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	Shell and tube heat exchangers are among the most common equipment in industrial processes because of their heat exchange efficiency. However, designing these heat exchangers to enhance their performance can be cumbersome and time-consuming. This study focuses on evaluating the performance of shell and tube heat exchangers with different numbers of baffles placed inside the shell, and identifying the most suitable turbulence model. In this study, the flow characteristics inside the heat exchangers were modelled using three turbulence models: Spalart-Allmaras, k-ε standard, and k-ε realisable models. The simulations were performed with the number of baffles ranging from one to seven to understand their effect on heat transfer and pressure drop. When the number of baffles in the heat exchanger increases, the pressure drop across the heat exchanger also increases. Model D exhibited maximum pressure distribution, which occurred with 12 baffles. The velocity streamlines from the experiment showed that a higher number of baffles led to an increase in flow. This study also aimed to compare three turbulence models, and the results indicated that the k-ε realisable model performed the best of the three models. This study also highlights the importance of designing a shell and tube heat exchanger with an appropriate number of baffles. Although more baffling is advantageous for heat transfer, it also results in a higher pressure drop. In summary, as evidenced by the results presented in this paper, the baffle design is crucial for heat exchangers. 
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1. Introduction

In many industries, shell and tube heat exchangers (STEs) are the most common types of heat exchangers due to their heat transfer efficiency [1-2]. Counterflow is considered the most suitable flow arrangement for heat exchanger evaluation because of its compactness and design versatility [3-4]. Designing these heat exchangers involves complex relationships and equations, often requiring many iterations to determine the optimal solution [5]. It is easier to alter parameters related to heat transfer operations on the tube side, whereas making similar changes on the shell side can be time-consuming. Computational Fluid Dynamics (CFD) has simplified this process by allowing visualisation of flow fields and temperatures, which aids in design improvements [6-7].
Baffles in heat exchangers are used to generate turbulence, which is crucial for improving heat transfer coefficients [8-9]. However, precautions must be taken when designing the baffles to ensure that the pressure drop in the shell-side fluid does not become excessively high [10]. Additionally, the baffles provided support to the tubes within the heat exchanger [11]. However, if a greater baffle spacing is used in the design of heat exchangers, flow-induced vibration can occur, potentially leading to tube failure [12-13].
A previous study focused on examining the STEs with different numbers of baffles to determine the most suitable turbulence model for implementation [14]. The method used in the previous study involved CFD simulation of a small-scale STE model, considering the aspects of geometry and meshing. Three turbulence models (Spalart-Allmaras, k-ε standard, and realisable k-ε) were used to study the flow characteristics inside the heat exchanger.
An earlier study revealed that the pressure drop increased with the number of baffles. The results showed that Model D with 12 baffles had the highest-pressure distribution. The velocity streamlines also indicated that higher baffle counts resulted in higher flow rates. This study further investigated the performance of the three turbulence models and found that the k-ε realisable model was the best [14].
Based on the observations from the previous study, the current work extends the investigation of STE performance with varying numbers of baffles. This research employs more sophisticated numerical methods and simulations to analyse the effect of baffles on heat transfer and pressure drop. Building on previous work, this study aims to provide a further understanding of STE design and ways to improve them for better industrial usage.

2. Methodology 

A CFD simulation was conducted on a small lab-scale STE model to precisely visualise the heat transfer and pressure loss for the shell-side examination of the heat exchanger. Several geometric and design factors were considered for heat exchanger modelling.

2.1 Geometry of the Shell and Tube Exchanger

The geometry of the shell and tube heat exchanger (STE) features a shell diameter (𝐷𝑠) of 90 mm, tubes with a diameter (𝐷𝑡) of 20 mm, and a total of 7 tubes (𝑁𝑡), as illustrated in Table 1. The heat exchanger has a length (𝐿) of 600 mm, and the baffles are cut at 40% and 48%, with varying numbers of baffles (𝑁𝑏) set at 6, 8, 10, and 12. The spacing between baffles (B) was 85.7 mm. These geometric parameters define the physical characteristics and operating conditions of the heat exchanger, which are crucial for the thermal performance analysis.

[bookmark: _heading=h.gjdgxs]2.2 Mesh Generation

Mesh generation was conducted using the ANSYS Meshing software, employing a fine mesh with 273,429 elements, as shown in Figure 1. To ensure accurate results, the simulation was run on a progressively finer grid, adjusting the local refinements to assess the variations in the computational parameters.


Table 1
Geometrical parameters of the prototype
	Parameter
	Dimension

	Shell Diameter, 𝐷𝑠
	90 mm

	Diameter of tube, 𝐷𝑡
	20 mm

	Tubes, 𝑁𝑡
	7

	Length of Heat Exchanger (HE), L
	600 mm

	Inlet temperature for shell side, 𝑇𝑠
	300 K

	Tube inlet temperature, 𝑇𝑡
	450 K

	Baffles cut, 𝐵𝑐
	40% & 48%

	Number of Baffles, 𝑁𝑏
	6,8,10, &12

	Baffle spacing, B
	85.7 mm
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Fig. 1. Grid structure of shell and tube heat exchanger
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2.3 Governing Equation for Shell and Tube Heat Exchanger

The governing equations for the flow inside a shell and tube heat exchanger are described by the Navier-Stokes equations, along with the equations for energy and turbulence modelling. The basic equations are as follows:

Continuity Equation:

 								               	  		  (1)

where v is the velocity vector.

Momentum Equation (Navier-Stokes Equation):
 								 (2)

where ρ is the fluid density, t is the time, p is the pressure, μ is the dynamic viscosity, and g is the gravitational acceleration vector.

Energy Equation:

 									 (3)
where T is the temperature, Cp is the specific heat at a constant pressure, k is the thermal conductivity, and Q is the heat source/sink term.

2.3 Turbulence Modelling

The flow inside the heat exchanger is characterised by turbulence, necessitating the use of transient simulations and various turbulence models. In this study, three turbulence models were considered: the Spalart-Allmaras model, k-epsilon (k-ɛ) standard model, and k-epsilon realisable. The Spalart-Allmaras model relies on kinematic eddy viscosity and mixing length to define turbulent viscosity transport, making it efficient for specialised flows by solving a single transport equation [15-16]. The k–ɛ model is appropriate for scenarios in which convection and diffusion significantly affect turbulence. This model focuses on the turbulent kinetic energy mechanism [14-17]. The standard k–ɛ model is suitable for turbulent and non-separated flows, solving both turbulent kinetic energy and its dissipation rate, offering strong convergence, and serving as a general-purpose model. In contrast, the k-epsilon realisable model enhances the performance for complex geometries, resolves boundary layers using two-equation models, and is crucial for shell and tube analysis [18].

2.4 Boundary Conditions and Parameter Assumptions

The heat exchanger operates with an inlet temperature of 300 K for the shell side (𝑇𝑠) and 450 K for the tube side (𝑇𝑡). The critical boundary conditions for this small-scale STE model included the temperature and fluid flow rate at the intake. The desired boundary conditions in terms of the fluid flow rate and temperature were applied to achieve increased heat transfer with a minimal pressure drop at the output of the shell and tube. Details of the geometrical parameters are presented in Table 1. A no-slip condition was assigned to the surface and gravity was assigned to the Y-axis.

3. Results 
3.1 The Grid Independent Test

A Grid Independence Test (GIT) was conducted to determine the optimal grid setup for the simulation. In this process, the cell size was gradually reduced to introduce more nodes and elements, thereby enhancing computational accuracy. Grid design plays a key role in determining the results derived from a CFD model, necessitating the identification of an ideal grid configuration. To establish the reliability, the same simulations were repeated five times using different settings. The results of the grid independence test are highlighted in Table 2, with test number 4 selected for all subsequent analyses and geometries. This test contained 50,810 nodes and 273,429 elements, representing a good balance between accuracy and computational costs. The computational geometry applications involved the use of tetrahedral meshing in the surface meshing, as shown in Figure 1.
Table 3 presents the results of the Grid Independence Test (GIT) for five test configurations: test number 1 (no. 1), test number 2 (no. 2), and test number 3 (no. 3), test number 4 (no. 4), and test number 5 (no. 5). Among these tests, test no. 4 is preferable to test no. 5 because it can perform simulations in a relatively short time span while utilising 50,810 nodes. Although test no. 5 provided the best accuracy with the highest number of nodes (115,810) and an orthogonal quality value nearest to 1 (0.77601, representing good quality on a scale of 0 to 1), test no. 4 remained acceptable with an orthogonal quality of 0.72521.





[bookmark: _Hlk170853682]Table 2    
Grid independent test for different setups       
	No
	Node
	Element
	Skewness
	Quality of Skewness
	Orthogonal quality
	Quality of orthogonal

	1
	17084
	84754
	0.31760
	Very good
	0.68131
	Good

	2
	24102
	123824
	0.30210
	Very good
	0.69677
	Good

	3
	30055
	153944
	0.28471
	Very good
	0.71417
	Very good

	4
	50810
	273429
	0.27370
	Very good
	0.72521
	Very good

	5
	115810
	451821
	0.22264
	Excellent
	0.77601
	Very good
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Grid independent test      
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Moreover, test no. 5 was found to be the best in terms of skewness, with a value of 0.22264 (0 being the best and 1 being the worst) compared with test no. 4's skewness value of 0.27370. However, test no. 5 was considered less efficient due to its longer simulation time. The data collected indicated that as the number of nodes increased, so did the simulation time. Furthermore, it is worth emphasising that the numbers of elements and nodes are directly related. Figure 2 presents the correlations between skewness and orthogonal quality, showing that lower skewness corresponds to better orthogonal quality. Figure 3 demonstrates that a better orthogonal quality corresponds to higher accuracy.

[image: ]
Fig. 2. Node vs Skewness graph
[bookmark: _heading=h.2s8eyo1][image: ]
Fig. 3. Node vs orthogonal quality graph

3.1 Pressure Vector for all Models

This section discusses the pressure data obtained from simulations. The pressure for all the tests is presented as a pressure vector. In this simulation, four heat exchanger models with different numbers of baffles were analysed, each displaying distinct pressure behaviour patterns. Model A had six baffles, Model B had eight baffles, and Models C and D had 10 and 12 baffles, respectively. The pressure drop across the heat exchanger was calculated, which revealed the difference between the upstream and downstream pressures. This drop is typical because of the baffle spacing and cuts, which impede the fluid motion [19].
Following the determination of the appropriate turbulence model, simulations were conducted for the heat exchangers with 6, 8, 10, and 12 baffles. As shown in Table 4, the simulation results indicate that the pressure drop increased with the number of baffles. Additionally, the results highlight the optimal values for the baffle spacing and shell diameter ratio. Consequently, this study reveals previously unexplored relationships between the baffle spacing and heat exchanger geometry.

Table 4
Relation between baffle spacing and design parameter 
	Number of baffles
	Central baffle spacing, B (mm)
	Ratio of B/𝐷𝑠

	6
	85.7
	0.95

	8
	66.67
	0.74

	10
	54.54
	0.6

	12
	46.15
	0.51



Figure 4 illustrates the pressure distributions against location for Models A, B, C, and D. It can be observed that the pressure at the inlet is higher than that at the outlet, with Model D exhibiting the highest pressure at several locations compared to Models A, B, and C. Conversely, Model A exhibited the lowest pressure distribution among the four models. At location 1, Model D shows the highest pressure at 609,270.06 Pa, whereas Models A, B, and C exhibit pressures of 174,559.22 Pa, 278,548.59 Pa, and 414,118.38 Pa, respectively. At location 2, Model A shows a slight increase in pressure from 174,559.22 Pa to 176,514.56 Pa, while Models B, C, and D demonstrate a decrease in pressure. From locations 3 to 9, the pressures for Models A, B, C, and D decreased consistently.
The pressure difference between two locations, known as the pressure drop, indicates that Model A has the lowest pressure drop at 161,577.73 Pa compared to Models B, C, and D, which have pressure drops of 227,206.39 Pa, 314,293.1 Pa, and 495,003.01 Pa, respectively. Table 5 presents the pressure results at nine locations for all the four models. From these results, it is evident that Model A is the most efficient in maintaining a proper airflow in the system, as it requires the lowest pressure drop among the tested models.

[image: ]
Fig. 4. Pressure profile for different location in heat exchanger
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Pressure result obtained from 9 locations on the system for all models            
	Location
	Pressure (Pa)

	
	Model A
	Model B
	Model C
	Model D

	1
	174559.22
	278548.59
	414118.38
	609270.06

	2
	176514.56
	262470.84
	394031.38
	582766.75

	3
	165648.73
	239978.09
	361899.67
	530430.88

	4
	143883.86
	203622.53
	324112.31
	439885.94

	5
	118169.39
	169808.20
	258141.80
	378313.31

	6
	114468.27
	129382.27
	191055.81
	277749.94

	7
	83955.20
	92951.10
	143540.92
	221019.55

	8
	47320.57
	51342.20
	99825.28
	114267.05

	9
	12981.49
	17002.00
	45150.45
	59117.55



3.2 Velocity Vector for all Models

The velocity distribution within the heat exchanger is represented by velocity streamlines, which illustrate the flow pattern in the system. Figure 5 presents the velocity vectors for all heat exchanger models, with simulations performed at a mass flow rate of 0.5 kg/s for varying numbers of baffles. It was observed that the water changed direction upon encountering the baffle plates, thereby creating an effective crossflow within the heat exchanger. In Models C and D, a recirculation zone is briefly visualised, as shown in Figure 5. This suggests that the flow was well developed and recirculation was possible. These simulations indicate that heat exchangers with 10 and 12 baffles exhibit a more effective and acceptable design.
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Fig. 5. Velocity streamlines for Model A with 6 number of baffles, Model B with 8 number of baffles, Model C with 10 number of baffles, Model D with 12 number of baffles 
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3.3 Discussion

A recent CFD simulation study selected a few baffle configurations for the comparison and validation of the present CFD model, as shown in Table 3. Various design parameters, such as the number of baffles, baffle cut (BC), and baffle spacing, were adjusted to study different output parameters, such as pressure drop, heat transfer coefficient, and total heat transfer. The results showed that an increase in the fluid flow rate led to an increase in the pressure at the output. Conversely, a pressure drop is common owing to the baffle spacing and cuts that impede fluid flow. Some methods employed to enhance the shell-side performance include the modification of the thermal and transport characteristics and design specifications [20]. 
The investigation was performed using appropriate mesh density, discretisation, and turbulence modelling, as the low-pressure aspects of shell-side calculations are problem dependent. The k–ɛ realisable model with 1st order discretization approach emerged as the best among the three turbulent models tested. The simulation followed the same process for all CFD enquiries concerning this matter.
Following an increase in the number of baffles, the new geometry was re-meshed in ANSYS and the simulation was conducted accordingly. As the baffle spacing was reduced, both the heat transfer and the pressure drop increased. The pressure drop values increased proportionally with the fluid flow. Design parameters such as baffle spacing (ranging from 6 to 12 baffles) and baffle cut were adjusted for three distinct fluid flow rates. The baffle cut significantly influenced fluid-to-fluid heat transfer, with a 50% baffle cut yielding superior outcomes compared with lower percentages. 
Reduced baffle cuts led to the formation of recirculation zones behind the baffles, which impeded the full utilisation of the crossflow windows when using a total of 12 baffles. This issue was mitigated by increasing the baffle cut and adding more baffles, demonstrating that a 50% baffle cut enhances the performance of the heat exchanger. Lower mass flow rates resulted in smaller percentage differences for the configurations with 6, 8, and 10 baffles. It was observed that increasing the baffle spacing within the shell improved the overall heat transfer for this single-segmental baffle design heat exchanger. In addition, the pressure drop increased with higher flow rates.

4. Conclusions

The investigation conducted in this study utilised a computational model to evaluate and compare the efficiency of the shell side of a Shell and Tube Heat Exchanger (STE), supported by a literature review. This study aims to improve the shell-side performance by altering the thermal and transport characteristics of the shell and adjusting design parameters. Given that the pressure contours on the shell side are crucial for shell-side calculations, this study employed appropriate mesh density, discretisation, and turbulence modelling. The baffle had a significant impact on the heat transfer between the fluids, with a 50% baffle cut providing the best performance. This means that fewer baffle cuts were used to create recirculation zones behind the baffles, thus limiting the use of crossflow windows. A correlation-based approach could also supplement the current CFD-based analysis to provide more evidence to support the conclusions drawn. Among all models, Model D exhibited the highest velocity streamline at a velocity of 1.554 m/s. Therefore, it can be concluded that a higher number of baffles leads to a higher streamline velocity.
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