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1. Introduction 

 
Recently, SMR market is extended and most of 

pressurized water SMR receive attention especially. The 

most of pressurized water SMR deal with loss of 

coolant accident (LOCA) employing PCCS (Passive 

Containment Cooling System). SMRs use PCCS to 

remove heat from metal containment vessels, but some 

of them has finite operation time. So the heated surface 

of steel containment encountered in the accident has 

Rayleigh number higher than 1015 at air condition. In 

SMR regulation point of view, there is only a few 

correlations of natural convection extending RaH = 1015. 

From the perspective of SMR regulation, there are only 

a few correlations for natural convection under 

conditions where Rayleigh number exceeds 1015. So, 

demands of knowledge about correlation and heat 

transfer behavior where Rayleigh number exceeds 1015 

are growing. 

FOUAD and IBL developed a natural convection 

correlation where RaH extends up to 1015 by employing 

mass transfer experiments [1]. They measured average 

NuH but did not check transition point of laminar to 

turbulent. Fujii et al. measured turbulent natural 

convection at a vertical cylinder using various fluid [2]. 

A piecewise vertical cylinder is applied to measure the 

local heat transfer rate under both isothermal and 

isothermal flux conditions. They mentioned the analogy 

between a vertical plate and a cylinder when the 

boundary layer is sufficiently thin compared to the 

diameter of the cylinder. The local heat transfer rate is 

measured up to RaH = 1014, and the laminar transition 

point is confirmed at RaH = 1010. However, the 

characteristic of the bulk fluid was not well maintained 

in the test conditions, since the reservoir enclosing the 

working fluid and vertical cylinder is not sufficiently 

large. Vlite and Liu pointed out the reliability of the 

Fujii et al.’s experimental results due to changes in the 

bulk fluid [3]. Bejan and Lage questioned the non-

dimensional number as the transition point of existing 

studies [4]. The author noted that RaH is not exactly the 

governing parameter of laminar transition in most of the 

existing studies. Especially, the experimental study 

demonstrated that the doubt is correct, employing very 

low and high Prandtl fluids such as liquid metal and oil 

[2,5]. 

They investigated and predicted the laminar transient 

point, which is GrH = 109, by gathering experimental 

results from another author. Ko et al. measured laminar 

and turbulent heat transfer rate using mass transfer 

electroplating method [6]. They developed laminar and 

turbulent correlations; the critical transition point was 

GrH = 5×109. Their study once again verified Bejan and 

Lage's consideration on the governing parameter of the 

transition point. 

Various studies on turbulent natural convection at 

vertical plate under isothermal flux conditions were 

conducted by many researcher [3,7,8]. These studies 

differed in the definition of Grashoff number under 

isothermal and isothermal conditions. This means that 

even with natural convection heat transfer near the same 

vertical plate, the heat transfer phenomenon varies 

depending on the boundary conditions. Additionally, 

Yang collected laminar, transition, and turbulent 

correlation equations based on existing studies and 

presented the critical point of transition of each flow 

regime [9]. However, the correlation equation in Yang 

represents average heat transfer, and the boundary 

conditions (isothermal and isothermal flux) are not 

distinguished. 

In general, few experimental heat transfer research on 

High Rayleigh condition has been performed due to 

limitations such as the classification of boundary 

conditions, large devices for natural convection, and 

bulk fluid characteristics. However, for efficient SMR 

licensing, it is important to understand the heat transfer 

phenomenon within the vertical plate at High Rayleigh 

condition. By using a mass transfer technique based on 

analogy between mass and heat transfer, High Rayleigh 

conditions can be developed efficiently, and high 

buoyancy can be achieved with a small device. High 

measurement accuracy can be obtained by current 

without heat leakage or radiative heat transfer [10]. 

Especially, since there is no heat conduction loss 

between local heat transfer measurement devices, 

accurate local heat transfer measurement is possible. 

The bulk fluid properties of the mass transfer system are 

not sensitive to changes in the surrounding environment, 

making it easy to maintain the fluid properties during 

the experiment and quickly reach a steady state.  

In this study, the local heat transfer on the vertical plate 

for High Rayleigh was investigated using the copper 

sulfate-sulfuric acid (CuSO4-H2SO4) electroplating 
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technique in the mass transfer system. Additionally, the 

local heat transfer rate was measured by splitting the 

plate piecewise, and the flow regime was observed for 

each height. The height of the plate is 2.0 m, and the 

corresponding RaH and GrH are 1.34×1015 and 

6.43×1011, respectively. 

 

2. Experimental setup 

 

2.1 Methodology 

 

Heat and mass transfer systems are analogous, as the 

governing equations for the two phenomena are 

identical [11]. Therefore, by employing the analogy 

concept, heat transfer experiments can be conducted as 

mass transfer experiments [12]. 

In this study, a copper sulfate-sulfuric acid (CuSO4-

H2SO4) electroplating system served as the basis for the 

mass transfer experiments. 

When electric potential is applied at electrode, cupric 

ions which released at anode are plated at cathode. As 

the reaction progress, concentration of cupric ions near 

the cathode decreases. The difference of cupric 

concentration induce buoyancy and generate natural 

convective upward flow at near the cathode by mass 

transfer. As the amount of copper ions plated on the 

cathode per second increases, the buoyancy increases. 

The amount of copper ions exchanged is similar to the 

amount of heat exchanged, and the amount of copper 

ions exchanged per unit area (current density) is 

analogous to the heat flux. To address the challenge of 

measuring the ion concentration at the cathode surface, 

a limiting current technique was employed. The physical 

properties were calculated using the correlation 

conducted by Fenech and Tobias [13], and the mass 

transfer coefficient (hm) followed as: 

 

(1 )n lim
m

b

t I
h

nFC


                             (1) 

 

More details of this technique can be found in the work 

of Chung et al., where the technique has been applied in 

various applications [14,15]. 

 

2.2 Test matrix and apparatus 

 

Table 1 shows the test matrix for heat transfer in the 

vertical plate. The concentration of CuSO4 was 0.1 M 

and the concentration of H2SO4 was 1.5 M. The Sc 

corresponds to Pr was 2,093. The height of plate was 2 

m, which corresponds to RaH of 1.34×1015 or GrH of 

1.34×1011. 

 

Table I: Test matrix for heat transfer in vertical plate 

Pr H (m) RaH GrH 

2,093 2.0 1.34×1015 6.43×1011 

 

Figure 1 shows the electric circuit which consisted of 

the cathode plate, anode, power supply and data 

acquisition (DAQ) system. The heating plate was 

submerged in the top-opened acryl tank (W 135 mm × L 

430 mm × H 2400 mm) filled with the copper sulfate-

sulfuric acid (CuSO4 - H2SO4) solution. To measure the 

local heat transfer on the vertical plate, the cathode was 

installed in segments, and the contact regions between 

the segments were insulated. The copper anode was 

located at the corner of the tank away from the cathode 

to minimize the effect of the anode position. The 

electric voltage was controlled using the power supply 

(Keysight N8952a) and the electric current was 

measured using the DAQ system (NI 9227). 

 

 
Fig. 1. Schematic circuit for experimental apparatus. 

 

4. Results and discussion 

 

4.1 Comparison results with existing correlation for 

vertical plate 

 

Figure 2 is a graph comparing the existing correlation 

and the present results. Many existing research have 

mentioned that the transition on vertical plate natural 

convection is dominated by the dimensionless number 

GrH. Therefore, in this study, GrH was used instead of 

RaH for the Nu graph to confirm the flow transition. 

Each point on the graph is the average Nusselt value. 

The correlation used for comparison also represents the 

average Nusselt under isothermal conditions. The 

maximum relative error was 6.2%, which was good 
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agreement with the results of existing studies. 

  

Fig. 2. Comparison results with existing correlation. 

4.2 Local heat transfer rate with confirming laminar 

transient point 

 

Figure 3 shows the current density measured at each 

cathode. The horizontal axis of the graph represents the 

cathode number, and the vertical axis represents the 

current density. As the number of cathodes increases, 

the cathode height increases, and GrH increases 

accordingly. cathodes 1, 15, and 25 are located at 

heights corresponding to GrH = 2.4×107, GrH = 5.1×109, 

and GrH = 2.9×1010, respectively. The measured current 

density corresponds to the heat flux in the heat transfer 

experiment. Under isothermal conditions, the thickness 

of the laminar boundary layer increases as the height of 

the vertical wall increases. The thick laminar boundary 

layer reduces the current density as GrH increases. As 

the transition begins, the laminar boundary layer 

becomes unstable and the boundary layer near the 

vertical walls becomes partially thin. The thinned 

boundary layer causes a rapid increase in current density. 

After the transition, the velocity and thermal boundary 

layers thicken again and the current density decreases 

slightly. The results of this experiment confirmed the 

laminar flow transition point GrH = 5.0×109. 

 

 
Fig. 3. Current density with laminar transition point. 

 

Figure 4 is a graph about local NuH according to local 

GrH. Local GrH was obtained based on the top height of 

each cathode, and local NuH was evaluated from the 

current density of that cathode. The hollow dots 

represent the local NuH of each cathode. The laminar 

transition point identified from the change in current 

density along the electrode was observed at a similar 

GrH. In addition, the point where the transition region 

changes into a turbulent flow region was observed 

around GrH = 2×1010. The change rate of local NuH near 

the transition region is greater than the increase rate in 

laminar and turbulent flows, which shows a similar 

trend to previous studies [2,3]. 

The exponents for GrH in the laminar, transitional, and 

turbulent flow region correlation equations developed in 

this study are 0.25, 0.38, and 0.33, respectively. This 

study confirmed the local NuH up to GrH = 6.43×1011, 

and the RaH for that GrH is 1.35×1015. 

 

 
Fig. 4. Local NuH with varying local GrH. 

 

5. Conclusions 

 

This study measured turbulent natural convection at 

High Rayleigh employing an electroplating method 

based on the analogy between mass transfer and heat 

transfer. To observe flow regime at different heights, 

cathodes were made piecewise and local heat transfer 

was measured. The average NuH was calculated using 

piecewise cathodes and compared with the existing 

correlation, and it agreed well. The local heat transfer 

measurements in this study were expressed with current 

density and local Nu. It was confirmed that the laminar 

flow transition point appears around GrH = 5×109. A 

turbulent transition was observed around GrH = 2×1010, 

and then turbulent heat transfer developed well. In the 

further studies, we plan to investigate the instability of 

natural convection on a vertical plate and perform a 

more detailed analysis of the flow regime using the 

Particle Image velocimetry (PIV) flow visualization 

method. 
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