Numerical simulation of a heat transfer process in a 2D in-line tube bundle by means of RANS turbulence meodels
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Abstract— In this article a heat transfer process in the cross-flow in an in-line tube bundle was studied. The longitudinal and transverse pitch-to-diameter ratio was 1.3. The Reynolds number was in the range from 3020 to 6040. The 2D unsteady Reynolds averaged Navier-Stokes (URANS) equations were solved numerically, with ten different modeling strategies provided by Fluent CFD code. The working fluid was water with constant properties. SST, RSM EWT, RNG and standard k-ε EWT models have shown a difference for the Nusselt number with the empirical correlation less than 21%. The best agreement with the empirical correlation is obtained for the SST model, the difference is less than 10.4%. 
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I.  Introduction 

Tubular heat exchangers are widely used in many engineering applications. Shell-and-tube heat exchangers are one of the most commonly used equipment in the industrial heat transfer field [1]. Understanding of the heat transfer mechanism and cross flow characteristics in tube bundles is highly important for the optimal design of the shell-and-tube heat exchangers. Flow and heat transfer in tube bundles with different characteristics have been studied by the authors in the past both experimentally and numerically. Experimental data for heat transfer in a tube bundle cross flow reported in previous works [2–5], experimental data for flow characteristic in the tube bundles, obtained by means of Doppler laser velocimetry (LDV), studied in works [6,7]. With the development of computers over the past decades numerical simulation became popular as an engineering and scientific tool. Reynolds averaged Navier-Stokes (RANS) models are used to be applied to simulate turbulence in engineering applications. RANS models are designed for a narrow class of flows, therefore they must be tested before use. The authors [7, 8] conclude that RANS models are unable to predict flow characteristics in the tube bundle. In works [9-14] some RANS models have shown a good agreement with experimental data for the flow characteristics in the tube bundle. Recently large eddy simulation (LES) turbulence model also became popular and has been successfully used for the flow simulation in tube bundles [15–17]. However, the use of LES model still requires large computational costs [18]. The aim of the present article is analysis of RANS models applicability for heat transfer simulation in a tube bundles cross-flow.
II. Numerical Method
A. Computational domain and boundary conditions
[image: image4.emf]The computational domain of the numerical model – a two-dimensional wall bounded tube bundle, is shown in fig. 1. The tubes are placed in a square layout arrangement. The tube diameter is D = 10 mm. The longitudinal and transverse pitch-to-diameter ratio is s1,2/D = 1.3. The computational area is 1.3D ( 7.8D. Non-slip and constant temperature twall = 18 (C boundary conditions were set on the single tube in the middle of the lower bundle row. Adiabatic wall and non-slip boundary conditions were set for other tubes walls. Symmetry boundary conditions were set at the bottom and top edge of the domain. Constant temperature tinlet = 19 (C boundary condition was set to the inlet. Outlet pressure P = 101,325 Pa boundary condition was set to the outlet. Water with constant properties was employed as a working fluid. Numerically obtained Prandtl number was Pr = 7.22. Re number calculated for the maximum average velocity was in the range from 3020 to 6040.
Fig. 1. Computational domain

B. Governing equations and numerical scheme
The governing equations were the two dimensional incompressible unsteady Reynolds averaged Navier-Stokes (URANS) equations and the energy equation. Ten different modeling strategies were used for modeling of a turbulent flow. The turbulence models tested in the present study are: standard k-( model with standard wall function (standard k-( SWF) and enhanced wall treatment (standard k-( EWT), RNG k-ε model with standard wall function (RNG k-ε SWF) and enhanced wall treatment (RNG k-ε EWT), standard k-( model, SST k-( model, linear pressure-strain Reynolds stress model with standard wall function (RSM SWF) and with enhanced wall treatment (RSM EWT), transition shear stress transport (SST) model, and Spalart-Allmaras (SA) model.

The turbulence models and governing equations were solved by means of the Ansys Fluent application [19]. For all calculations the SIMPLE algorithm was used. A first-order implicit scheme was used for the unsteady formulation. For all cases the time step of 1 ( 10-4s was set.
C. Gird-independence tests
Four meshing schemes are generated for the calculations. The number of layers in the near-wall region was set to 10. The expansion factor in the radial direction was 1.2. Six sets of the grid were generated to investigate the influence of grid refinement on the solution. The minimum element size in the near-wall region and element number are presented in the Table 1. The examples of the obtained grids are presented in fig. 2. Table 2 shows a comparison between the empirical correlation Nusselt number and those Nusselt numbers calculated with the five tested grids. The equation (1) is a Nusselt number empirical correlation, which was proposed in [20], was used for the comparison. The Nusselt number for all turbulence models changes in the range of 2-4 % for sets of grids G1-G3. 
For subsequent calculations SST, RSM EWT, RNG and standard k-ε EWT models were selected, and have shown a difference for the Nusselt number with the correlation equation (1) less than 21%. For other models, the difference was more than 32%. For the final selection of the grid, another two set grids were tested. For the turbulence models under investigation, the Nusselt number change is about 0.3 % for sets of grids G3-G5. Therefore the G3 grid is used in all further calculations.
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TABLE I.  Grid information
	Mesh
	Elements number
	ymin/D
	ymaz/D

	G1
	10657
	4.2 × 10-3
	2.8 × 10-2

	G2
	23342
	3.25 × 10-3
	1.7 × 10-2

	G3
	48213
	1.25 × 10-3
	1.2 × 10-2

	G4
	78303
	9.88 × 10-4
	9 × 10-3

	G5
	135630
	1.25 × 10-3
	6.5 × 10-3



[image: image1]
Fig. 2. Grid distribution
TABLE II.  Influence of the grid size on the Nusselt number variation with different turbulence models
	Turbulence models
	Mesh
	Equation (1)

	
	G1
	G2
	G3
	G4
	G5
	

	SST
	124.58
	121.59
	115.99
	115.84
	115.85
	127.67

	RSM EWT
	110.71
	107.95
	105.56
	105.56
	105.69
	

	RNG k-ε EWT
	123.41
	119.67
	116.32
	115.97
	115.98
	

	standard k-ε EWT
	117.69
	114.69
	112.03
	111.81
	111.92
	

	SA
	100.21
	98.21
	96.35
	-
	-
	

	RSM SWF
	157.38
	173.52
	177.18
	-
	-
	

	standard k-(
	90.15
	89.28
	88.54
	-
	-
	

	SST k-(
	99.83
	98.60
	95.70
	-
	-
	

	standard k-( SWF
	213.81
	228.67
	231.05
	-
	-
	

	RNG k-ε SWF
	239.89
	264.17
	289.41
	-
	-
	


III. Results and discussion
Fig. 3 shows a comparison between the four turbulence models tested and the data, obtained with the correlation equation (1). From the fig 3, one can see that all turbulence models underestimate the Nusselt numbers in comparison with equation (1). The strongest difference between numerical simulation and equation (1) obtained for the RSM EWT model. When Re = 3020 difference for the RSM EWT model with equation (1) was 14.8%, and 20.9% for Re = 6040. 

[image: image2]
Fig. 3. Nusselt number, comparison between the 2D URANS models and equation (1)
Lowest difference between numerical simulation and equation (1) is obtained for the RNG k-ε EWT model. When Re = 3020, the flow characteristics for the RNG k-ε EWT model differ from with equation (1) on 1.05%, with increasing Reynolds number the difference becomes more significant and becomes 9.8% at Re = 6040. A similar trend for the standard k-ε EWT model is observed: when Re = 3020 the deviation from the equation (1) was 3.8% and 13.96% at Re = 6040. The SST model seems to follow the trend of the empirical correlation equation (1) precisely than other turbulence models. For the SST model, the Nusselt number deviation is about 9-10 % for all values of the Reynolds number.

Fig. 4 shows the distribution of the local Nusselt number for the four tested turbulence models. The similar distribution of the local Nusselt number obtained for the all turbulence models tested. However, a little difference in some regions can be stated. For the SST model, at the angle of about 75( degrees, the local Nusselt number has higher values compared to other models; at angles around 140( and 180( Nu has lower values. For the RSM model, an understatement is observed at a point of about 0( degrees and at angles above 110( degrees. Also, it is noticed that the maximum local Nusselt number is located at an angle of about 60°, this is similar to the resulted, described in works [10, 20].

[image: image3]
Fig. 4. Distribution of the local Nusselt number around the tube surface for Re = 6040
IV. Conclusions
Ten different 2D RANS modeling strategies were tested on the applicability for the heat transfer analysis for square layout arrangement of the tube bundle in a cross-flow. Reynolds number, calculated for the maximum average velocity, was in the range from 3020 to 6040. SST, RSM EWT, RNG and standard k-ε EWT models, gave different Nusselt numbers; nonetheless, the Nu number deviation to the empirical correlation was less than 21%, which is satisfactory. This deviation may be explained as uncertainties of empirical correlation and numerical simulations. The best agreement with the empirical correlation for the SST model is obtained (less than 10.4%). 
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Информация о публикациях трудов конференции будет размещена на сайте конференции в начале 2020 года.
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С 1 по 4 октября 2019 года пройдет Международная научная конференция «Far East Con» для ученых, преподавателей и представителей предприятий.
Результаты конференции будут опубликованы в журналах, индексируемых в наукометрической базой Scopus и/или Web of Science.
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