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This study investigates the performance of different baffle configurations in shell-and-tube 

heat exchangers (STHE), specifically comparing segmental baffles (SB) with helical 

baffles (HB) at varying pitch distances (40 mm, 50 mm, and 60 mm). Using computational 

fluid dynamics (CFD) simulations with ANSYS Fluent, the effects of baffle design on heat 

transfer efficiency and pressure drop were analysed across different mass flow rates. The 

results show that while the 40 mm pitch HB configuration exhibited the highest heat 

transfer coefficient (∝), it also led to the highest pressure drop. In contrast, the 60 mm pitch 

HB configuration achieved the lowest pressure drop and a balanced heat transfer 

performance, making it the most optimal design. Performance evaluation factor (PEF) 

analysis confirmed that the 60 mm HB configuration offered the best overall efficiency, 

striking an ideal balance between thermal performance and reduced pumping power. This 

study underscores the importance of optimizing baffle pitch in STHE to maximize energy 

efficiency and reduce operational costs. The findings suggest that helical baffles, 

particularly with a 60 mm pitch, provide the most favourable design for industrial 

applications where both high heat transfer and low-pressure loss are required. The study 

offers valuable insights into optimising heat exchanger design, contributing to more 

energy-efficient and cost-effective thermal systems. 
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1. INTRODUCTION

Shell-and-tube heat exchangers (STHE) are widely used in 

various industries due to their simple design, high versatility, 

and effectiveness in heat transfer. These exchangers operate 

on the principle of heat transfer between two fluids at different 

temperatures, transferring thermal energy from the hotter to 

the cooler fluid, resulting in cooling of the hotter fluid and 

heating of the cooler one [1]. The flexibility of STHE allows 

use in chemical engineering, power generation, petroleum 

refining, refrigeration, and the food industry [2]. Compared to 

other heat exchangers, shell-and-tube designs are simpler to 

manufacture, cost-effective, and adaptable to various 

operational needs [3, 4]. Over 30% of heat exchangers in 

operation today are shell-and-tube types, highlighting their 

continued importance [5, 6]. 

Critical component in STHE design and performance is the 

baffle, which regulates fluid flow, enhances heat transfer, and 

prevents tube vibrations. Baffles support the tube bundle, 

direct shell-side fluid flow, and create turbulence, increasing 

the heat transfer coefficient by improving contact between hot 

and cold fluids [7]. Traditionally, single segmental baffles 

(SB) are commonly used, forcing fluid to flow in a zigzag 

pattern, promoting turbulence, local mixing, and improving 

heat transfer. However, SB have inherent limitations affecting 

efficiency and operational costs [8]. 

The performance of STHE is significantly influenced by 

baffle design, with helical baffles (HB) offering advantages 

over SB. HB eliminates dead zones, reduces pressure drops, 

and minimizes tube bundle vibrations, improving heat transfer 

efficiency [9]. Studies by Kral et al. [10] and Gao et al. [11] 

showed that adjusting the HB angle optimizes heat transfer 

while controlling pressure drop, with the latter using the 

second law of thermodynamics to assess flow resistance. 

Studies by Almulla et al. [12] also indicate that optimized 

baffle configurations lead to substantial operational 

improvements. Comparative analyses by Sun et al. [13] 

consistently show HB outperforming SB and other baffle 

configurations in heat transfer efficiency and pressure drop 

characteristics. Numerical investigations by Yang et al. [14] 

and Li and Kottke [7] confirm the superior performance of HB. 

Additionally, Pal et al. [15] found that complex flow patterns 

significantly impact STHE efficiency. Other studies, such as 

those by Xiao et al. [16], contributed to understanding the role 

of crossover temperature and the effect of the Prandtl number 

on heat transfer. These studies highlight the crucial role of 

baffle configuration in optimizing STHE’s thermal and 

hydraulic performance, demonstrating efficiency gains 
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achievable through properly configured HB. 

In response to these challenges, the heat exchanger 

industry has increasingly adopted alternative baffle designs, 

such as HB, to improve both heat transfer and operational 

efficiency. HB facilitates a more uniform fluid flow, reducing 

issues with stagnant zones and flow separation [17]. Flow 

simulations of STHE with HB show continuous helical flow, 

enhancing fluid mixing and improving the heat transfer 

coefficient while reducing the pressure drop compared to SB 

[17]. Reducing stagnant zones also leads to lower fouling rates 

and minimizes potential erosion and corrosion within the shell, 

improving the heat exchanger’s lifespan and overall 

performance. 

The design of HB, particularly pitch, plays a crucial role in 

determining STHE's thermo-hydraulic performance. Several 

studies have shown that adjusting HB pitch can optimize heat 

transfer while minimizing pressure drop. Zhang et al. [9] found 

that varying pitch influences heat transfer and pressure drop, 

with smaller pitches increasing turbulence and heat transfer at 

the cost of higher pressure drops. Larger pitches reduce 

turbulence and pressure drop but may reduce thermal 

performance. These findings align with Zhang et al. [18], who 

showed pitch variation directly impacts flow behavior and 

thermal-hydraulic outcomes. Given these trade-offs, 

optimizing HB pitch is essential to balance heat transfer 

efficiency and operational performance, minimizing energy 

consumption and operational costs. 

Growing interest in alternative baffle designs, such as 

helical and trefoil-hole baffles, arises from the need to 

optimize STHE performance in terms of heat transfer and 

operational costs. This is particularly important in industries 

where energy consumption and operational costs are 

significant. In SB heat exchangers, high pressure drops 

increase pumping power, elevating operational costs and 

reducing system efficiency [14]. Tanujaya et al. [19] and 

Naqvi et al [20] noted that SB restricts flow and increases 

hydraulic losses. In contrast, helical and trefoil-hole baffles 

significantly reduce pressure drops, enhance fluid mixing, and 

improve heat transfer, making them a more energy-efficient 

choice for industrial heat exchangers [4, 13]. Additionally, 

variations in HB pitch improve STHE operational 

sustainability and thermo-hydraulic performance [21]. 

Despite extensive studies on STHE with HB, several 

limitations remain. Most studies focus on global performance 

indicators like average heat transfer coefficient or pressure 

drop, without fully analyzing the flow mechanisms behind the 

trade-off between thermal enhancement and hydraulic penalty. 

Many comparative studies assess different baffle 

configurations under varying geometric or operational 

conditions, complicating the identification of optimal designs 

from an energy-efficiency perspective. Systematic evaluations 

directly linking HB pitch variation to flow structure evolution, 

thermo-hydraulic performance, and performance evaluation 

factor (PEF) under identical operating conditions are still 

limited. 

To address these gaps, the present study provides a 

controlled comparative numerical investigation of segmental 

and HB configurations using identical geometric and operating 

parameters. The study systematically evaluates the influence 

of HB pitch (40, 50, and 60 mm) on flow characteristics, 

pressure drop, heat transfer coefficient, and overall thermo-

hydraulic efficiency using the PEF. By linking flow structure 

behavior to observed thermo-hydraulic performance, this 

work offers a clearer mechanistic interpretation of the trade-

off between heat transfer enhancement and hydraulic 

resistance, providing practical guidance for energy-efficient 

baffle design in industrial STHE. 

 

 

2. METHODS 

 

2.1 Numerical setup 

 

This study numerically investigates the thermal–hydraulic 

performance of STHE equipped with segmental and HB. A 

double-tube plate shell-and-tube heat exchangers (DTP-

STHE) configuration is adopted, with its geometry shown in 

Figure 1 and key parameters summarized in Table 1. To ensure 

a fair comparison, all geometric and operating parameters are 

kept identical for all cases, except for the baffle configuration, 

following the methodology of He and Li [22]. Water is used 

as the working fluid on both the shell and tube sides. Due to 

the relatively small temperature variations, the thermophysical 

properties of water and carbon steel are assumed constant, as 

listed in Table 2. All solid components of the STHE are made 

of carbon steel. 

The effect of HB pitch on heat transfer enhancement is 

examined by varying the pitch distance to 40 mm, 50 mm, and 

60 mm, while the SB configuration is used as a reference. The 

corresponding baffle arrangements are illustrated in Figures 2–

4. 

 

Table 1. Geometry parameters of the segmental and helical baffle (HB) 

 
Item Dimensions 

Unit 
Baffle Shape Segmental Helical 

 
  

 

𝐷𝑠 87 87 mm 

𝐿𝐻 500 500 mm 

𝑑𝑂 19 19 mm 

𝑇𝑡 1.5 1.5 mm 

L 365 365 mm 

𝑃𝑡 24 24 mm 

𝑁𝑇 6 6 – 

𝐵𝑠 57 57 mm 

𝐵𝑡 3 3 mm 

𝑆𝑖/𝑜 61 61 mm 

𝐷𝑛 35.8 35.8 mm 

𝐵𝑐  25 – % 
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Table 2. Thermo-physical properties of shell-and-tube heat exchangers (STHE) 

 

Parameter 
Value 

Unit 
Hot Water Cold Water Carbon Steel 

𝜆 0.66 0.60 45 W‧m-1‧K-1 

𝜇 0.00037 0.001 – kg‧m-1‧s-1 

𝜌 974 998 7840 kg‧m-3 

𝐶𝑝 4194 4182 490 J‧kg-1‧K-1 

 

 
 

Figure 1. Geometry of segmental baffles - shell-and-tube heat exchangers (SB-STHE) 

 

 
 

Figure 2. Helical baffle (HB) with baffle pitch 40 mm 

 

 
 

Figure 3. Helical baffle (HB) with baffle pitch 50 mm 
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Figure 4. Helical baffle (HB) with baffle pitch 60 mm 

 

Table 3. Set up parameters on shell-and-tube heat exchangers (STHE) 

 
Item Value 

Unit 
Location Shell Tube 

Mass flow inlet 1.1, 1.3, 1.5, 1.7, 1.9 0.2 kg/s 
Pressure outlet 0 0 Pa 
Temperature 353.15 293.15 K 

Hydraulic diameter 87 16 mm 
Gravity –9.81 (𝑌 − 𝑎𝑥𝑖𝑠) m/s2 

 

Table 4. Solution parameters on shell-and-tube heat exchangers (STHE) 

 
Parameter Item 

Governing equation Finite-volume method 

Scheme SIMPLE 

Gradient Least squares cell based 

Pressure Standard 

Momentum 

Second order upwind 
Turbulent kinetic energy 

Turbulent dissipation rate 

Energy 

 

Table 5. Variation of different element systems 

 
System Total nodes Total elements Avg. element Quality Avg. Skewness Avg. Orthogonal Quality 

System 1 387134 1847173 0.84429 0.21314 0.78562 

System 2 501018 2430184 0.84611 0.21178 0.78697 

System 3 667691 3297399 0.84709 0.21119 0.78761 

 

Table 6. Mesh quality for each baffle pitch variation 

 

Baffle Type Total Nodes Total Elements Avg. Element Quality Avg. Skewness Avg. Orthogonal Quality 

Segmental 501018 2430184 0.84611 0.21178 0.78697 

Helical (𝑃𝑏 = 60 mm) 504773 2443993 0.84466 0.21383 0.78502 

Helical (𝑃𝑏 = 50 mm) 504110 2433624 0.84474 0.21378 0.78505 

Helical (𝑃𝑏 = 40 mm) 502525 2417819 0.84475 0.21369 0.78513 

 
Computational fluid dynamics (CFD) simulations are 

performed using ANSYS Fluent in a three-dimensional, 

steady-state framework. Turbulence is modeled using the 

RNG k–ε model, which is suitable for swirling and secondary 

flows commonly induced by HB. The governing equations 

include the continuity, momentum, energy, turbulent kinetic 

energy (k), and turbulent dissipation rate (ε) equations, with 

standard RNG model constants applied. 

Mass-flow inlet boundary conditions are imposed at both 

shell- and tube-side inlets, while pressure-outlet conditions are 

specified at the outlets. All walls are treated as no-slip 

boundaries. Zero heat flux is applied to the shell and nozzle 

walls, while conjugate heat transfer is considered between the 

tube wall and shell-side fluid. Standard wall functions are 

employed, with a target y+ value of approximately 300 to 

reduce computational cost. 

The mathematical model used in this study is based on the 

following governing equations: 

Continuity equation: 

 
𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑖
= 0 (1) 
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Momentum transport equation: 

 
𝜕(𝜌𝑢𝑖𝑢𝑘)

𝜕𝑥𝑖
= −

𝜕𝑃
𝜕𝑥𝑘

+ 
𝜕

𝜕𝑥𝑖
 (𝑢𝑒𝑓𝑓  

𝜕𝑢𝑘
𝜕𝑥𝑖

)  (2) 

 

Energy equation: 

 
𝜕(𝜌𝑢𝑖𝑇)

𝜕𝑥𝑖
= 

𝜕

𝜕𝑥𝑖
 [(

𝜇

𝑃𝑟
+ 
𝜇𝑡
𝜎𝑇
) 
𝜕𝑇

𝜕𝑥𝑖
] (3) 

 

Turbulent kinetic energy: 

 

𝜕(𝜌𝑘𝑢𝑖)

𝜕𝑥𝑖
= 

𝜕

𝜕𝑥𝑖
 [𝑎𝑘𝜇𝑒𝑓𝑓  

𝜕𝑘

𝜕𝑥𝑗
] +  𝐺𝑘 + 𝜌𝜀 (4) 

 

Turbulent dissipation energy:  

 

𝜕(𝜌𝜀𝑢𝑖)

𝜕𝑥𝑖
= 

𝜕

𝜕𝑥𝑖
 [𝑎𝜀𝜇𝑒𝑓𝑓  

𝜕𝜀

𝜕𝑥𝑗
] +  𝐶 ∗

1𝜀

𝜀

𝑘
 𝐺𝑘− 𝐶2𝜀𝜌

𝜀2

𝑘
 (5) 

 

where,  

 

{
 
 
 
 
 
 
 

 
 
 
 
 
 
 

𝑢𝑒𝑓𝑓 = 𝜇 + 𝜇𝑡

𝜇𝑡 =  𝜌𝐶𝜇
𝑘2

𝜀
𝐶𝜇 = 0.0845, 𝛼𝑘 = 𝛼𝜀 = 1.39 

𝐶 ∗
1𝜀
= 𝐶1𝜀 −

𝜂 (1 −
𝜂
𝜂0
)

1 + 𝛽𝜂3

𝐶1𝜀 = 1.42, 𝐶2𝜀 = 1.68

𝜂 = (2𝐸𝑖𝑗𝐸𝑗𝑖)
1

2

𝑘

𝜀

𝐸𝑖𝑗 = 
1

2
 (
𝜕𝑢𝑖
𝜕𝑥𝑗

+ 
𝜕𝑢𝑗

𝜕𝑥𝑖
)

𝜂0 = 4.377, 𝛽 = 0.012
𝜎𝑇=(0.9  ~ 1.0)

 (6) 

 

The boundary conditions for the STHE are in Table 3, and 

the solution parameters for CFD simulations are in Table 4. 

Table 5 shows the mesh element variations from the mesh 

independence study. Unstructured meshes are generated with 

local refinement near tube–baffle interactions. A mesh 

independence study with three mesh densities shows pressure 

drop and heat transfer coefficient variations of less than 1% 

between the two finest meshes. Thus, the mesh system 2 with 

2,430,184 elements is selected. Mesh quality metrics meet 

ANSYS Fluent criteria (Table 6). Convergence is achieved 

with default residuals, except for the energy equation set to 

10⁻⁷. Key variables, such as temperature, pressure, and mass 

flow rate, are monitored for stability and accuracy. 

 

2.2 Data reduction 

 

2.2.1 Heat rate and shell-side heat transfer coefficient 

𝑄̇𝑐  is the heat transferred to the cold fluid, which can be 

calculated by the following equation: 

 

𝑄̇𝑐 = 𝐺𝑐  𝑥 𝐶𝑝,𝑐  𝑥 (𝑡𝑜𝑢𝑡,𝑐 − 𝑡𝑖𝑛,𝑐)   (7) 

 

𝑄̇ℎ  is the heat released by hot water, which can also be 

calculated in the following way: 

 

𝑄̇ℎ = 𝐺ℎ 𝑥 𝐶𝑝,ℎ 𝑥 (𝑡𝑖𝑛,ℎ − 𝑡𝑜𝑢𝑡,ℎ) (8) 

 

The heat transfer between the STHE and the environment is 

neglected, so the heat transfer rate on the cold side (𝑄̇𝑐) is 

assumed to be equal to the heat transfer rate on the hot side 

(𝑄̇ℎ). The shell-side heat transfer coefficient (∝𝑠) is a critical 

parameter in this study and is defined by the following 

equation: 

 

∝𝑠=
𝑄ℎ

𝐴0.∆𝑡𝑚

̇
  (9) 

 

∆𝑡𝑚 can be calculated by: 

 

𝐴0 = 𝑛. 𝜋. 𝑑𝑜 , 𝑙  

{
 
 

 
 ∆𝑡𝑚 =

∆𝑡𝑚𝑎𝑥 − ∆𝑡𝑚𝑖𝑛

ln (
∆𝑡𝑚𝑎𝑥
∆𝑡𝑚𝑖𝑛

)

∆𝑡𝑚𝑎𝑥 = 𝑚𝑎𝑥(𝑡ℎ,𝑖𝑛 − 𝑡𝑐.𝑜𝑢𝑡  , 𝑡ℎ,𝑖𝑛 − 𝑡𝑐.𝑜𝑢𝑡)

∆𝑡𝑚𝑖𝑛 = 𝑚𝑖𝑛(𝑡ℎ,𝑖𝑛 − 𝑡𝑐.𝑜𝑢𝑡  , 𝑡ℎ,𝑖𝑛 − 𝑡𝑐.𝑜𝑢𝑡)

 
(10) 

 

2.2.2 Pressure drops 

In this case, if the potential energy is neglected, the total 

pressure drop can be expressed as follows: 

 

∆𝑃𝑡 = ∆𝑃𝑠 + ∆𝑃𝑑   (11) 

 

2.2.3 Determination of shell side Vs and Res number 

For the mean shell side velocity (𝑉𝑠) is defined using the 

equation: 

 

𝑉𝑠 =
𝐺ℎ

𝜌𝑠.𝐴𝑐𝑟𝑜𝑠𝑠
  (12) 

 

𝐴𝑐𝑟𝑜𝑠𝑠 for the SB are as follows: 

 

𝐴𝑐𝑟𝑜𝑠𝑠 = (𝐷𝑠 − 𝑁𝐶 . 𝑑𝑜). 𝐵  (13) 

 

𝐴𝑐𝑟𝑜𝑠𝑠 for HB: 

 

𝐴𝑐𝑟𝑜𝑠𝑠 = 0.5(𝐷𝑠 − 𝑁𝐶 . 𝑑𝑜). 𝐵  (14) 

 

Reynolds number on the shell side (𝑅𝑒𝑠) can be calculated 

by: 

 

𝑅𝑒𝑠 =
𝑉𝑠 .  𝑑𝑒 .𝜌𝑠

𝜇𝑠
  (15) 

 

For the layout of the square tube, 𝑑𝑒 can be obtained from 

the equation below: 

 

𝑑𝑒 =
𝐷𝑠
2−𝑁𝑇 .𝑑𝑜

2

𝐷𝑠+𝑁𝑇 .𝑑𝑜
  (16) 

 

2.3 Model validation 

 

The model validation in this study was performed by 

comparing the numerical results with experimental data 

previously obtained by He and Li [22]. The comparison 

parameters included pressure drop (∆P) and heat transfer 

coefficient (∝𝑠) at different Reynolds numbers. Figures 5 and 

6 show this comparison between our proposed model and the 

experimental results from He and Li [22]. As illustrated in the 

graphs, the average differences between our model and their 
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results are 2.9% for ∆P and 5.74% for ∝𝑠 in terms of pressure

drop, and 0.82% and 4.95% for the heat transfer coefficient, 

respectively [22]. 

Figure 5. Comparison of the pressure drops between 

experimental and simulation results 

Figure 6. Comparison of the heat transfer coefficient 

between experimental and simulation results 

3. RESULT AND DISCUSSION

This section presents the results obtained from the 

numerical simulations performed on four different baffle 

configurations for STHE: SB and HB with pitch distances of 

40 mm, 50 mm, and 60 mm. The results are discussed 

regarding the flow field characteristics, pressure drop, heat 

transfer coefficient, and PEF across different mass flow rates. 

3.1 Flow field characteristics on the shell side 

The flow field characteristics for each baffle configuration 

were analysed using CFD simulations. Figure 7–10 presents 

the velocity streamlines and flow patterns for the four 

configurations: SB and HB with 40 mm, 50 mm, and 60 mm 

pitch distances. 

For the SB configuration (Figure 7), the axial flow is forced 

to change direction due to the baffle cut, creating a zigzag flow 

pattern. This zigzag flow is intended to induce turbulence, 

enhancing heat transfer, as widely reported in the literature 

[18]. However, the abrupt changes in flow direction also lead 

to significant recirculation and the formation of stagnation 

zones near the back of the baffle plates, consistent with 

findings by Vukić Mića et al. [23] and Pamuk [24]. These 

stagnation zones reduce fluid velocity and contribute to higher 

pressure drops within the shell. The fluid velocity decreases 

significantly as it moves against gravity, leading to a situation 

where the fluid can become nearly stagnant, especially at 

lower mass flow rates. This pattern contributes to the high 

pressure drop observed in systems with SB, as the fluid flow 

is interrupted and disturbed by the geometry of the baffles. 

Although this configuration increases the turbulence intensity 

and heat transfer coefficient (∝𝑠), the resultant pressure drop

(ΔP) is considerably high. 

Figure 7. Flow field characteristics of the segmental baffle 

(SB) 

Figure 8. Flow field characteristics of helical baffle (HB) 

with baffle pitch 40 mm 

Figure 9. Flow field characteristics of helical baffle (HB) 

with baffle pitch 50 mm 

Figure 10. Flow field characteristics of helical baffle (HB) 

with baffle pitch 60 mm 
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In contrast, the HB configurations (Figures 8–10) generate 

a more uniform and continuous flow pattern due to the spiral 

motion imposed on the shell-side fluid. This spiral flow 

enhances fluid velocity distribution and significantly reduces 

the formation of stagnation zones, as demonstrated by Wen et 

al. [25] and De et al. [26]. The improved circulation allows the 

fluid to move more evenly around the tube bundle, resulting in 

better mixing and enhanced heat transfer performance, 

consistent with observations by Song [27]. The effect of pitch 

variation is also evident: at smaller pitch distances (40 mm), 

higher local fluid velocities intensify turbulence and mixing, 

aligning with findings from Rahmah et al. [28]. As the pitch 

increases to 50 mm and 60 mm, the flow becomes more 

uniform with reduced turbulence intensity, leading to lower 

pressure drops across the shell side, as reported by Yousfi [29]. 

Overall, HB configurations, particularly at a 60 mm pitch, 

promote more stable flow behavior and achieve efficient heat 

transfer with reduced flow resistance compared to the SB 

configuration. 

3.2 Pressure drop 

Pressure drop (ΔP) is a crucial performance parameter for 

STHE, as it directly affects the pumping power required to 

maintain fluid flow. Figure 11 presents the pressure drop for 

each baffle configuration as a function of mass flow rate. 

Figure 11. Pressure drop (∆𝑃) of the variation baffle versus 

mass flow rate 

As expected, the SB exhibits the highest pressure drops 

across all mass flow rates. This is due to the flow disturbances 

and flow separation caused by the sharp directional changes 

imposed by the SB. These sharp flow changes result in large 

recirculation zones and significant turbulence, leading to 

higher pressure losses. Such characteristics align with findings 

reported in Lei et al. [30] and Zhang et al. [18]. The pressure 

drop increases significantly with the mass flow rate, indicating 

that the pumping energy required to overcome flow resistance 

is directly proportional to the flow rate. The SB configuration 

exhibits a pressure drop that is considerably higher than that 

of the HB, as expected from previous studies [14]. 

For the HB, the pressure drop decreases as the baffle pitch 

increases. The configuration with a 40 mm pitch shows the 

highest pressure drop due to the tighter spacing between the 

baffles, which increases flow resistance. However, this 

configuration also provides the highest heat transfer rate, as 

discussed in the following section. As the baffle pitch is 

increased to 50 mm and 60 mm, the pressure drop is 

significantly reduced. The 60 mm pitch configuration 

produces the lowest pressure drop among the HB designs, 

reflecting smoother flow transitions and lower resistance to 

flow. This result supports the findings of Zhang et al. [9], who 

showed that HB reduces pressure drop compared to SB while 

maintaining high heat transfer efficiency. 

Interestingly, the increase in pressure drop with the 40 mm 

pitch HB configuration is particularly prominent, with 

increases of 149.14%, 164.87%, 169.57%, and 168.86% 

compared to the 60 mm pitch configuration. This higher 

pressure drop is due to the tighter spacing between the baffles, 

which increases flow resistance [11]. Thus, while a smaller 

pitch enhances heat transfer by promoting more intense 

turbulence, it also leads to higher pressure drops, necessitating 

a careful optimization of pitch distance. 

3.3 Heat transfer coefficient 

The heat transfer coefficient (∝𝑠) is a key measure of the

heat exchanger's thermal performance. As shown in Figure 12, 

the heat transfer coefficient increases with increasing mass 

flow rate for all baffle configurations [31]. This trend is 

associated with the increase in Reynolds number, which 

enhances turbulence intensity, reduces the thickness of the 

thermal boundary layer, and improves convective heat transfer 

on the shell side. 

Figure 12. Heat transfer coefficient (∝𝑠) for variation of

baffle configurations versus mass flow rate 

The HB with a 40 mm pitch provides the highest heat 

transfer coefficient, which is a direct result of the intense 

turbulence and fluid mixing induced by the smaller pitch [18, 

30]. On the microscopic level, the tighter pitch generates a 

continuous helical flow with strong secondary swirling 

motions, increasing wall shear stress, and continuously 

renewing the near-wall fluid layer. This mechanism 

suppresses thermal boundary-layer growth along the tube 

surface and maintains a high local temperature gradient, 

significantly enhancing convective heat transfer [32]. 

However, the increased turbulence and flow velocity also 

cause a higher pressure drop, making the 40 mm pitch 

configuration less favorable in terms of energy efficiency and 

operational cost [33]. 

The 50 mm and 60 mm pitch HB exhibit lower heat transfer 

coefficients, with average increases of 4.23% and 1.42%, 

respectively, compared to the SB configuration. The reduction 

in heat transfer performance with increasing pitch is attributed 

to weakened secondary flow structures and partial 

redevelopment of the thermal boundary layer between 

successive baffles [34]. Although the 60 mm pitch 

configuration maintains a heat transfer coefficient comparable 

to that of the SB, it achieves a significantly lower pressure 

drop, indicating smoother and more uniform flow behavior. In 

contrast, SB induces localized turbulence through abrupt flow 

redirection but generates recirculation and dead-flow zones, 
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resulting in inferior thermohydraulic performance for a given 

hydraulic penalty. 

3.4 Performance evaluation factor 

The PEF was calculated by comparing the heat transfer rate 

(Q̇) and pressure drop (∆P) for each baffle configuration. 

These two parameters are closely linked, and their combined 

effect determines the overall efficiency of the heat exchanger. 

In an ideal STHE design, higher heat transfer rates (Q̇) and 

lower pressure drops (∆P) lead to better performance, with 

lower energy consumption and operational costs. Therefore, 

the PEF serves as an important metric for evaluating the 

efficiency of each baffle configuration [12, 27]. 

As seen in Figure 13, the HB with a 60 mm pitch exhibited 

the highest PEF, demonstrating the most efficient performance. 

This is because the 60 mm pitch configuration achieved a high 

heat transfer rate (Q̇) while maintaining a very low pressure 

drop (∆P), making it the most energy-efficient option. The 60 

mm pitch HB configuration strikes the best balance between 

heat transfer efficiency and pressure drop, leading to lower 

operational costs due to reduced pumping power requirements 

[13, 35]. 

In contrast, the 40 mm pitch HB showed the lowest PEF. 

While it provided the highest heat transfer rate (Q̇), the 

significant pressure drop caused by the tighter pitch resulted 

in a lower overall performance. The high pressure drop (∆P) 

with the 40 mm pitch configuration leads to increased energy 

consumption, as more pumping power is required to overcome 

the flow resistance, thus making it less efficient compared to 

other configurations. 

The PEF analysis also revealed significant performance 

improvements of the HB compared to the SB. The HB with 50 

mm and 60 mm pitches achieved 28.59% and 48.49% higher 

PEF values, respectively, than the SB configuration. This 

indicates that HB outperforms SB in both heat transfer 

efficiency and pressure drop reduction, making them a more 

energy-efficient choice for industrial applications [36]. 

On the other hand, the 40 mm pitch HB exhibited a 27.34% 

decrease in PEF compared to the 50 mm and 60 mm pitch 

configurations. Although it provides the highest heat transfer, 

the associated increase in pressure drop reduces its overall 

efficiency. This highlights the inherent trade-off between heat 

transfer and pressure drop, where smaller baffle pitches 

improve heat transfer but increase flow resistance, leading to 

higher operational costs. 

The PEF analysis thus underscores the importance of baffle 

pitch optimization in STHE. The 60 mm pitch HB emerged as 

the most optimal configuration, providing the best overall 

balance of heat transfer efficiency and low pressure drop, 

which is essential for improving energy efficiency and 

reducing operational costs in industrial heat exchangers. 

Figure 13. Shell side performance evaluation factor (PEF) of 

variation baffle versus mass flow rate 

Beyond overall thermo-hydraulic efficiency, the 

performance trends reflected by the PEF provide relevant 

insights into practical engineering implications for industrial 

operation. In addition to thermo-hydraulic performance, 

economic aspects should also be considered when selecting 

baffle configurations. Although a quantitative cost–benefit 

analysis was not conducted due to the lack of proprietary 

industrial cost data and the scope of this CFD-based study, a 

qualitative assessment can be discussed. SB generally has 

lower manufacturing costs; however, its higher pressure drop 

leads to increased pumping power requirements and 

operational energy costs [37, 38]. 

HB may involve higher fabrication complexity and initial 

costs, but their significantly lower pressure drop—particularly 

for larger pitch distances—can reduce long-term operating and 

maintenance costs. In particular, the HB with a 60 mm pitch 

provides a favorable balance between heat transfer 

performance and pressure drop, indicating promising 

economic potential when lifecycle operational efficiency is 

considered. The highest PEF obtained for this configuration is 

associated with smoother and more continuous shell-side flow 

characteristics, lower pressure fluctuations, and reduced flow 

interruption compared to the SB and HB with smaller pitch 

distances. Such flow conditions play an important role in 

minimizing stagnant zones, which are known to accelerate 

particle deposition and fouling during long-term operation. 

In addition, the more gradual flow redirection provided by 

the larger-pitch HB potentially reduces the risk of localized 

erosion–corrosion caused by high-velocity fluid impingement 

near baffle edges. From an operational stability perspective, 

the more stable and continuous flow pattern also contributes 

to reduced pressure fluctuations and flow-induced vibrations, 

thereby enhancing mechanical reliability and extending the 

service life of STHE. Although fouling, corrosion, and long-

term stability were not quantitatively evaluated in this study, 

the simulated flow behavior provides a strong basis for 

concluding that optimized HB configurations offer advantages 

not only in energy efficiency but also in operational reliability 

and sustainability for industrial applications [39]. 

4. CONCLUSION

This study compared the performance of STHE with 

different baffle configurations, including SB and HB with 

pitch distances of 40 mm, 50 mm, and 60 mm. Numerical 

simulations using ANSYS Fluent were conducted to analyse 

the heat transfer rate (Q̇) and pressure drop (∆P) across various 

mass flow rates. The results showed that as mass flow rate 

increased, both heat transfer coefficient (∝𝑠) and pressure drop

(∆P) also increased. The 40 mm pitch HB exhibited the highest 

pressure drop, followed by SB, with the 50 mm and 60 mm 

pitch HB showing progressively lower pressure drops. In 

terms of heat transfer, the 40 mm pitch HB provided the 

highest ∝𝑠, followed by 60 mm HB, 50 mm HB, and SB.

The PEF, which combines heat transfer rate and pressure 

drop, revealed that the 60 mm pitch HB offered the best 

balance between high heat transfer and low pressure drop, 

yielding the highest PEF. This configuration was found to be 

the most energy-efficient, as it minimized pumping power 

requirements while maintaining effective thermal 

performance. The 50 mm pitch HB improved PEF by 28.59% 

compared to SB, while the 40 mm pitch HB had the lowest 

PEF due to its high pressure drop, despite its superior heat 

609



transfer performance. 

Overall, the study demonstrates the importance of 

optimizing baffle pitch in STHE to achieve the most efficient 

performance. The 60 mm pitch HB was identified as the most 

optimal configuration, providing the best combination of high 

heat transfer efficiency and low pressure drop. This balance 

results in significant energy savings and reduced operational 

costs, making the 60 mm pitch HB the preferred choice for 

industrial heat exchanger applications. 
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NOMENCLATURE 

 

𝐴𝑐𝑟𝑜𝑠𝑠 
the cross-sectional area representing the 

cross-lined flow area in the centre of the shell, 

mm 

𝐴0 
the area of the heat exchanger is based on the 

outside diameter of the tube, mm2 

𝐵𝑐 baffle cut, % 

𝐵𝑠 baffle spacing, mm 

𝐵𝑡  baffle thickness, mm 

𝐶𝑝 specific heat, J‧kg-1‧K-1 

𝑑𝑒 equivalent diameter, mm 

𝐷𝑖  shell inside diameter, mm 

𝑑𝑜 tube outside diameter, mm 

𝐺 pre flow rate, Kg/s 

L effective tube length, mm 

𝐿𝐻  length of heat exchanger, mm 

𝑁𝐶   
the number of tubes in the center row on the 

shell side 

𝐷𝑛 diameter of inlet and outlet of the shell, mm 

𝑁𝑇  number of tubes 

𝑃𝑟   Prandtl number  

𝑃𝑡  tube pitch, mm 

𝑄̇  heat rate, W 

𝑅𝑒  Reynolds number 

𝑆𝑖/𝑜  inlet and outlet spacing, mm 

𝑡 temperature, K 

𝑇𝑡 tube thickness, mm 

𝑉𝑠    average velocity on the shell side, m/s 
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Greek letters 

ρ density, kg‧m-3 

λ thermal conductivity, W‧m-1‧K-1 

μ dynamic viscosity, kg‧m-1‧s-1 

∆𝑃𝑠 static pressure drop 

∆𝑃𝑑 dynamic pressure drop 

∝ heat transfer coefficient 

∆𝑡𝑚 logarithmic mean temperature difference, K 

Subscripts 

c cold 

h hot 

in inlet 

out outlet 

s shell side 

t tube side 

Abbreviations 

CFD computational fluid dynamics 

CH continuous helical baffle 

CMSP combined multiple shell-pass 

CSSP combined single shell-pass 

DTP double tube-passes 

FB flower baffle 

HB helical baffle 

LFT low-fin tube 

RSFT rib-shaped fin tube 

SB segmental baffle 

STHE shell-and-tube heat exchanger 

STP single tube-passes 
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