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INTRODUCTION

The passive safety concept of Small Modular Reactors (SMR) is based on the transfer of residual heat from the reactor to a water pool. Since the height of the reactor vessel can reach approximately 15 m, this concept leads to a strong heat exchange by natural convection at modified Rayleigh numbers (𝑅𝑎 * = 𝑅𝑎 • 𝑁𝑢 𝑦 ) between 10 18 and 10 20 . Reliable heat transfer correlations exist to date only up to 𝑅𝑎 * ≈ 10 15 , also along with very high uncertainties in the extrapolation to higher 𝑅𝑎 * . To improve the understanding of natural convection at high 𝑅𝑎 * number, the turbulent natural convection boundary layer (TNCBL) along a heated, 15 m high, vertical wall in a water tank is simulated by employing the Large Eddy Simulation strategy with the CEA in-house code Triocfd [START_REF] Angeli | Overview of the TrioCFD code: main features, V&V procedures and typical applications to nuclear engineering[END_REF] . The numerical results show a good agreement with available experimental data in the range of 𝑅𝑎 * < 10 15 . However, it is shown in the simulation, that the classical heat transfer correlation in turbulent regime (𝑁𝑢 𝑦 = 0.59(𝐺𝑟 𝑦 • Pr) 0.22 ) can only be applied to Rayleigh numbers 𝑅𝑎 * < 2 • 10 16 . An extended heat transfer correlation is proposed to match the intensive heat transfer rate at higher 𝑅𝑎 * between (2 • 10 16 < 𝑅𝑎 * < 10 19 ), namely 𝑁𝑢 𝑦 = 0.19(𝐺𝑟 𝑦 * • Pr) 0.25 .

NUMERICAL SETUP

The heat transfer by natural convection along a vertically oriented heated wall is studied numerically. In current work, the conservation equations are solved within the Large Eddy Simulation (LES) framework. The fluid is water and assumed Newtonian and incompressible. The buoyancy effect is taken into account in the momentum equation by the Boussinesq approximation via the gravity source term:

𝑔 𝑖 (1 -𝛽)(𝑇 ̅ -𝑇 𝑟𝑒𝑓. ). ( 1 
)
𝑔 𝑖 denotes the acceleration of gravity, 𝑇 𝑟𝑒𝑓. represents the reference temperature and 𝛽 the thermal expansion coefficient. In the simulation, the reference temperature 𝑇 𝑟𝑒𝑓. is selected by taking the lowest temperature in the initial flow field. The finite volume difference method is selected for the spatial discretization operated with grids built of parallelepipeds.

The conservation equations are discretized by Marker-And-Cell (MAC) finite volume method and solved by the SOLA pressure projection method. More details concerning numerical schemes are listed in , the computational domain consists of a water tank with the dimensions 10 m in spanwise direction (𝑥), 25 m in streamwise direction (𝑦) and 0.889 m in crosswise direction (𝑧). A flat plate with imposed uniform heat flux of 15 m height and 0.889 m width is mounted vertically on one side of the tank at 𝑥 = 10 m as shown in Fig. 1.

Fig. 1 Calculation configuration and boundary conditions

The size of the computational domain has referred to the scale of SMR, especially for the height of the heated plate ( 15 m). An extra non-heated wall of 10 m height is added above the heated wall to extend the upper region of the tank. The resulting additional volume of 88.9 m serves to store the residual heat in order to diminish its possible feedback on boundary layer development along the heated wall. The extreme large size of the tank in the spanwise direction (10 m) is also used to reduce the effect of the sidewall at 𝑥 = 0 m on the boundary layer development of the heated plate. For the same reason, periodicity is assumed in crosswise direction. The mesh size varies based on the regions of interest. Within a generally coarse mesh, a refined core region of 3 m × 18 m × 0.899 m in 𝑥, 𝑦, 𝑧 direction is defined that is close to the heated plate. The mesh size in spanwise direction is refined with decreasing distance to the heated plate. To be more specific, starting with y + values close to 0.2 at the heated plate, the mesh size increases with a constant stretching factor within a distance of 3 m. In streamwise and crosswise directions, the mesh is uniformly distributed. The grid in the refined region counts 300×2727×136 control volumes in 𝑥, 𝑦 and 𝑧 direction. More details regarding the meshing are listed in Table 2. The relative number of nodes (𝑁 𝑥 * ) is defined by the ratio between the real number of nodes (𝑁 𝑥 ) and the corresponding length (𝑙 𝑥 ). The current mesh setup (see Table 2, Case 1) is derived from the mesh sensitivity study of Yang et al [START_REF] Yang | Les of a Space-Developing Natural Convection Boundary Layer in Water Along a Vertical Wall with High Heat Flux[END_REF] . In this study, the laboratory scale experiment of Vliet 2 was analyzed with the same numerical scheme as here. Only the height of the heated wall differs, which is only 𝑦 ≈1.2 m for the experiment. These simulations were conducted with less refined mesh, Case 2, and refined mesh, Case 3 (see Table 2). Both cases have achieved good agreement with Vliet's experiment 2 in term of mean temperature and mean velocity distribution in the boundary layer as well as second-moment statistics [START_REF] Yang | Les of a Space-Developing Natural Convection Boundary Layer in Water Along a Vertical Wall with High Heat Flux[END_REF] . The less refined mesh (Case 2) is selected to be the reference for the calculations presented here, which have been performed with the mesh Case 1. A slightly higher stretching factor than in Case 2 is used so that the size of the first near wall mesh is close to Case 3 without reducing too much the time step. For the momentum conservation equations, non-slip boundary conditions are assumed for all walls. The thermal boundary condition of the heated plate is an imposed heat flux density that is constant in space and time. All the other walls are taken as adiabatic.

The thermal hydraulic conditions of Vliet's experiment V2 is selected for the current simulation since the corresponding constant heat flux density 𝑞 𝑤 = 9766.6 W/m 2 is close to the heat flux density expected in SMRs under long term cooling conditions. Here, the maximum local 𝑅𝑎 * number can reach 10 19 . The whole water tank is initialized with stagnant water at a constant temperature of 𝑇 𝑏𝑢𝑙𝑘 = 24℃. The simulation was conducted until stabilized thermal hydraulic conditions were achieved (t ≈ 600𝑠), in which the mean temperature of the heated wall is time independent. As shown in Fig. 2, the temperature difference between plate wall and bulk fluid,

𝜃 𝑤 = 𝑇 𝑤𝑎𝑙𝑙 -𝑇 𝑏𝑢𝑙𝑘 , (2) 
approaches the stable state gradually from 300s to 700s. Only minor variation is detected between the instants of 600 s and 700 s. Thus, the simulation converges to fully established flow.

Fig. 2 Plots of mean temperature difference along the heated wall at the instants of 300s, 500s, 600s and 700s

To simulate the 700 s, overall CPU cost of the calculation was about 75 hours on 5840 processor cores.

The physical properties are evaluated as in Vliet's experiment from the mean temperature between heated wall and bulk fluid. Several quantities are defined below that will be used later. The local Rayleigh number is calculated from the local Grashof number Gry and the Prandtl number Pr.

𝑅𝑎 = 𝐺𝑟 𝑦 • 𝑃𝑟 , (3) 
The modified Rayleigh number 𝑅𝑎 * is a function of the local Nusselt number 𝑁𝑢 𝑦 𝑅𝑎 * = 𝑅𝑎 • 𝑁𝑢 𝑦 , (

where the local Nusselt number is calculated from

𝑁𝑢 𝑦 = ℎ𝑦 𝑘 ⁄ , (5) 
in which the heat transfer coefficient ℎ is calculated from

ℎ = 𝑞 𝑤 𝜃 𝑤 ⁄ . ( 6 
)
𝑦 is the distance to the leading edge of the heated plate. 𝑘 is the heat conductivity and 𝜃 𝑤 is defined in Eq.( 2). The local modified Grashof number is computed from

𝐺𝑟 𝑦 * = 𝑔𝛽𝑞 𝑤 𝑦 4 𝑘𝜈 2 ⁄ , ( 7 
)
where 𝜈 is the kinematic viscosity.

RESULTS

The instantaneous velocity and temperature distribution along the heated plate are presented in 2D contour plots shown in Fig. 3. The 2D plane is oriented normal to the heated vertical wall and placed in spanwise direction in the center of the pool. On the horizontal axis, both Ra * and distance from the leading edge (y) are given. Flume like flow is present in the temperature contour (Fig. 3, top).With the increase of 𝑅𝑎 * number, the eddies are transferring gradually from the inner boundary layer to the outer layer.

Fig. 3 Contours of instantaneous temperature and velocity distribution at the instant of 600s

For stabilized thermal-hydraulic conditions after a transient of 600 s, the simulation results are compared with available experimental data of TNCBL along the vertical wall in water [START_REF] Vliet | An experimental study of turbulent natural convection boundary layers[END_REF][START_REF] Fujii | Experiments on natural-convection heat transfer from the outer surface of a vertical cylinder to liquids[END_REF] . In the laboratory scale (y<1.2 m), the 𝑅𝑎 * number can reach 7 • 10 14 . As can be seen in Fig. 4a, a good agreement between calculation and experiment has been achieved in the laminar regime at y <0.45 m (𝑅𝑎 * <10 13 ) for the temperature difference 𝜃 𝑤 (Eq. ( 2)) along the heated wall.

A slightly delayed transition from laminar to turbulent regime exists in the simulation. The reason might be attributed to the effect of mesh and trigger as discussed by Ortiz [START_REF] Villa Ortiz | Application of numerical transition control method to enhance turbulence in a natural convection boundary layer over a vertical heated plate[END_REF] . In fact, it has been shown by Yang et al. [START_REF] Yang | Les of a Space-Developing Natural Convection Boundary Layer in Water Along a Vertical Wall with High Heat Flux[END_REF] that the numerical scheme employed for the current simulation can correctly predict the transition position with the mesh refinement of Case 3 (see Table 2). The slightly delayed transition, which might be related to the increased stretching factor, will affect neither the downstream turbulent behavior nor the fitting of heat correlation in turbulent region. The calculated temperature difference 𝜃 𝑤 is shown in Fig. 4a. After transition, the temperature difference is close to the experimental data within the range of 0.8 m< y <1. The increment of the exponent of the proposed correlation may imply the enhancement of heat transfer at higher 𝑅𝑎 * . On the other hand, the new coefficient 0.25 can denote the independence of heat transfer coefficient, or thermal boundary layer thickness on the increasing distance (𝑦) to the leading edge of the heated plate. This can be supported by the theoretical study of Wells [START_REF] Andrew | A geophysicalscale model of vertical natural convection boundary layers[END_REF] . Based on Wells prediction, the local Rayleigh number based on the thermal boundary layer thickness (𝑅𝑎 𝛿 ) remains constant as 10 11 < 𝑅𝑎 * < 10 21 . In this stage, the thermal boundary layer thickness is independent of the distance to the leading edge and the turbulence is mostly induced by buoyancy. More work is ongoing to verify the validity of this proposed heat correlation at high Rayleigh number. In fact, studies at very high Rayleigh numbers are very limited to do further validation. Nevertheless, the simulation results are promising considering their good agreement with measurements in the laboratory scale [START_REF] Yang | Les of a Space-Developing Natural Convection Boundary Layer in Water Along a Vertical Wall with High Heat Flux[END_REF] and the correspondence with relevant theoretical studies [START_REF] Andrew | A geophysicalscale model of vertical natural convection boundary layers[END_REF] .

CONCLUSIONS

In this work, the TNCBL along the vertical wall in the scale of SMR in water is analyzed with Large Eddy Simulation. 

Fig. 4

 4 Fig. 4 Plots of temperature difference along the heated wall (a) and Nusselt functions in (b), experimental data of Vliet 2 .However, as entering the fully developed turbulent regime at 𝑅𝑎 * >2 • 10 16 , the simulation result deviates slightly from Vliet's Nusselt correlation Eq.(9). This denotes the dependency of heat transfer coefficient on the distance to the leading edge. This deviation enlarges gradually with the increase of 𝑅𝑎 * number, reaching 20% as 𝑅𝑎 * ≈ 10 19 . Such large deviation of Nusselt number might induce significant errors in evaluating the heat transfer behavior in SMR cooling studies. Thus, for the heat transfer in SMR scale (𝑦 ≈ 15 m), where the maximum 𝑅𝑎 * number can reach 10 19 , a new correlation with higher power exponent is proposed for the range 2 • 10 16 < 𝑅𝑎 * < 10 19 : 𝑁𝑢 𝑦 = 0.19(𝐺𝑟 𝑦 * • Pr) 0.25 . (10)

Table

  

Table 1

 1 

		Summary of numerical schemes
	Time	Runge-Kutta	3 rd order explicit
	discretization		
	Space	Convection (NS)	2 nd order center
	discretization	Diffusion (NS)	2 nd order center
		Convection(Energy) 3 rd order quick
		Diffusion (Energy)	2 rd order center
	Turbulence	LES, Subgrid	WALE, Cw = 0.5
	modelling	model	
	Inspired by the experimental work of Vliet

  [START_REF] Vliet | An experimental study of turbulent natural convection boundary layers[END_REF] 

Table 2

 2 

		Details of mesh and calculation
	Case	Dimensionless	Normal	Time step
	No.	number of nodes	distance to	(s)
		(𝑁 𝑥 * × 𝑁 𝑦 * × 𝑁 𝑧 * )	heated wall (𝑥 + )	
	1	100×182×153	0.2	3 • 10 -3
	2	98×166×157	0.4	5 • 10 -3
	3	220×878×338	0.1	8 • 10 -4

  For typical SMR geometry and thermal conditions, the maximum modified 𝑅𝑎 * can reach 10 19 . The simulation results have achieved a good agreement with measurements within the laboratory scale (y <1.2 m, 𝑅𝑎 * <10 15 ). numbers between 2•10 16 < 𝑅𝑎 * < 10 19 , namely 𝑁𝑢 𝑦 = 0.19(𝐺𝑟 𝑦 * • Pr) 0.25 . More studies are under way to improve the validation of the proposed correlation. ACKNOWLEDGEMENT This work is funded by the CEA program "Programmes Exploratoire (PE) et Transversaux de Compétences (PTC)". The work was granted access to the HPC resources of TGCC and IDRIS under the allocation A0092A07571, R0091010339 and A0122A07571 made by GENCI.

		𝑇 𝑤𝑎𝑙𝑙	Wall temperature (°C)
		𝑇 𝑏𝑢𝑙𝑘	Bulk fluid temperature (K)
		TNCBL Turbulent natural convection boundary layer
		WALE Wall adaptive local eddy-viscosity
		𝑥 +	Near wall dimensionless distance
		𝑦	Distance along heated wall from leading
			edge (m)
		𝛿	Boundary layer thickness
		𝛽	Coefficient of volumetric expansion
		𝜃 𝑤	Temperature difference between wall and
			bulk
		𝜈	Kinematic viscosity (m 2 /s)
		The
	experimental heat transfer correlations of Vliet for both laminar * • Pr) 0.2 ) and turbulent (𝑁𝑢 𝑦 = 0.64(𝐺𝑟 𝑦 regimes (𝑁𝑢 𝑦 = 0.59(𝐺𝑟 𝑦 * • Pr) 0.22 ) are reproduced in
	accordance for 𝑅𝑎 NOMENCLATURE
	𝑔	Gravitational acceleration (m/s 2 )
	ℎ	Convective heat transfer coefficient
		(W/(m 2 K))
	𝐺𝑟 𝑦	Grashof number
	𝐺𝑟 𝑦 *	Modified Grashof number
	𝑘	Thermal conductivity (W/(m⋅K))
	𝑁𝑢 𝑦	Nusselt number
	𝑃𝑟	Prandtl number
	𝑞 𝑤	Wall heat flux (W/m 2 )
	𝑅𝑎	Rayleigh number
	𝑅𝑎 *	Modified Rayleigh number
	𝑅𝑎 𝛿	Local Rayleigh number

* < 2 • 10 16 . A new heat correlation is proposed to match the heat transfer rate at higher 𝑅𝑎 *