
 

 

1. Introduction 

Heat exchangers are used often in various 

industries, such as the chemical industry, oil refining, 

power plant, food industry, etc. Various heat 

exchangers for industrial processes and systems have 

been designed. Among them, the shell-and-tube heat 

exchanger is the most common type [1–3]. The 

design of a new heat exchanger (HE) must address 

the sizing problem, construction type, flow 

arrangement, tube and shell material. This also 

includes the physical size, which has to meet the 

specified heat transfer and pressure drop. New HE 

designs must also meet the ratings of existing heat 

exchangers [4, 5].  More than 35–40% of heat 

exchangers are of the shell-and-tube type [6] 

Therefore, attention to this device is of great 

importance. In recent years, various types of baffles 

have been used in shell-and-tube heat exchanger. 

New designs have always aimed at keeping the 

pressure drop on the shell side reasonable despite the 

increase in the heat transfer rate. This reduces 

pumping and operational costs.  

The rate of heat transfer in shell-and-tube heat 

exchangers is based on correlations between the 

Kern and Bell-Delaware method [7]. This method is 

used to calculate the pressure drop and heat transfer 

coefficient in shell-and-tube heat exchanger for fixed 

baffle cuts (25%), This method has some restrictions: 
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(1) it cannot adequately account for baffle-to-shell 

and tube-to-baffle leakage, and (2) this method is not 

applicable in laminar flow regions where the shell-

side Reynolds number is less than 2,000 [8]. The 

Bell-Delaware method is more accurate than the 

Kern method. It can provide detailed results and 

predict and estimate the pressure drop and heat 

transfer coefficient with better accuracy. The method 

suggests the weaknesses in the shell-side design, but 

it cannot indicate the locations of the weaknesses [9]. 

The optimization of shell-and-tube heat exchangers 

requires a good understanding of the local and 

average shell-side heat transfer coefficients, which is 

complicated by shell diameter, baffle cut, baffle 

spacing, tube diameter, pitch, arrangement, and 

clearances or leakage paths. These leakages are one 

of the most important factors in reducing pressure 

drop and heat transfer coefficients on the shell side. 

If possible, the ability to show the field of flow and 

temperature allows for an easier computation of the 

position of weaknesses. Computational fluid 

dynamics can be useful to achieve this.  

The most common baffle in shell-tube heat 

exchanger is the segmental baffle. The fluid flow is 

arranged in a zigzag pattern in this type of heat 

exchanger, resulting in a complicated leakage and 

bypass flow path [10]. For a given shell geometry, 

the ideal configuration depends on both the baffle cut 

and the baffle spacing. When these values are 

smaller than the ideal, the main stream passing the 

cut window is reflected by the next baffle and 

unwanted recirculation zones form (figure 1). When 

they are larger than ideal [11], the main stream 

follows a path near the next baffle and again 

recirculation zones form behind the baffle (figure 2). 

To understand the causes of the shell-side design 

weaknesses, the flow field inside the shell must be 

well understood. Ozden and Tari [11] numerically 

and experimentally investigated the flow 

characteristics of the shell-and-tube heat transfer at a 

laboratory scale. They showed the effect of baffle cut 

and baffle space on the heat transfer coefficient and 

pressure drop of shell-and-tube heat exchangers with 

different turbulence models.  Raja and Ganne [12] 

used an inclined segmental baffle instead of the 

common segmental baffle and compared the pressure 

drop between them. A double shell-pass shell-and-

tube heat exchanger with continuous helical baffles 

(STHXCH) has been invented to improve the shell-

side performance of STHXCH. At the same flow 

area, a double shell-pass STHXCH was compared 

with a single shell-pass STHXCH and a conventional 

shell-and-tube heat exchanger with segmental baffles 

(STHXSG) [13]. The numerical results showed that 

the shell-side heat exchanger is slightly lower than 

that of STHXSG and 29–35% higher than that of 

single shell-pass STHXCH. The coefficients of the 

STHXCH are 12–17% and 14–25% higher than 

those of the STHXSG and single shell-pass 

STHXCH, respectively. Wang et al. proposed a 

combination of a multiple shell-pass shell and tube 

heat exchanger (CMSP-STHX) with continuous 

helical baffles in the outer shell pass to improve the 

heat transfer performance and simplify the 

manufacture process [14]. After comparing the 

CMSP-STHX with a conventional shell-tube heat 

exchanger with segmental baffles (SG-STHX) by 

means of computational fluid dynamic (CFD) 

method, they showed that under the same mass flow 

rate and the overall heat transfer rate (Q), the average 

overall pressure drop p  of the CMSP-STHX was 

lower than that of the conventional SG-STHX by 

13%. Under the same overall pressure drop ( )p  

on the shell side, the overall heat transfer rate of the 

CMSP-STHX was nearly 5.6% higher than that of 

the SG-STHX, and the mass flow rate in the CMSP-

STHX was about 6.6% higher than in the SG-STHX.  

 

Fig. 1. Baffle distance smaller than ideal [11] 

 
Fig. 2. Baffle distance bigger than ideal [11] 
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In the field of computational fluid dynamic, using 

alternative models is important in simulation in order 

to reduce computation time. Zhang et al. [15] 

simulated the shell-side flow and heat transfer for the 

whole heat exchanger by dividing the whole STHX 

into five cycles. The results showed that the relative 

difference between the 2nd cycle and 5th cycle was 

less than 2% for heat transfer and pressure drop. 

Because of the small differences between the result 

of one cycle and the other cycles, to reduce 

computing time, it is better to choose one cycle with 

a periodic condition. In other research based on 

selected cycles, an analysis of a heat exchanger with 

helical, middle-overlap baffles was carried out for 

different helix angles of 30°, 40°, and 50°
 
[16]. The 

results showed the average heat transfer coefficient 

per unit of pressure drop was the largest with the 40° 

angle baffle.  

Nemati et al. [17] showed the effect of baffle 

angle and baffle space on the performance of a heat 

exchanger with a helix baffle by means of CFD 

software. Zhang et al. [18] employed the CFD 

method to symmetrically study the thermodynamic 

and hydraulic performance of non-continuous helical 

baffles in helix angles ranging from 10° to 30°. 

Based on obtained results, helix baffles with 30° 

angles show the best performance over other angles. 

Jian et al. [19] proposed a new type of baffle, named 

the ladder-type fold baffle, to block the triangle 

leakage zones. The numerical results from this study 

showed that shell-side tangential velocity and radial 

velocity increased significantly in the improved heat 

exchanger In fact, the heat transfer coefficient in this 

new type increases by 82.8–86%.  

In this paper, fluid flow is numerically simulated 

in a small (laboratory scale) shell-and-tube heat 

exchanger. The effect of baffle orientation on shell-

and-tube heat exchanger performance is investigated. 

Baffles with the following angles were used: 0°, 30°, 

45°, 60°, 75°, 90° (relative to the horizon). By 

comparing different parameters, such as the pressure 

drop, heat transfer, and the ratio of heat transfer to 

pressure drop, the angle that best increases the 

performance of shell-and-tube heat exchangers is 

identified.  

2. Mathematical model 

2.1 Geometry of shell-and-tube heat exchanger 

In this study, a small shell-and-tube heat 

exchanger was selected. All design parameters of the 

shell-and-tube heat exchanger is based on Ozden and 

Tari‟s work [11]. Table 1 shows the design features 

of the shell-and-tube heat exchanger.  
 

Table 1. Geometry of shell-and-tube heat exchanger 

[11] 

Geometry Size 

Shell diameter 90 mm 

Tube diameter 30 mm 

Number of tubes 7  

Heat exchanger length 600 mm 

Shell side inner diameter 30 mm 

Shell side outer diameter 30 mm 

Baffle cut 36% 

Central baffle spacing 86 mm 

 

Figures 3(a), 3(b), and 3(c) show the shell-and-tube 

heat exchanger with different baffle orientation angles. 

 

 
Fig.  3(a). Segmental baffle with a 0° angle of 

orientation 

 

 
Fig. 3(b). Segmental baffle with a 15° angle of 

orientation 

 
Fig. 3(c). Segmental baffle with a 90° angle of 

orientation 
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The other models (15°, 30°, 60°, 75°) are 

similar to the above pictures; for this reason, three of 

the models are shown. 

2.2 Boundary conditions 

To simplify the numerical simulation while still 

keeping the basic characteristics of the process, the 

following assumptions were made: 

(1) The shell-side fluid has constant thermal 

properties. 

(2) The fluid flow and heat transfer processes 

are turbulent and in a steady state.  

(3) The leak flows between tube and baffle and 

between the baffle and the shell are 

neglected. 

(4) The natural convection induced by the fluid 

density variation is neglected.  

(5) The tube wall temperatures are kept at 450 K 

on the whole shell side. 

(6) The heat exchanger is well-insulated; hence, 

the heat loss to the environment is totally 

neglected. 

2.3 Numerical model 

The commercial code Fluent was adopted to 

simulate the flow and heat transfer in the 

computational model. The governing equations along 

with the boundary conditions were iteratively solved 

by the finite volume method using the SIMPLE 

pressure-velocity coupling algorithm [20]. All the 

variables were treated with the second-order upwind 

scheme. The convergence criterions for residual 

monitoring were assumed to be 10^
3
 for the flow 

field and 10^
6
 for the energy equation, and some 

physically meaningful variables were also 

monitored, such as temperature and velocity [13]. 

The governing equations of continuity and 

momentum in the computational domain can be 

expressed as follows: 

 
Continuity: 
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Y momentum: 
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Energy: 
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In the above equations X, Y, and Z inform the 

flow direction, and U, V, W represent the velocity in 

the direction of X, Y, and Z. Equation 5 is the 

dissipation function that can be calculated from 
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In Equation 6,   and  are the viscosity 

coefficient and dynamic viscosity, respectively. 

2.3.1 Turbulence model 

Since the flow is turbulent in this heat exchanger, 

the model of turbulence in the CFD simulation plays 

a vital role. In this study, to analyze the turbulent 

flow, the k-ε realizable was used. The standard k-ε 

model is a semi-empirical model based on model 

transport equations for the turbulence kinetic energy 

k and its dissipation rate . For a steady state, k and 

  are obtained from the following transport 

equations: 

In fact, the models for complex flows, such as 

rotary and curved flow, are more accurate than the 

standard model.  
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The turbulent viscosity is defined by the following 

equation: 

.
2


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(9) 

 

The model constants have the following values: 

 

44.11 C ,  92.12 C , 09.0C , 

1kG , 2.1G .   

   (10) 
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2.3.2 Grid independency and validation  

The flow domain for the shell side of a shell-and-

tube heat exchanger was drawn with the SolidWorks 

software and then imported to the Gambit software. 

The obtained results for the shell-and-tube heat 

exchanger with a 90° baffle orientation were 

compared with the results from analytical methods 

(i.e., the Bell-Delaware method) and data from 

Ozden and Tari‟s research [11] in graphs for pressure 

drop (Figure 4) and temperature (Figure 5). This 

showed that the simulation was acceptable for the 

aforementioned shell-and-tube heat exchanger. The 

average differences between the current simulation 

with others in the literature are shown in Table 1.  

The computational domain was created with 

tetrahedral cells using the Gambit software. In order 

to ensure the accuracy of the numerical results, a 

careful test for the mesh independence of the 

numerical solutions was conducted. In the test, three 

different mesh systems with 253,820, 627,960, and 

1,938,709 elements were adopted for the calculation 

of the whole heat exchanger. According to the result 

in Figures 6 and 7, the temperature and pressure drop 

differences between the three models was less than 

3%. Therefore, to save time and computational 

resources, the A model was selected for analysis. 

 

 
Fig.  4. Grid independency: pressure drop versus mass 

flow rate 

 
Fig.  5. Result validation: heat transfer vs mass flow 

 
Fig.  6. Grid independency: temperature versus mass flow 

rate 

 

 
Fig.  7. Grid independency: pressure drop versus mass 

flow rate  

 

 
Fig.  8. Pressure gradient versus mass flow rate 

 
Table 1: Results Validation 

5.58%  Average heat transfer differences between 

present work and the results of Ozden and Tari 

[11] 

5.86% Average pressure drop differences between 

present work with Ozden and Tari [11] 

9.4% Average heat transfer differences with the 

Bell-Delaware method [11] 

22.32% 

 

 

Average pressure drop differences between 

present work and Bell-Delaware method 

[11] 
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3. Results and Discussion 

3.1 Comparison of shell-side pressure drops with 

different baffles 

Pressure drop is the most important parameter in 

the design of heat exchangers because if this 

parameter is low, the operating cost is low. 

Designers are always looking for a way to enhance 

heat transfer performance while maintaining a 

reasonable pressure drop. The angle of baffle 

positions and their arrangement play an important 

role in the shell-side heat transfer and fluid flow 

performance. In order to reduce the pressure drop of 

heat exchangers, one effective method is to increase 

the shell-side velocity of the heat exchanger by 

selecting the optimum angle of orientation in the 

design. The variations between shell-side pressure 

drop and mass flow rate are shown in Figure 8. It can 

be seen that the pressure drop increases with an 

increase of the shell-side mass flow rate, and its 

increase is more evident in the larger mass flow 

rates. At the same flow rate (0.5 kg/s to 2 kg/s), 

baffles with 0° angles of orientation (from vertical) 

with an average pressure of 15859.28 pa (N/M
2
) 

have the maximum rate. In turn, baffles with 90° 

angles of orientation with a pressure of 10874.29 

(N/M
2
) have the minimum average rate. This angle 

reduces pressure drop by 26%, 4.1%, 17.6%, 

24.42%, and 14% more than the 15°, 30°, 45°, 60°, 

75°, 0° angles of orientation, respectively.   

 

The local velocity vector distributions on the axial 

sections of the shell are shown in Figures 9 to 11. 

Whenever the angle between the flow direction and 

the axis of tube of STHXCH is smaller, the flow 

travels in the longitudinal direction. Therefore, it can 

reduce the pressure drop on the shell side and the 

vibration of the tube bundle. Based on velocity 

vectors, the longer the flow path, the greater the 

pressure drop, which can be seen by the fact that 

increasing the angle of orientation increases the 

pressure drop. Because the fluid must pass the two 

extra curved paths at the inlet and outlet of the heat 

exchanger at the 15°, 30°, 45°, 60°, 75° angles of 

rotation (Figures 1 and 2), these two curves cause the 

pressure drop to increase. Designers are always 

looking for a way to enhance heat transfer 

performance while maintaining a reasonable pressure 

drop. In fact, these two parameters in heat exchanger 

design are closely related. 

 

 

3.2 Comparison of shell-side heat transfer 

 

Figures 12 and 13 show a comparison of shell-

side heat transfer within the range of the tested mass 

flow rates among the proposed baffle orientations of 

0°, 15°, 30°, 45°, 60°, 75°, 90°. The results show that 

heat transfer increases with increases of the mass 

flow rate, and the highest heat transfer occurs in 

segmental baffles with 0° angles of orientation with 

an average heat transfer of 225.31 KW, and 90° 

baffle orientations have the minimum heat transfer 

rate with an average heat transfer of 200 kW. In fact, 

with an increase in the angle orientation, the heat 

transfer reduces at the same level. As a result, the 

longer the flow path, the greater the heat transfer. 

The contact time between the fluid and the tube is 

increased, thereby improving the heat transfer. 

 

 
Fig.  9. Velocity vector for baffles with a 90° angle of 

orientation 

 

 

 
 

Fig.  10. Velocity vector for baffles with a 45° angle of  

orientation 
 

 

 
Fig.  11. Velocity vector for baffles with a 0° angle of 

orientation 
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Fig.  12. Heat transfer versus mass flow rate 

 

 
Fig.  13. Shell-side heat transfer per mass flow 

 

4. Conclusion 

Pressure drop and heat transfer are the two main 

factors in shell-and-tube heat exchangers. Based on 

the results among the 7 tested angles of orientation, a 

90° baffle orientation showed the best performance 

among other orientations. Despite the loss of heat 

transference, this angle reduces pressure drop 26%, 

4.1%, 17.6%, 24.42%, 14% more than the 15°, 30°
,
 

45° ,60°,75° ,0° angles of orientation, respectively. 

The ratio of heat transfer per mass flow rate for 

baffles rotated 90° is better than other angles of 

rotation. This angle has minimum pressure drop 

compared to other models. Both heat transfer and 

pressure drop are critical qualities of heat exchanger 

performance. Comparing the heat transfer per 

pressure drop at the same flow rate in a 90°
 
angle of 

orientation showed comprehensive performance 

(29.54 W/Pa), meaning that the amount of heat 

recovery at the same energy consumption to 

overcome friction is greater. Despite the loss of heat 

transfer compared to other angles, this model reduces 

pressure drop impressively. In fact, this reduction 

plays an important role in reducing pumping and 

operating cost. Therefore, the 90°
 

angle of 

orientation represents a better choice over other angles 

of orientation. 
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