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 Passive safety systems, particularly during active system failures, have 

become a significant concern. Understanding natural circulation 

phenomena is crucial for developing passive cooling systems in nuclear 

power plants. With its significant findings, this study examines the flow 

patterns under steady-state conditions and assesses the Grashof number. 

The experimental approach involved maintaining temperature differences 

of 60 °C, 70 °C, 80 °C, and 90 °C for 3 hours, with three replications. The 

temperature alterations impact water's physical properties, such as density, 

viscosity, and specific heat. The calculations reveal that the minimum 

Grashof number occurs at 60 °C is 2.49×1012, while the maximum is 

observed at 90 °C is 9.42×1012, with an R2 value of 0.96533. The 

observation of turbulent flow patterns during each temperature fluctuation, 

which aligns with previous research on the Ress value of Grm/NG, has 

significant implications for the design and operation of passive safety 

systems in nuclear power plants. 
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1. INTRODUCTION 

The Fukushima Daiichi nuclear power plant accident 

has provided crucial lessons for researchers and 

nuclear reactor designers worldwide. Japan 

experienced a 9.0 magnitude earthquake, one of the 

most powerful in recorded history, followed by a 

devastating tsunami, resulting in significant damage 

at the Fukushima Daiichi plant. The earthquake 

caused severe structural damage and a complete 

power outage in all reactor units, resulting in a 

Station Blackout (SBO) and the failure of active 

cooling functions [1–3]. 

In light of such events, implementing passive 

cooling systems in all types of nuclear power plants 

(NPPs) becomes essential as a preventive measure to 
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maintain reactor safety during emergencies when 

active cooling systems fail. Passive cooling systems 

rely on natural processes without requiring external 

power, utilizing the natural circulation of fluid 

driven by density differences. In these systems, fluid 

in the hot region becomes less dense and rises due to 

buoyancy forces, while fluid in the cold region 

becomes denser and sinks, creating a natural 

convection loop. This passive mechanism ensures 

safer and more reliable thermal management in 

power plants [4, 5]. 

The Research Organization for Nuclear Energy 

(ORTN), part of the National Research and 

Innovation Agency (BRIN), has developed various 

experimental facilities to study natural circulation. 

One of them is the Passive Simulation System 
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Facility (FASSIP), located within the Thermal-

Hydraulic Experiment Laboratory of the Nuclear 

Thermal-Fluid Reactor System (NRTFSys.) 

research group. This laboratory operates under the 

Research Center for Nuclear Reactor Technology 

(PRTRN), supervised by ORTN  BRIN. 

In 2014, the construction of the NC-Queen 

experimental facility marked a significant milestone 

in our understanding of heat transfer in the natural 

circulation phenomena. The facility comprises ¾-

inch pipes measuring 2.7 meters in length and 0.5 

meters in width, with a 1.4-meter distance between 

the cooler and heater. Initial calculations revealed an 

astounding 81% increase in the average mass flow 

rate as the temperature rose from 70 °C to 90 °C [6]. 

Additionally, FASSIP-01 mod 1, established in 

2016, continued to provide valuable insights, 

featuring a medium-sized vertical rectangular loop 

made of SS 304 material with a 1-inch diameter, 3.5-

meter width, and 6-meter height, divided into 32 

sections. Observations indicated that the circulation 

flow rate increased from 0.04 to 0.06 kg/s with a rise 

in heater power from 1000 W to 2000 W [7]. These 

findings underscore the potential for significant 

advancements in passive cooling systems, it 

inspiring to continue the research and push the 

boundaries of our understanding. 

FASSIP-02 was constructed in 2018 and 

consists of a 43.7-meter long, 1-inch diameter piping 

system made of SS 304. The temperature difference 

(ΔT) between the inlet and outlet pipes increased as 

the heater tank temperatures rose. The facility was 

supported by U-shaped heat exchangers and 

designed to study single-phase and two-phase flows 

during natural circulation in large-scale facilities [8]. 

In 2021, the NRTFSys research group developed 

FASSIP-03 NT, featuring ultrafine bubble fluid. 

This fluid is used to investigate the performance of 

heat removal from hot areas to cold areas and to 

study helical heat exchangers on both the Heating 

Tank System (HTS) and Cooling Tank System 

(CTS) to enhance heat transfer efficiency [9]. In 

2022, FASSIP-04 was constructed, which revealed 

bubble formation from a 5.6 kW heater operating at 

105 °C during the commissioning process [10]. 

PRTRN has also established an advanced 

rectangular loop for natural circulation testing, 

named FASSIP-05, with innovations such as 

pressurized working fluids and adjustable loop 

inclination angles [11]. A reliability investigation 

conducted in 2023 assessed the performance of the 

FASSIP-05 heater and cooler, finding that the heater 

performed reliably, while the cooler's performance 

was suboptimal [12]. This study aims to determine 

the flow regime type during steady-state conditions 

through a literature review and temperature 

distribution calculations in a unique experimental 

setup. The working pressure was kept at 1 bar and 

operated without a flow meter, a departure from 

previous research. These conditions distinguish this 

study and enhance the understanding of data 

processing to determine natural circulation flow 

regimes in passive cooling loops for nuclear reactors 

without relying on a flow meter. 

2. THEORY 

2.1 Grashof Number in Natural Circulation Loop 

The Grashof number (Gr) is a dimensionless 

parameter crucial in fluid dynamics, particularly in 

the analysis of natural circulation systems. It 

represents the buoyancy ratio to viscous forces within 

a fluid flow, providing profound insight into the flow 

regime. In the context of the FASSIP-05 system, the 

Grashof number is used to assess the flow regime 

under varying temperature conditions. Higher 

Grashof numbers indicate stronger buoyancy than 

viscous forces, suggesting a turbulent flow regime. In 

this study, the Grashof number varied with 

temperature changes, offering a detailed view of the 

natural circulation phenomenon within the system. 

It's important to note that a Grashof number less than 

103 indicates laminar flow, while a value greater than 

109 suggests turbulent flow. This relationship 

between the Grashof number and flow regime allows 

a precise understanding of the system's behavior. 

Transitional flow regimes occur between these two 

extremes [13]. 

2.2 Thermal Expansion 

Thermal expansion, a fundamental physical 

property, is crucial in the FASSIP-05 system. Its 

understanding is vital, to predicting water behavior 

within the natural circulation loop. As water 

temperature varies, its density and buoyancy forces 

change, directly impacting natural circulation in 

significant way. The thermal expansion coefficient, 

is integrated into Grashof number calculations. This 

coefficient quantifies the extent of density changes 

due to temperature, facilitating the determination of 

flow regimes based on the balance between 

buoyancy and viscous forces [14]. 

2.3 The Physical Properties of Water 

The physical properties of water, especially 

under varying thermal and pressure conditions, are 

critical in analyzing natural circulation systems. In 

1993, Crabtree & Siman-Tov compiled correlations 
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for the physical properties of water within the 20 °C 

– 300 °C temperature range and saturated pressure 

range of 0.0025 - 8.5 MPa, partly based on ASME 

steam tables. These correlations ensure accurate 

predictions of water behavior, with discrepancies in 

the correlation of physical properties generally 

below 0.7%, except for saturated vapor density, 

which shows a deviation of 1.76% [15]. 

2.4 The Reynolds Number 

The Reynolds number (Re) plays a crucial role 

in characterizing fluid flow, particularly in 

determining whether the flow is laminar, 

transitional, or turbulent. In the context of natural 

circulation, where flow is driven by temperature-

induced density variations, the Reynolds number is 

instrumental in confirming the flow regime 

predicted by the Grashof number. In this research, 

the flow regimes were initially assessed using the 

Grashof number. These findings were then further 

validated using the correlation proposed by P.K. 

Vijayan in 2002. It is worth noting that this 

correlation is widely recognized among researchers 

for its role in establishing flow patterns in natural 

circulation loops [16]. 

2.5 The Surface Roughness and Friction Factor in 

Stainless Steel Pipes 

The FASSIP-05 system, a crucial component of 

our study, utilizes stainless steel pipes. This choice 

significantly impacts the system's performance, with 

surface roughness playing a pivotal role. Higher 

surface roughness, for instance, can lead to increased 

frictional forces, resulting in more significant energy 

losses and potentially reduced fluid flow efficiency. 

Churchill's equation calculates the friction factor (f) 

in turbulent pipe flow, considering the surface 

roughness of the pipe material. The relative 

roughness factor (ε/D) is a key variable in this 

equation, where a smaller value indicates a smoother 

pipe surface and, consequently, lower friction levels 

[17]. With these detailed analyses, this study is not 

just about understanding natural circulation flow 

regimes in passive cooling systems. The research 

study aims to significantly advance nuclear reactor 

safety and thermal management strategies, 

highlighting their importance and impact. 

 

 

 

3. METHODOLOGY 

3.1 Experiment Setup 

 
Fig. 1.  Loop of the FASSIP-05. 

The FASSIP-05 is a medium-scale passive 

cooling facility featuring a rectangular closed-loop 

geometry constructed from stainless steel 304 sch 

160 type pipes with a diameter of 1 inch, a width of 

1 meter, and a height of 4 meters. The height 

difference between the heater and the cooler is 2.67 

meters, creating an effective NCL. The heating 

system comprises four Elstein Infrared Panel 

Heaters (1000W FSR) positioned at the bottom of 

the vertical loop (hot leg), forming a bend heater to 

heat the water inside the pipes, simulating a power 

reactor's heat generation. The heat from the heaters 

increases the water temperature, reducing its density 

and causing it to rise due to buoyancy forces. At the 

top of the vertical loop (cold leg), a cooler functions 

as a heat exchanger, utilizing a water tank wound 

with helical copper pipes through which refrigerant 

134a flows, driven by a 2 HP condenser. This setup 

cools the water in the pipes, increasing its density 

and causing it to descend through the cold leg, 

establishing a continuous natural circulation loop 

essential for passive cooling in reactor systems. 

Figure 2 illustrates the instrumentation and control 

diagram of FASSIP-05, detailing the setup and 

monitoring systems used during the experiments. 
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Fig. 2. I&C scheme of the FASSIP-05. 

As part of the experiment, the cooler's 

temperature was initially lowered to its maximum 

limit, followed by the activation of the heater to 

establish an effective initial temperature gradient. 

The cooler operates at its maximum cooling 

capacity, and the heater was activated at its 

maximum power (4000 W). This process continues 

until the outlet temperature of the heater matches the 

set point temperature. To ensure the validity of the 

results, each set point temperature of 60 °C, 70 °C, 

80 °C, and 90 °C is rigorously tested three times, as 

detailed in Table 1.  

Table 1. FASSIP-05 Experimental Matrix. 

Set 

Point 

( °C) 

Cooler 

initial 

Temperature 

( °C) 

Repetition 

Press

ure 

(bar) 

Inclination 

(°) 

60 17 

17 

17 

17 

3× 

3× 

3× 

3× 

1 

1 

1 

1 

0 

0 

0 

0 

70 

80 

90 

Temperature data is collected using K-type 

thermocouples (%Error < 1%) with ½ inch threads 

connected to National Instruments 9213 and 9214 

data acquisition systems. LabVIEW software 

monitors and records data via a Human Machine 

Interface (HMI) panel. 

 

 Fig. 3. Flowchart of Experimental FASSIP-05. 

After reaching the set point temperature, the 

system wss maintained at the given  temperature for 

3 hours under steady-state conditions to ensure 

reliable data. The collected temperature readings 

were analyzed to determine the distribution along the 

loop, identifying natural circulation flow patterns 

and regimes, such as laminar, transitional, or 

turbulent flow. This analysis is crucial for 

understanding the phenomenon of the natural 

circulation loop under varying thermal conditions. 

The experimental results were compared with 

existing literature and previous studies to highlight 

the unique aspects of this research. One such aspect 

is the exclusion of a flow meter, which could be 

determined based on temperature and pressure 

changes. Another aspect is the use of pressurized 

working fluids. By following this methodology, the 

study aims to provide a comprehensive 

understanding of natural circulation flow regimes in 

passive cooling systems, contributing to advancing 

nuclear reactor safety and thermal management 

strategies.  
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3.2 Calculation data 

The Grashof number (Gr) for natural circulation 

loops (NCL) is modified to account for specific 

parameters in the system [13]. 

𝐺𝑟𝑚 =
𝜌2𝛽𝑔𝑞𝐻𝐷3

𝜇3𝐴𝑐𝑝

                                                             (1) 

the modified Grashof number is indicated as Grm 

(non-dimensional number), fluids density is ρ 

(kg/m³), gravitational force is g (m²/s), heater power 

q (W), height difference is H (m), inner pipe 

diameter is D (m), dynamic viscosity is μ (kg/m.s), 

flow area is A (m²), and specific heat is cP (kJ/kg°C). 

The thermal expansion β (oC-1) correlation is defined 

as follows [14]: 

𝛽 =
𝜌0 − 𝜌1

𝜌1(𝑇1 − 𝑇0)
                                                                  (2) 

where initial temperature is To (ºC), final 

temperature is T1 (ºC), initial density is ρ0 (kg/m³), 

and final density is ρ1 (kg/m³). To obtain the physical 

properties of water, the data compiled by Crabtree & 

Siman-Tov (1993) was used, utilizing constants A, 

B, C, and D with different values for various 

property calculations [15]. The specific heat capacity 

(cp) can be obtained as follows: 

𝒄𝒑 = 1000 × [
𝐴 + 𝐶𝑻

1 + 𝐵𝑻 + 𝐷𝑻𝟐
]

1/2

                                   (3) 

where A = 17.48908904, B = -1.67507 x 10-3, C = -

0.03189591, and D = -2.8748 x 10-6. The dynamic 

viscosity, 𝜇 can be obtained by the following 

equation. 

𝝁 = 𝑒𝑥𝑝 [
𝐴 + 𝐶𝑻

1 + 𝐵𝑻 + 𝐷𝑻2
]                                            (4) 

with A = -6.325203964, B = 8.705317 x 10-3, C = -

0.088832314, and D = -9.657 x 10-7. Meanwhile, the 

water density (ρ) can be estimated using the following 

equation : 

 
𝝆 =  A + B𝑻𝐹  +  C𝑻𝐹

2                                                        (5) 

Where temperature is T (ºC), TF = 1.8T + 32, A = 

1004.789042, B = -0.046283, and C = -7.9739 x 10-4. 

The steady-state Reynolds number can be 

determined using the correlation proposed by P.K. 

Vijayan in 2002 [16]. 

𝐑𝐞𝐬𝐬 = 𝐶 (
𝐺𝑟𝑚

𝑁𝐺
)

𝑟

                                                             (6) 

where 𝐶 = (
2

𝑝
)

1/(3−𝑏)
 and 𝑟 = 1/(3 − 𝑏) 

while 𝑝 is the friction factor and 𝑏 is the exponent of 

the friction factor, for the exponent value of the 

friction factor in the laminar flow regime it is 

determined by the Blasius correlation of 1 and the 

friction factor constant of 64, for turbulence the 

value of b is 0.25 and p is 0.316. 

Fully laminar flow: 

𝑅𝑒 =  0.1768 [
(𝐺𝑟𝑚)

𝑁𝐺
]

0.5

                                        (7) 

Fully transient flow: 

𝑅𝑒 =  1.2161 [
(𝐺𝑟𝑚)

𝑁𝐺
]

1/2.584
                                   (8)  

 

Fully turbulent flow:  

𝑅𝑒 =  1.96 [
(𝐺𝑟𝑚)

𝑁𝐺
]

1/2.75
                                          (9)        

NG represents the geometric ratio calculated by 

dividing the total loop length by the inner diameter 

of the pipe. 

Before calculating the mass flow rate, it is 

essential to determine the Darcy friction factor. The 

Darcy friction factor 𝑓𝐷 can be calculated using the 

Churchill correlation, which is applicable for a wide 

range of Reynolds numbers and pipe roughness 

values [17]: 

𝑓𝐷 = 8 [(
8

𝑅𝑒
)12 +

1

(𝐴+𝐵)3/2]
1/12

                                 (10)  

𝐴 = [2.457 𝑙𝑛 (
1

(
7

𝑅𝑒
)0.9+0.27

𝜀

𝐷

)]

16

                             (11)  

𝐵 = (
37530

𝑅𝑒
)

16

                                                             (12) 

 

where 𝒇𝑫 is Darcy friction factor, D is Pipe diameter 

(m), ε is pipe roughness (m). 

Using the steady-state Reynolds number and the 

Darcy friction factor, the mass flow rate WSS (kg/s) 

can be derived from the balance of buoyancy and 

frictional forces: 

𝜌𝛽𝑔∆𝑇𝑉 =  
𝑅𝑊𝑠𝑠

2𝐴

2𝜌
                                                      (13) 

with 𝑅 = 𝑓𝐷𝐿/𝐷𝐴2 ; 𝑉 = 𝐴. ∆𝑧 ; ∆𝑇 = 𝑞ℎ/𝑊𝑠𝑠𝑐𝑝 ; 

𝐴 =  𝜋𝐷2/4. Consequently, the correlation is 

transformed. 
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𝑊𝑠𝑠
2 =  

2𝜌2𝛽𝑔 (
𝑞ℎ

𝑊𝑠𝑠𝑐𝑝
)𝐴∆𝑧 

𝑓𝐷

𝐷𝐴2 𝐴
                                        (14) 

𝑊𝑠𝑠
3 =  

2𝜌2𝛽𝑔 𝑞ℎ∆𝑧 
𝑓𝐷𝐿

𝐷𝐴2 𝑐𝑝

                                                    (15) 

𝑊𝑠𝑠 =  √
2𝜌2𝛽𝑔 𝑞ℎ∆𝑧𝐷𝐴2 

𝑓𝐷𝐿𝑐𝑝
 

3

                                      (16) 

𝑊𝑠𝑠 =  √
2𝜌2𝛽𝑔 𝑞ℎ∆𝑧𝐷 (𝜋𝐷2

4⁄ )
2

 

𝑓𝐷𝐿𝑐𝑝

3

                      (17) 

𝑊𝑠𝑠 =
1

2
 √

𝜌2𝛽𝑔 𝑞ℎ∆𝑧𝐷5π2 

𝑓𝐷𝐿𝑐𝑝

3

                                    (18) 

Equation 18 shows the relationship between mass flow 

rate with density, thermal expansion, power, frictional 

factor, and geometrical parameters. 

4. RESULTS AND DISCUSSION 

The experimental results and calculations the 

understanding of the physical properties of water. 

These results, with a equation 3 – 5, are represented 

in Figures 4 – 6.  

Figure 4 presents the relationship between 

temperature settings and density in both hot and cold 

legs. At a temperature setting of 60 °C, it reaches its 

peak density, registering at 986.87 kg/m3, with an 

average temperature of 50.93 °C. This observation 

suggests a critical point where the cold leg's density 

peaks at a particular temperature. In contrast, the hot 

leg shows an inverse correlation between 

temperature settings and density. At the temperature 

setting of 90 °C, it demonstrates its lowest density, 

recording at 966.23 kg/m3, with an average 

temperature of 89.33 °C.  

Figure 5 elucidates the relationship between 

temperature setting variations and the dynamic 

viscosity of both hot and cold legs. The data 

demonstrates that the viscosity of both hot and cold 

legs decreases as the temperature setting increases. 

A notable observation is the peak viscosity dynamics 

at a temperature setting of 60 °C in the cold leg, 

where the average temperature registers at 50.93 °C, 

and the dynamic viscosity reaches 0.000537 kg/m.s. 

This peak indicates a critical point where the fluid's 

molecular interactions are most pronounced under 

these conditions, resulting in higher resistance to 

flow. 

On the other hand, the lowest viscosity 

dynamics are recorded at a temperature setting of 90 

°C in the hot leg. Here, the average temperature is 

89.33 °C, and the dynamic viscosity drops to 

0.000317 kg/m.s. This significant reduction in 

viscosity at higher temperatures underscores the 

decreased intermolecular forces, facilitating 

smoother fluid movement and lower resistance. 

Understanding the relationship between temperature 

and viscosity is crucial for optimizing fluid flow and 

enhancing system performance. By analyzing these 

viscosity dynamics, engineers can develop more 

efficient thermal management strategies and 

improve the operational efficiency of systems that 

rely on precise temperature control. Fig. 5, shows a 

detailed between temperature settings and dynamic 

viscosity, revealing critical patterns that important 

for better engineering practices and decision-

making. 

 

 
Fig. 4. Fluid density of NCL. 

 
Fig. 5. Dynamic viscosity throughout the loop. 

Figure 6 provides an illustration of the 

relationship between temperature setting variations 

and the specific heat of both hot and cold legs. The 
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specific heat capacity, which is the amount of heat 

required to raise the temperature of a unit mass of a 

substance by one degree Celsius, varies with 

temperature changes. The coldest specific heat 

value, recorded at 60 °C in the cold leg, with an 

average temperature of 50.93 °C and a specific heat 

of 4181.74 kJ/kg °C, suggests that the fluid requires 

less energy to increase its temperature under these 

conditions. Conversely, the highest specific heat, 

observed at 90°C in the hot leg, with an average 

temperature of 89.33°C and a specific heat of 

4206.33 kJ/kg °C, indicates that the fluid's capacity 

to store thermal energy increases with temperature, 

requiring more energy to achieve the intended 

temperature change. These variations in specific heat 

shows the  varying ability of the water to absorb and 

retain heat at different temperature points, a crucial 

factor in optimizing thermal management and 

system efficiency. Understanding these specific heat 

variations, provides valuable insights for designing 

and managing systems that rely on precise 

temperature control, ensuring optimal performance 

and energy utilization.  

 
Fig. 6. Specific heat profile of FASSIP-05 working 

fluid. 

Upon obtaining the computational results of the 

on the physical characteristics of water, the Grashof 

number can be calculated using Eq. 1. The calculated 

results are presented in Tables 2-5. 

Table 2. Grashof number results at 60 °C. 

Run Set Point 

( °C) 

Thermal expansion 

(/ °C) 

Avg. Grm 

1 60 0.0004019 2.49×1012 

2 60 0.0004019 2.48×1012 

3 60 0.0004019 2.48×1012 

 

 

Table 3. Grashof number results at 70°C. 

Run Set Point 

( °C) 

Thermal expansion ( 

°C-1) 

Avg. Grm 

1 70 0.0004303 4.06×1012 

2 70 0.0004303 4.04×1012 

3 70 0.0004303 4.04×1012 

Table 4. Grashof number results at 80°C. 

Run Set Point 

( °C) 

Thermal expansion ( 

°C-1) 

Avg. Grm 

1 80 0.0004592 6.29×1012 

2 80 0.0004592 6.29×1012 

3 80 0.0004593 6.28×1012 

Table 5. Grashof number results at 90°C. 

Run Set Point 

( °C) 

Thermal expansion ( 

°C-1) 

Avg. Grm 

1 90 0.0004885 9.42×1012 

2 90 0.0004885 9.42×1012 

3 90 0.0004887 9.40×1012 

 

To confirm the accuracy of the data presented 

in Table 2-5, a linear graph was created to show the 

relationship between the Grashof number and the 

temperature configuration. The averaged Grashof 

number values at each temperature setting are as 

follows: 2.48×1012 at 60 °C, 4.04×1012 at 70 °C, 

6.29×1012 at 80 °C, and 9.42×1012 at 90 °C. 

 
Fig. 7. Plot of Grashof number as a function of 

temperature. 

Figure 7 illustrates a detailed graph of the 

Grashof number, presenting four distinct variations 

in temperature setpoints under steady-state 

conditions. The Grashof number, varies linearly with 

temperature, as indicated by an R² value of 0.96533. 

One of the significant findings from the adjusted 

Grashof analysis is the observation of a turbulent 

NCL flow regime across the specified temperature 

range, specifically around (1012). This range 

indicates a regime where the flow transitions from 
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laminar to turbulent due to the increased buoyancy 

forces overcoming viscous forces. The turbulent 

flow regime is characterized by chaotic and irregular 

fluid motion, which enhances heat transfer and 

mixing within the system. 

 The Vijayan correlation (Eq. 9) is utilized in 

this study to determine the Reynolds number based 

on the flow regime indicated by the Grashof number 

for each temperature setpoint. This correlation 

provides a precise relationship between these two 

dimensionless parameters, enhancing the accuracy 

and reliability of this research. 

TH-out 60 °C => 𝑅𝑒 =  1.96 [
2.48×1012

482.859
]

1/2.75

= 

6664.5 

TH-out 70 °C => 𝑅𝑒 =  1.96 [
4.04×1012

482.859
]

1/2.75

= 

7966.92 

TH-out 80 °C => 𝑅𝑒 =  1.96 [
6.29×1012

482.859
]

1/2.75

= 

9338.07 

TH-out 90 °C => 𝑅𝑒 =  1.96 [
9.42×1012

482.859
]

1/2.75

= 10820 

During the experiment, stainless steel pipes were 

integrated into the FASSIP-05 system. The surface 

roughness was measured to be 0.046 mm. Figures 8-

11 present a comprehensive analysis of the 

relationship between temperature and critical 

parameters within a NCL, specifically focusing on 

the steady-state mass flow rate and the Darcy friction 

factor. As depicted in these figures, an increase in 

temperature results in a corresponding rise in the 

steady-state mass flow rate. This increase indicates 

enhanced fluid circulation, improved thermal 

performance and more excellent stability within the 

system. The mass flow rate's stability at higher 

temperatures can be attributed to the intensified 

buoyancy forces, which drive the natural circulation 

more effectively. 

Simultaneously, the figures reveal a notable 

decrease in the Darcy friction factor with increased 

temperatures. The Darcy friction factor, a 

dimensionless unit representing the resistance to 

flow within the loop, is influenced by various 

factors, including fluid viscosity and flow regime. 

As the temperature increases, the fluid's viscosity 

decreases, reducing the frictional resistance and 

thereby lowering the Darcy friction factor. This 

inverse relationship between temperature and the 

Darcy friction factor underscores the 

thermodynamic principles governing the NCL. The 

decrease in the Darcy friction factor at higher 

temperatures highlights the system's reduced energy 

losses due to friction, facilitating smoother and more 

efficient fluid flow. This reduction in frictional 

resistance is crucial in optimizing the loop's overall 

performance, as it enables the system to maintain 

higher flow rates with less energy input. 

Furthermore, the enhanced stability of the mass flow 

rate at elevated temperatures points to a more robust 

and reliable operation of the NCL, which is essential 

for applications requiring consistent and efficient 

thermal management. 

 

 
Fig. 8. Mass flow rate in steady state vs Darcy 

Friction Factor profile at 60 °C 

 
Fig. 9. Mass flow rate in steady state vs Darcy 

Friction Factor profile at 70 °C 

NCL observations were also conducted on 

Reynolds steady-state numbers, revealing the 

resemblance of flow regimes to Grashof numbers. 

To substantiate this claim, Ress was examined by 

relating the average Wss to 𝒇𝑫 using the general 

equation 𝐑𝐞𝐬𝐬 =
𝑊𝑠𝑠𝐷

𝜇𝐴⁄  and compared with 

another researches [18–22].  

The turbulent flow observed in Fig. 12 

illustrates a significant correlation between the 

values of Grashof's number and Reynolds' number 

across a range of temperatures. Furthermore, the 

inclusion of the Darcy Friction Factor resulted in a 
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reduction in Reynolds' number. Comparing these 

findings with those of other researchers establishes 

the presence of consistent turbulent regimes, 

although there are exceptions, such as Wang 2013 

and Srivastava 2023, which exhibited laminar flow 

[18, 20]. The variations in Reynolds' number 

primarily arise from dissimilarities in each facility's 

geometric characteristics and research 

methodologies. 

 
Fig. 10. Mass flow rate in steady state vs Darcy 

Friction Factor profile at 80 °C 

 
Fig. 11. Mass flow rate in steady state vs Darcy 

Friction Factor profile at 90 °C 

 
Fig. 12. Comparison of Reynolds number against 

Grm/NG. 

5. CONCLUSION 

The experimental results underscore the 

practical implications of temperature on the physical 

properties of water and the natural circulation flow 

in a rectangular loop. The variations in density, 

viscosity, and specific heat with temperature directly 

impact the Grashof and Reynolds numbers, thereby 

influencing the flow regime. The calculated mass 

flow rates demonstrate that higher temperatures 

foster more robust natural circulation, a crucial 

finding for designing and optimizing passive cooling 

systems in nuclear reactors. 
These findings have immediate practical 

implications for designing and optimizing passive 

cooling systems in nuclear reactors and significantly 

contribute to the broader understanding of natural 

circulation phenomena. This research is a crucial 

step towards developing more reliable and efficient 

passive cooling strategies. 
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