Top shape model for FASSIP-06 Ver.04 Rectangular loop. 

 

2.2. Mathematical Model 

This simulation is based on the conservation equations of mass, momentum, and energy. 

● Continuity Equation: 

𝜕𝜌

𝜕𝑡
+ 𝛻. (𝜌𝑢) = 0 (1) 

● Momentum Equation: 

𝜕(𝜌𝑢)

𝜕𝑡
+ 𝛻. (𝜌𝑢𝑢) = −𝛻𝑝 + 𝛻. (𝜇𝑒𝑓𝑓(𝛻𝑢 + (𝛻𝑢)𝑇)) + 𝜌𝑔𝛽(𝑇 − 𝑇0) (2) 

● Energy Equation: 

𝜕(𝜌𝐶𝑝𝑇)

𝜕𝑡
+ 𝛻. (𝜌𝐶𝑝𝑢𝑇) = 𝛻. (𝑘𝑒𝑓𝑓𝛻𝑇) + 𝑄 (3) 

The Boussinesq approximation was employed to account for buoyancy effects, where the 

density of water ρ is treated as constant throughout the domain except in the buoyancy force 

term. This term is defined as ρ(T) = ρ(1 − β(T − T0)), as shown in Equation (2), where β 

represents the thermal expansion coefficient and T₀ denotes the reference temperature. This 

approach simplifies the computational model while maintaining accuracy in capturing 
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buoyancy-driven flow phenomena. 

2.3. Numerical Method 

2.3.1. Mesh Generation 

The system geometry was discretized using a structured poly-hexahedral mesh, chosen for 

its ability to accurately capture complex geometric features while maintaining uniform element 

distribution. This mesh type significantly enhances simulation accuracy, particularly in critical 

regions such as bends and wall boundaries. The computational grid consisted of 937,179 cells 

and 600,772 nodes, providing sufficient resolution to accurately simulate the flow and heat 

transfer characteristics. 

2.3.2. Boundary Conditions 

Physical boundary conditions were carefully implemented to replicate real-world operating 

conditions. A constant heat flux boundary condition was applied to the heater section to 

generate the thermal driving force for natural circulation, while the cooler section was 

maintained at a constant temperature of 10°C to serve as the system's heat sink. All solid walls 

were modeled with no-slip conditions, reflecting the standard assumption of zero fluid velocity 

at boundaries for internal flow simulations. 

2.3.3. Numerical Solution 

The numerical solution adopted a steady-state, incompressible flow formulation. The 

standard viscous k-ε turbulence model was selected due to its proven capability in handling 

flows with strong pressure gradients and flow separation, particularly in curved sections like 

the U-bend. The thermophysical properties of water were defined as temperature-dependent 

functions based on the mean operating temperature, providing a reasonable balance between 

computational simplicity and physical accuracy. To optimize computational efficiency, a 

symmetry condition was applied, allowing the simulation to model only a representative 

portion of the full system while maintaining physical relevance. 

2.3.4. Discretization Scheme 

For the discretization scheme, a pressure-based solver with coupled pressure-velocity 

formulation was employed, which is particularly suitable for systems with strong pressure-

velocity coupling such as buoyancy-driven flows. The spatial discretization utilized the Body 

Force Weighted scheme for pressure to better account for buoyancy effects, while Second-

Order Upwind schemes were applied for both momentum and energy equations to ensure 

higher accuracy in resolving velocity gradients and heat transfer phenomena. This combination 

of numerical approaches provides a robust framework for analyzing the complex interplay 

between thermal and hydrodynamic processes in the natural circulation loop. 

3. RESULT AND DISCUSSION 

The simulation results and analysis in this study reveal the effect of heating power variation 

on the thermohydraulic characteristics of the natural circulation system in the U-top FASSIP-

06 Ver.04 Rectangular Loop, covering temperature distribution, flow velocity profile, mass 
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flow rate, and flow regime transition. Simulations were carried out for three power scenarios 

750 W, 1100 W, and 1540 W to compare the system’s performance. 

 

Figure 2. Temperature contours U-top FASSIP-06 Ver.04 Rectangular Loop. 

Figure 2. shows the temperature distribution from simulation results for three different 

heating power scenarios: 750 W, 1100 W, and 1540 W. From these simulation results, it can 

be observed that increasing the heating power significantly raises the fluid temperature 

throughout the system. At a heating power of 750 W, the fluid temperature in the heating 

section reaches approximately 48.39°C, while in the cooling section it drops to around 47.46°C. 

With an increase in heating power to 1100 W, the fluid temperature in the heating section rises 

to 63.15°C, while the temperature in the cooling section increases to 62.11°C. At the highest 

heating power of 1540 W, the fluid temperature reaches 80.95°C in the heating section and 

79.81°C in the cooling section. It can be observed that as the heating power increases, the 

temperature difference between the heating and cooling sections becomes smaller. This 

indicates that at higher power levels, the system approaches a thermal equilibrium condition, 

where heat transfer becomes more efficient and fluid circulation becomes stronger. The 

increase in heating power causes a higher temperature gradient between the heating section and 

other parts of the system, which contributes to the acceleration of fluid flow due to a greater 

thermal buoyancy force. 

In addition, the temperature distribution pattern shows that the fluid temperature in the 

system gradually increases from the cooling section toward the heating section, reflecting the 

heat transfer process that occurs along the flow path. At lower heating power, such as 750 W, 

the fluid temperature is relatively homogeneous with minor variation between the cooling and 

heating sections. However, at higher power levels, the temperature gradient becomes more 

distinct, indicating more intense heat transfer. These simulation results demonstrate that 

variations in heating power have a significant impact on temperature distribution in natural 
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circulation flow. The higher the heating power, the higher the fluid temperature throughout the 

system, which drives stronger circulation flow and enhances heat transfer efficiency. 

Therefore, in designing a natural circulation system, it is important to consider the optimal 

heating power to achieve maximum thermal efficiency. 

 

Figure 3. Velocity contours U-top FASSIP-06 Ver.04 Rectangular Loop. 

Figure 3. shows the flow velocity under three different heating power conditions: 750 W, 

1100 W, and 1540 W. The color scale on the contour represents the variation in velocity 

magnitude, with blue indicating areas of low velocity, while orange to red indicates higher 

velocities. From the three cases, it can be seen that the increase in heating power is directly 

proportional to the rise in flow velocity. At 750 W, the flow velocity in the horizontal section 

near the heating section inlet is still relatively low, around 0.0607 m/s, indicating that the 

buoyancy driving force is not yet strong. As the power increases to 1100 W, the fluid velocity 

rises to 0.0698 m/s, showing that the density difference caused by heating becomes greater, 

thereby accelerating the circulation. The most significant increase occurs at 1540 W, where the 

flow velocity reaches 0.0795 m/s, indicating that the buoyancy effect becomes more dominant 

and the circulation system strengthens. 

Furthermore, the velocity distribution pattern shows that the highest velocity regions are 

located around the heating section, where the heated fluid undergoes thermal expansion and is 

pushed upward. In contrast, around the cooling section, the velocity is relatively lower because 

the fluid is cooled and its density increases, causing it to flow downward back to the heating 

section. This indicates that the formed flow pattern is continuous and becomes more stable as 

the heating power increases. From a design perspective, higher flow velocity at greater heating 

power can enhance heat transfer efficiency within the system. However, at very high power 

levels, attention must be paid to potential effects such as excessive turbulence or increased 

pressure drop, which could affect the overall performance of the system. 
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Figure 4. Mass flow rate values based on variations in heater power. 

Figure 4. shows the calculated mass flow rate values under three different power conditions. 

The average mass flow rate at 750 W is 0.03352 kg/s, followed by 0.03834 kg/s at 1100 W, 

and 0.04332 kg/s at 1540 W. It can be observed that the increase in heating power affects the 

resulting mass flow rate. Physically, this phenomenon is caused by the increasing temperature 

gradient between the two main parts of the system namely, the heating and cooling sections 

which generates a greater buoyancy force. The increase in power causes the fluid in the heater 

area to become hotter, thereby reducing its density and causing it to rise more rapidly toward 

the top of the system. The cooler fluid from the cooling section then replaces it, creating a 

stronger convective circulation. This phenomenon is also reflected by the increase in flow 

velocity, as discussed earlier. The increased temperature gradient due to the higher power input 

results in a larger amount of fluid mass circulating through the system. Each data point recorded 

at 750 W, 1100 W, and 1540 W shows a consistent linear upward trend in the mass flow rate, 

with each point lying exactly or very close to the linear regression line. This reinforces the 

validity of the linear predictive model in representing the system’s behavior. The high degree 

of correlation, as indicated by the coefficient of determination (R²) value of 0.99, shows that 

the increase in heating power directly increases the mass flow rate. 



 

INTERNATIONAL CONFERENCE ON DIGITAL, SOCIAL, AND SCIENCE 
VOL. 02 (2025) 

 ISSN 3063-3303 

 

 

 

1621 

 

Figure 5. Reynolds number relationship based on variations in heater power. 

Figure 5 presents a regime map of the flow characteristics based on the Reynolds number 

calculated from simulation results for three heating power conditions: 750 W, 1100 W, and 

1540 W. Two data points fall within the yellow zone, representing the transitional regime, 

while one data point lies within the turbulent regime. The transitional zone represents the shift 

between laminar and turbulent flow, which occurs at heating powers of 750 W and 1100 W. 

The corresponding Reynolds numbers are 2487.53 for 750 W and 3558.68 for 1100 W. The 

highest value appears at 1540 W, with a Reynolds number of 5079.81, indicating that the flow 

has entered the turbulent zone. According to the conventional classification of internal pipe 

flow, a Reynolds number (Re) less than 2300 typically indicates laminar flow, values greater 

than 4000 indicate turbulent flow, and values between 2300–4000 are considered transitional. 

Overall, the power levels used in this study fall within the transitional regime, with the highest 

power resulting in turbulent flow. This indicates that although the system experiences increased 

circulation velocity due to the rise in heating power, the flow does not fully transition to 

turbulence at lower power levels. A linear fitting equation was also obtained: Re = -7.63441 + 

3.2887·P, with a coefficient of determination R² = 0.99, indicating a strong linear relationship 

between the Reynolds number and heating power. This further confirms that the Reynolds 

number increases linearly as the heating power increases. 

4. CONCLUSION 

The simulation results show that increasing the heating power significantly affects the 

performance of the natural circulation system, in terms of temperature distribution, flow 

velocity, mass flow rate, and flow regime. An increase in power from 750 W to 1540 W leads 

to a rise in fluid temperature throughout the system, with a decreasing temperature difference 

between the heating and cooling sections. This reflects an improvement in heat transfer 

efficiency and a tendency of the system toward thermal equilibrium. As the power increases, 
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the fluid flow velocity also rises, especially around the heating section, indicating a strong 

influence of buoyancy forces due to fluid density differences. This velocity increase drives a 

linear rise in mass flow rate, with a very strong correlation (R² = 0.99), signifying stronger and 

more stable circulation. The flow characteristics also transition from a transient regime to a 

turbulent one, as indicated by the Reynolds number increasing from around 2487 to over 5000. 

This shows that the system responds to increased heating power with significant changes in 

flow dynamics. Therefore, it can be concluded that heating power is a key parameter in 

controlling the performance of a natural circulation system. Selecting the appropriate power 

level will determine the heat transfer efficiency, fluid circulation strength, and flow stability 

within the system. 
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