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Abstract - Heat transfer is one of the major aspects of machineries, devices and industrial processes for maintaining their functionality 

and also for achieving better product quality. Hence, different types of heat exchangers are used in these applications with the purpose 

of removal of extra process/device heat to maintain them in desirable working temperatures. However, the size of a heat exchanger is a 

key consideration for any type of process or device as it decides the size of the machine/device or of the processing plant. This study 

aims to study the design of a heat exchanger theoretically and then to use computational fluid dynamics to optimize its performance. 

For design purposes, a counter flow heat exchanger was considered and its length was calculated with the LMTD method while the 

pressure drop and energy consumption were also calculated with the Kern method. Then, a computational model of the same heat 

exchanger was developed with ANSYS and then this was extended to six different models by changing its parameters for the 

optimization purposes. Also, these models were used to analyse the heat transfer behaviour, mass flow rates, pressures drops, and flow 

vortices of the shell and tube flows inside the heat exchanger. Theoretical and CFD results showed only a 1.05% difference in terms of 

the cooling performance of the hot fluid. The axial pressure drop showed positive correlations with both the overall heat transfer 

coefficient and pumping power. Overall, CFD modelling gave a promising outlook for design and optimization of heat exchangers. 
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1. Introduction 
Heat transfer can be occurred via three main modes: conduction, convection (free or forced), and radiation. Also, heat 

transfer can be promoted by artificial approaches while it also occurs naturally from or to a thermodynamic system due to 

buoyancy forces. Moreover, heat transfer occurs between all live and inanimate things. Hence, heat transfer is one of the 

most important phenomena in our lives and also in most of the modern machineries, devices and processes. It is obvious 

that various types of heat exchangers are widely used in many applications to add or remove the heat [1, 2]. They can be 

classified based on their flow arrangement (parallel flow, counter flow, cross flow), construction (shell-and-tube, plate, 

plate-fin, shell and plate, adiabatic wheel), surface compactness or the number of fluids in use [3-5]. Heat exchangers allow 

exchanging heat between two or more media (metals, water, oil, air, etc) for heating and cooling purposes. Currently, 

various forms of heat exchanging are used in the practical applications such as refrigeration, air conditioning, automobiles, 

process industry, solar water heater units, thermal power plants, and so forth. For all of these applications, the required size 

of a heat exchanger should be determined based on the amount of heat load to be added or removed from a system at a 

given time. Obviously, the size of a heat exchanger is crucial for any application as it is a key factor of deciding the 

physical size of a component or the space requirements of an industrial process. Hence, numerous research works are 

underway to enhance the heat transfer in heat exchangers and hence to replace bulky heat exchangers (conventional 

designs) with advanced compact designs, with the aid of modern computer-based design and optimization tools, which can 

be beneficial in various ways [6-10]. Heat transfer performance of heat exchangers can be enhanced by active, passive or 

compound techniques [11]. Many of the previous research [12-18] have focused on passive techniques possibly due to the 

fact that they do not demand extra energy. Meantime, compound methods or systems use two or more active or passive 

techniques to improve the rate of heat transfer. In current industry, it is rudimentary for companies to have cost-efficient 

heat exchangers with a view on the operational costs, but also the costs of developing and materials have to be as low as 

possible. Nowadays, the focus is on optimising heat exchanger design with a view on keeping the pressure drop as low as 

possible, while retaining the heat transfer coefficient as high as possible. Previous studies [19-37] showed a number of 

different approaches to enhance the performance of a heat exchanger via design and optimization. The coherences between 

the pressure drop and the heat transfer coefficient are a key in optimising a heat exchanger design. Decreasing the pressure 

drop affects the operating costs positively due to the decrease in required pumping power. By increasing the heat transfer 
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coefficient, the capital costs of a heat exchanger can be decreased with the possible reduction of the required length and 

material, and hence a less possible complexity in maintenance. But usually, the heat transfer enhancement options (e.g., 

optimized tube bank, decreasing the baffle cut ratio and baffle spacing,) influence the pressure drop negatively. 
 

1.1. Shell-and-Tube Heat Exchanger  

This study is focused on modelling of a shell-and-tube heat exchanger since it is the most commonly used type in 

industry [38]. Mukherjee [39] claims that nowadays the design of shell-and-tube heat exchangers is mainly carried-out 

with the help of computational software packages. However, to use such software packages, it is necessary to understand 

the fundamental principles of heat exchanger design and its main components (e.g., shell, shell cover, tubes, channel, 

channel cover, tube sheet, baffles, etc). The basic arrangement of a fixed-tube sheet shell-and-tube heat exchanger is shown 

in Section 3 [40] and this type has straight tubes where the stationary tube sheets at both ends are welded to the shell to 

secure the tubes. Also, this is an economical option given its simple construction and the cheapest shell-and-tube heat 

exchanger type. Also, it can be easily dismantled and repaired, hence can be easily cleaned. The Logarithmic Mean 

Temperature Difference (LMTD) method [1-5, 41] is one of the widely used methods to determine the rate of heat transfer 

within a heat exchanger which assumes a constant wall temperature along the heat exchanger and considers a logarithmic 

average based on the temperature difference of the cold and hot fluid streams at the each end of the heat exchanger. 

Instead, the Number of Transfer Units (NTU) method can also be applied for calculating the rate of heat transfer if the inlet 

temperatures of both fluid streams are known [1-5, 41]. According to this method, heat transfer rate of a heat exchanger of 

infinite length can be determined as one of the fluids would achieve the maximum potential temperature difference.  
 

1.2. Previous Optimization Studies with PSO and GA 
Nowadays, the design optimization of equipment via techniques such as genetic algorithm (GA), particle swarm 

optimization (PSO) and simulated annealing (SA) has become more and more popular and applied. Liu et al. [19] describes 

how to optimize the design of a heat exchanger on the basis of constructal theory [42]. In this method, a heat exchanger is 

segmented into several parts and by adjusting the parameters via a GA and then each part of the heat exchanger is 

optimised concurrently. Such optimization work should help to improve the hydraulic efficiency and cost factors and also 

to decrease the irreversible power losses as effectively as achievable. The results showed that the costs compared to the 

original design were reduced. Work by Amidpour et al. [20], a method was proposed with the same constructal theory to 

decrease the total costs by improving the overall heat transfer coefficient with regard to the tube diameters. Furthermore, 

some other works have performed optimization case studies with GA codes. Hajabdollahi et al. [21] designed a heat 

exchanger with the NTU method and optimised via a GA with the objectives of maximizing the effectiveness and reducing 

the total costs. The results showed that the design parameters like tube pitch ratio, tube length, tube number and baffle 

spacing ratio caused some problems between the two objectives. Generally, with these types of optimisation, an increase in 

the total cost is possible with the increase of effectiveness and hence multi-objective optimisation approaches should be 

applied for optimal shell-and-tube heat exchanger designs. Patel et al. [22] used a PSO to enhance the heat transfer 

coefficient of a shell-and-tube heat exchanger by increasing the fluid velocities. The PSO results showed better 

performance than a GA approach for the same application (hence a cost reduction). Benetto et al. [23] claimed that 

although the heat transfer coefficients are higher with turbulent flow conditions, laminar flows are desirable when it is 

required to decrease the pressure drop. Fukai et al. [24] claimed that the best possible ways for improving the overall heat 

transfer coefficient are either by increasing the heat transfer surface area or by the refinement of the heat transfer 

coefficient. They enhanced the heat transfer coefficient significantly by using a sheet-fin mechanism via increasing heat 

transfer surface area of a heat exchanger. Particularly this method is suitable for tube bank arrangements with long pitches.  
  

1.3. Previous Optimization Studies with CFD Approaches 
With the current development of computational technologies, CFD approaches are also emerging in design 

optimization. As was stated by Ahmad et al. [43], both LMTD and NTU methods demonstrate some deficiencies and hence 

the designs made by these methods needs to have a physical prototype to test their performance. Thus, CFD approaches 

should be really attractive for testing of the performance of any number of new designs without fabricating prototypes. 
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CFD software packages employ governing equations to solve the cells numerically in terms of the pressure distribution, 

temperature parameters, flow behaviour/rates, etc. Furthermore, CFD approaches can be used with any heat exchanger 

type. From a wide array of turbulence models, the K  model is the mostly used model in CFD for heat exchanger 

design. Bock et al. [27] performed 3-D numerical simulations for a shell-and-tube heat exchanger with rod-baffles using 

four different models: a unit model, a periodic model, a porous model and a whole model. Of these models, the unit model 

had the lowest performance in heat transfer enhancement. The porous and whole models demonstrated high precision in 

predicting the pressure drop while unit and periodic models were unable to directly predict the hydraulic performance. The 

whole model showed the highest precision of all methods but it demanded high performance computing as this model has 

the largest number of cells among four models. Ozden et al. [26] tested a shell-and-tube heat exchanger using two CFD 

turbulence flow models ( K , Sparlat-Allmaras). Particularly the effects of baffle cut ratio, number of baffles, baffle 

spacing and shell diameter towards the heat transfer coefficient and the pressure drop were studied. Their CFD results are 

in agreement with the Bell-Delaware method with regard to the heat transfer coefficient [44]. Hence, the use of CFD 

approaches together with supporting experiments should be an effective approach to achieve fast results in heat exchanger 

design. Some of the vital factors for the performance of a heat exchanger are the baffle design, baffle spacing and the baffle 

cut ratio and hence the proper implementation of these in CFD platforms are also really important for accurate results.  

 

 

 

 

Fig. 1: Different types of segmental baffles and rod baffles [39] 

For this study, plate and rod baffles are considered and some of the current common baffle types are shown in Fig. 1. 

Mainly, baffles are used to direct the flow of the shell side fluid and also to reduce the effects of vibration to the tube 

bundle. Also, baffles create a cross flow velocity component which increases the heat transfer coefficient. The baffle 

spacing is the offset between two adjacent baffles in the same side of the shell (top or bottom) and is a very critical 

parameter in shell-and-tube heat exchanger design which should be chosen appropriately [39]. Liu et al. [28] stated that 

heat exchangers with segmental baffles are the most applied shell-and-tube type. However, due to the possible 

disadvantages such as high pumping power, fouling in the dead zones, and no sufficient prevention of vibrations, it is 

necessary to come-up with advanced/improved designs to avoid or narrow these limitations. In terms of the design aspects, 

this study aims mainly to explore the effects of baffle cut ratio and the number of tubes towards the performance of a shell-

and-tube heat exchanger. Further, six CFD models will be used in design optimization by analysing the pressures drops, 

flow temperatures, mass flow rates, flow velocities and vortices of the shell and tube fluid flows inside the heat exchanger. 
 

2. Methodology 
Here, a specific heat transfer question was selected and at first it was solved theoretically with the Logarithmic Mean 

Temperature Difference (LMTD) method. Then, the same model was implemented on a CFD platform (ANSYS) and the 

CFD model was validated with theoretical information. Then, it was used for an optimization study by changing the design 

parameters but considering the same heat transfer load. Altogether six different CFD models were developed and more 

details will be given in the following sections.  
 

3. Details of the Case Study 
The design considered in this work is a fixed-tube sheet shell-and-tube heat exchanger as it is the most common type 

used in practice. It has a tube bundle with straight tubes and a tube bank arrangement in staggered design to increase the 
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heat transfer coefficient as shown in Fig. 2. Baffles are installed to cause 

turbulence and cross flow velocity components to increase the convection 

coefficient of the shell side fluid, the working fluids enter at the opposite 

ends (i.e., a counter flow) of the heat exchanger. Thus, combined effects 

of cross and counter flow arrangements occur in this heat exchanger 

design. The installed baffles also prevent deflection to the tube bundle and 

effects of vibration caused by the shell side fluid stream. The tube sheets 

are welded to the shell body and also secure the tubes. The case study 

considered was to cool down a hot fluid at 100 oC to 60 oC by transferring 

the heat load to a counter flowing cold fluid. Water was taken as both the 

hot and cold fluids and the hot fluid was set inside the tubes while the cold 

fluid was flowing across the outer surfaces of the tubes inside the shell. 

The required length of the heat exchanger was theoretically determined by 

considering all related factors (listed in Tables 1 and 2) together with the 

resulting axial pressure drop and total pumping power demand. The 

arrangement of the heat exchanger and the corresponding T-x diagram 

with some key parameters are shown in Fig. 2. 
 

4. Computational Fluid Dynamics (CFD) Design 
  In this study, the same theoretical design was implemented on the CFD software platform ANSYS Workbench 15.0. 

Altogether 6 different arrangements (6 CFD models) of a heat exchanger (HE) were implemented with CFD and tested, 

and their key design information together with the theoretical calculation details is given below in Tables 1 and 2 

(definition of all the terms presented in these tables can be found in the nomenclature at the end of the paper). 
 

 

 

 

 

 

 

 

 
 

 
 

 

 

 

 

 

 
 

Here, CFD HE 30 model is the equivalent of the theoretical design and a schematic of the CFD HE 30 model (with 16 

staggered tubes) with its mesh is shown in Fig. 3. In each CFD model, 53 and 26 locations were marked to measure the 

interested parameters in shell and tube side flows, respectively, and these points related to CFD HE 30 model are shown in 

Fig. 4. The 1st and 2nd models (CFD HE 20 and CFD HE 30) were used mainly to investigate the effects of different baffle 

cut ratios. The other four models were implemented with the same baffle cut ratio (30%) but with varying the number of 

tubes and baffles by maintaining a constant mass flow rate, to analyse the changes in parameters such as pressure drops, 

fluid outlet temperature, and velocity distributions. Eventually, the most suitable design will be selected with respect to the 

required outlet temperature of the hot fluid and the axial pressure drop of the shell-and-tube heat exchanger. 
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Fig. 2: The arrangement of the heat exchanger (top) [39] 

and the T-x diagram of the prosed case study (bottom) 

 

Table 1: Design Specifications of each model 

 
Table 2: Thermodynamic and fluid flow specifications 

 

CFD HE 20: no. of tubes - 16, no. of baffles - 25, baffle cut ratio - 20% 

CFD HE 30: no. of tubes - 16, no. of baffles - 25, baffle cut ratio - 30% 

CFD HE 12 tubes: no. of tubes - 12, no. of baffles - 25, baffle cut ratio - 30% 

CFD HE 20 tubes: no. of tubes - 20, no. of baffles - 25, baffle cut ratio - 30% 

CFD HE 24 baffles: no. of tubes - 16, no. of baffles - 24, baffle cut ratio - 30% 

CFD HE 26 baffles: no. of tubes - 16, no. of baffles - 26, baffle cut ratio - 30% 
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5. Results and Discussion 
For all the CFD models, the axial temperature profiles showed a quite linear increase for the shell side fluid flow (cold 

fluid) and a decrease for the tube flow (hot fluid) as was expected. However, the nature of the flow vortices were 

dependent upon the factors such as the flow velocity, baffle cut ratio, number of baffles and tubes, etc. The nature of the 

flow vortices for CFD HE 30 is shown in Fig. 5. As it is evident, the fluid flow velocity increases as passes the baffles. 

Vortexes are noticeable to the left side of each baffle. This type of a turbulent/mixing flow is promising for heat transfer 

enhancement but detrimental in terms of the pressure drop and hence with the pumping power demand as well. 

 

 

 

 
 

 
 

Fig. 5: Fluid flow behaviour inside the shell of the heat exchanger: HE 30 model 
 

By comparing both HE 20 and HE 30 models (the only difference of these two models is the baffle cut ratio), the shell 

side fluid velocity and pressure drop increase with the increase of baffle cut ratio from 30% to 20%. Owing to the 

increased vortex regions, HE 20 shows better heat transfer performance (sees Fig. 6) but with a higher pressure drop (see 

Fig. 7) and hence it shows an increase in pumping power as well (see Table 2). Hence, this fact agrees with the claim made 

by Mukherjee [39], that finding of the right balance between the baffle cut ratio and baffle spacing is a key aspect of a 

well-optimized heat exchanger design in terms of thermal, constructional and energy aspects.  

 

 

 

 

 

 
 

 

 

 
 
 

Fig. 6: Fluid flow outlet temperatures in shell and tube sides for 6 CFD models tested 
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tubes) with the generated mesh 

 

Fig. 4: Interested locations for parameter measurements for 

HE 30- tube side fluid (top), shell side fluid (bottom) 
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The main purpose of the case study considered in this work is to cool down a hot fluid to 60 °C (333 K) at the outlet. 

Here, all six CFD models considered heat exchangers with the same length and four of them are quite ok in achieving this 

expected output temperature where CFD HE 30 is the best, as shown in Fig. 6. Hence, it can be assumed that the chosen 

baffle spacing as well as the number of tubes in CFD HE 30 model provides the best combination to achieve the desired 

outcomes from the heat exchanger. Furthermore, this proves the accuracy of the theoretical calculations performed for the 

required outlet temperatures with the LMTD method. As the number of tubes decreased from 16 to 12 (CFD HE 12 tubes), 

the outlet temperature of the hot fluid is too high than the desired which might be due to the high fluid flow velocity that 

should be required to maintain the desired mass flow rate. The shell and tube sides’ axial pressure drops of all 6 CFD 

models were evaluated and details are given in Fig. 7. The highest pressure drop (21.65 kPa) occurs in the heat exchanger 

with a baffle cut ratio of 20% (CFD HE 20) where its pressure drop is almost the double compared to other five models. 

All the other five models are with a baffle cut ratio of 30% and among them the one with 20 tubes (CFD HE 20 tubes) 

marked the highest pressure drop (11.3 kPa). Obviously, the shell side pressure drop is always high mostly due to the 

complicated baffle placements and tubes. As it is clear from Fig. 7, the heat exchanger design with 12 tubes (the lowest 

tube number of all designs) shows the lowest pressure drop inside the shell (also demanded the highest inlet velocity) 

which can be appreciated. Furthermore, increase of the number of baffles has also caused to increase the pressure drop. 

The highest tube side pressure drop occurs in the HE model with 12 tubes and this is due to the demand of high inlet 

velocity to main the mass flow rate. The heat exchanger with 20 tubes demands the lowest fluid flow velocity and hence 

the smallest tube side pressure drop.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Axial pressure drops of 6 CFD models: shell (top), tubes (bottom) 
 

Overall, of the six designs, CFD HE 30 shows the most favourable results in terms of the expected outcomes and the 

energy demand. In addition to the six models discussed in this paper, there are some other possible ways to alter the 

thermodynamic parameters, such as the use of different flow arrangements or a tube-bank. The impact of changing vital 

design parameters is obvious from the results of the six CFD models tested. Obviously, the correct combination of baffle 

spacing and baffle cut ratio is a key to the HE performance. As was realized from the CFD models, decrease of baffle cut 

ratio below 30 % will greatly influence the pressure drop and the required outlet temperature and this is in agreement with 

the findings/climes made previously [19-37]. Based on both CFD modelling and theoretical calculations, it showed that 

30% baffle cut ratio is the most efficient and hence five CFD models were implemented with 30% baffle cut ratio and then 
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they were used to analyse the effect of other parameters such as the number of tubes and baffles. Theoretically, the desired 

hot fluid exit temperature was 60 °C and this was achieved as 59.27 °C with CFD HE 30 model. The percentage mismatch 

of exit hot temperature (theoretical to CFD) is as small as 1.05%. Moreover, as was mentioned, CFD HE 30 model was 

able to achieve a lower pressure drop compared to CFD HE 20 model. For the CFD HE 30, the pressure drops in shell and 

tube sides were 9978 Pa and 148 Pa, respectively. The corresponding theoretical values were 10162 Pa and 137 Pa, 

respectively. Here, the percentage mismatches of pressure drops (theoretical to CFD) for shell and tube sides are 1.81% 

and -8.03%, respectively. These differences in theoretical and CFD results should mostly be due to the assumptions 

attributed with the theoretical calculations. For example, in the theoretical calculations, it was assumed that there is no heat 

loss to the surroundings. But in the CFD simulation this assumption does not appear as ANSYS can easily calculate the 

heat loss to the surroundings. Furthermore, the accuracy of the CFD results depends on the nature/quality of the mesh 

development as well. Hence, in this study, a detailed investigation was made on the effect of the size, type and the number 

mesh elements on the accuracy of the results prior to implementing final six CFD models. Generally, the result of this work 

confirms that the theoretical and CFD results are in good agreement.  

 

6. Conclusions 
Obviously, a sound knowledge in thermodynamics, fluid dynamics and CFD is crucial for the design and optimization 

of a compact heat exchanger. In this work, six CFD models were developed and the accuracy of these was validated by a 

detailed theoretical calculation. Based on the CFD results, it was recognized that the careful selection of parameters such as 

the baffle cut ratio, number of baffles and tubes, flow and tube arrangements are vital in optimizing the performance of a 

shell-and-tube heat exchanger for a given heat load. Of the six CFD models tested, CFD HE 30 model (with 30% baffle cut 

ratio, 16 tubes and 25 baffles) gave the best performance for the given task and this is well aligned with the theoretical 

results as well. A decrease in baffle cut ratio increases the heat transfer coefficient in shell side but this also causes to 

increase the pressure drop. Obviously, the number of tubes inside a heat exchanger has an influence on tube flow velocity 

to main the required mass flow rate, where the lower the number of tubes the higher the pressure drop for a given task. 

More importantly, findings of this work are in agreement with the previously reported research and this proves the 

accuracy of the findings made. In terms of achieving the desired hot fluid exit temperature, the theoretical and CFD results 

showed a mismatch of only around 1.05%. For the pressure drops in shell and tube sides, these mismatches were 1.81% 

and -8.03%, respectively. Overall, the results of this work confirm that the CFD modelling is promising for design and 

optimization of a heat exchanger. In future work, it is recommended to identify the effects of tube material (such as 

replacing steel with copper) and dimensions (diameter and thickness) on the optimization particularly to achieve a more 

compact design. The component failure modes should also be tested to optimize their dimensions and this should help to 

achieve the best compact heat exchanger design with an optimal thermal efficiency.   

 

Nomenclature 
 

 

 

  
 

 

 

 

 

 

 
 

 
 

Symbol - Description     Unit 

Aflow – Cross flow area of the tube bank   [m2] 

BF – Baffle spacing       [m] 

Ctube – Clearance between tubes     [m] 

DH – Hydraulic diameter      [m] 

Dinlet, shell– Inlet diameter to the shell     [m] 

Dshell, Dtube – Diameters of the shell and tube   [m] 

hshell, htube – Heat transfer coefficients in shell and tube sides  [W.m-2.K] 

L – Length of the tubes      [m] 

m – Number of baffles inside the shell    [-] 

, - Mass flow rates of the hot and cold fluids  [kg.s-1] 

N – Number of tubes inside the shell    [-] 

, - Nusselt number in shell and tube side fluids [-] 

Symbol - Description    Unit 
P – Total power consumption     [W] 

q – Heat load       [W] 

Res, Ret – Reynols number in shell and tube side fluids [-] 

SL – Longitudinal pitch     [m] 

ST – Transverse pitch      [m] 

SD – Diagonal pitch      [m] 

Th,o, Tc,o – Outlet temperature of hot and cold fluids  [oC] 

U – Overall heat transfer coefficient    [W.m-2.K] 

vinlet,shell – Inlet velocity of shell side fluid  [m.s-1] 

vtube– Velocity of tube side fluid   [m.s-1] 

∆Tlm – Log mean temperature difference   [oC] 

∆Pshell, ∆Ptube – Pressure drop in shell and tube sides  [Pa] 

ρh,  ρc – Density of hot and cold fluids    [kg.m-3] 
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