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Tubular-Fin heat exchangers are a type of compact heat exchangers with prominent features 
like high levels of exchanged heat and less space occupancy. These heat exchangers are 
commonly used for exchanging heat between gas and liquid. In this study, for a tubular-fin 
heat exchanger, the heat transfer and pressure drop for circular and serrated fins with the 
triangular arrangement are numerically calculated. A three-dimensional numerical study 
with the Reynolds mean-averaged Navier-Stokes (k-ε) model for turbulence is conducted. In 
the Reynolds range of 6000 to 25000, the performance of four types of fin geometry (serrated, 
semi-serrated, circular and semi-circular) are compared. The results show that the circular 
fin has the highest heat transfer rate, while the serrated fin has the highest reduction in the 
gas temperature. It is also found that the semi-circular fin has the highest thermal 
enhancement factor and the semi-serrated fin has the highest heat transfer coefficient. The 
results of the present study can be beneficial in the selection of optimal fins in a heat 
exchanger from both practical and economic aspects. 
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1. Introduction 

One of the concerns of the heat exchanger industry 

is the design and selection of suitable heat exchangers 

from the economical and performance aspects. 

Experimental investigation of heat exchangers is 

desirable but not always cost-effective. Nevertheless, 

many experimental studies have been performed to 

determine the heat transfer, pressure drop and friction 

factor of a heat exchanger. To compensate for the low 

heat transfer coefficient of the gas fluids and increase 

the exchanged heat in the gas-liquid heat exchangers, 

the use of heat exchangers with tubular-fin is common. 

Shepherd et al. studied the plate heat exchanger with 

circular tubes[1]. Rocha et al. studied tubular-fin heat 

exchangers with circular and elliptical tubes and 

experimentally determined the heat transfer 

coefficients[2]. Kundu and Das calculated the optimal 

dimensions for a tubular-fin heat exchanger with 

square and triangular arrangements[3]. Abu Mahdi et 
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al. investigated the effect of different geometrical 

parameters of round tube and plate finned heat 

exchangers on the heat transfer rate[4]. Chi and Wang 

have experimentally investigated the effect of the 

number of rows of pipes, fins spacing and also the 

diameter of the pipes on the heat transfer and pressure 

drop of a flat plate heat exchanger[5]. Tutar et al. have 

studied various heat exchangers, including tubular-fin 

heat exchangers by numerical methods[6]. Eric et al. 

investigated a single-row tubular-fin heat exchanger 

for different geometrical parameters by using 

numerical methods. They have also numerically 

investigated the effect of the distance between the fins, 

the distance between the tubes, the length of the fins 

and the thickness of the tubes on the heat transfer and 

pressure drop of the heat exchanger[7]. Engelman and 

Haught using the finite element method investigated 

velocity and temperature fields for tubular-fin heat 

exchangers[8]. Wong et al. conducted a series of 
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experiments to investigate the relationship between 

heat transfer and pressure drop in geometrical 

parameters of 15 types of tubular-fin heat exchangers 

to determine the effect of fin spacing and the number 

of tubes on the friction coefficient[9]. Kayansayan 

investigated 10 different forms of tubular-fin heat 

exchangers in Reynolds of 100 to 30,000 to determine 

the effect of fins geometry on the heat transfer[10]. 

Lemouedda et al. presented the results of numerical 

calculations of spiral-finned tubes and compared them 

with the results of bare tubes [11]. Also in numerical 

methods, some researchers reported their results of 

studies on tubular-fin heat exchangers [12-21]. They 

studied different heat exchangers with various types of 

fin geometries and reported the changes in some key 

effective parameters. Min et al. investigated that for the 

plain finned tube heat exchanger, the heat transfer 

coefficient, on the whole, tends to decrease with 

increasing the serial number of tube rows, although the 

decreasing rate is quite small [22]. Al-Jaberi et al. 

performed experiments on circular fins with slanted 

blades attached to the copper tube surface to reduce 

the thermal boundary layer. They examined the effects 

of the number of slanted blades and the Reynolds 

number on the heat transfer characteristics. Their 

study shows that the Nusselt number for slanted fins is 

20% to 27.5% higher than that of circular fins. 

However, in that study, the pressure drop in the tube 

bundle is not examined [23]. Recently, some 

researchers assumed a constant heat-transfer 

coefficient across the tube bundle as the heat transfer 

boundary condition [24-27]. Yan et al. recently 

published an article about an experimental study on 

the air-side heat transfer performance of the 

perforated fin-tube heat exchangers under the frosting 

conditions[28]. Genić et al. investigated the pressure 

drop of plate finned tube heat exchangers [29]. They 

reported a new correlation that is comprehensive and 

statistically superior to any other pressure drop 

correlation. In the optimization discussion, various 

methods have been implemented, including genetic 

algorithms as well as methods of changing geometries 

to improve thermodynamic conditions by reducing the 

entropy [30, 31]. 

Other effective parameters for studying tube 

bundles and heat exchangers such as a pressure drop 

coefficient and heat transfer coefficient had long been 

considered by researchers [32-36]. In the past years, 

experimental studies have also been carried out by 

researchers on heat transfer and pressure drop 

coefficients on tubular heat exchangers with serrated 

fins in different geometries. [37-40]. In the area of 

numerical analysis for serrated fins, one can also refer 

to the studies of Mcilwain[41]. They reported 

temperature contours and stream lines on the tube 

bundle. Muhič et al. investigated the effect of the needle 

and circular fins on the Nusselt number, in which 

needle fins had a better result[42]. Nada and Said 

investigated free convection heat transfer in a 

horizontal annulus with and without fins by numerical 

method for annular and longitudinal rectangular fins. 

They calculated the effects of the Rayleigh number, 

annulus depth, fins numbers and dimensions on the 

heat flow pattern. Over the past decades, 

computational fluid dynamics techniques have been 

rapidly developed to simulate the flow, especially the 

numerical simulation and solution of turbulent 

flow[43]. A review of all the methods applied today in 

computational fluid dynamics was given by Hosain and 

Fdhil[44]. Qiu et al. theoretically studied the heat 

transfer characteristics of a plain fin in the finned-tube 

evaporator assisted by solar energy[45]. One of the 

best methods to simulate turbulent flow is the Jones 

and Launder model (k-ε model) introduced in 

1972[46]. Among the various types of tubular-fin heat 

exchangers, circular and serrated fins are more widely 

used than others due to their simplicity in construction 

and cheaper process due to less space occupancy and 

surface heat exchange. 

Despite extensive studies on the performance of 

circular and serrated fins, the simultaneous 

performance of heat transfer and pressure drop of 

these fins has not been investigated so far. The present 

study investigates the effects of four types of fins 

including serrated, semi-serrated, circular, and semi-

circular on the performance of a tubular-fin heat 

exchanger. Heat transfer rate, pressure drop, 

temperature change, Nusselt number, thermal 

enhancement factor (TEF) and heat transfer coefficient 

at different Reynolds numbers are calculated and 

compared for each type of fins. 

 

2. Modeling details  

In the present study, k-ε turbulence model is 

considered in COMSOL Multiphysics software. The k-ε 

model is popular for industrial applications due to its 

good convergence rate and relatively low memory 

requirements and performs well for most of the flow 

problems around complex geometries. It can deliver 

accurate enough result with good convergence rate for 

most of applications. 

Heat transfer and fluid flow equations are then 

coupled together by the non-isothermal flow 

multiphysics. In order to verify mesh independence, 

five different meshes were created and it is found that 

a mesh of total 455367elements is fine enough to 

resolve important physical phenomena accurately in a 

reasonable amount of time. Figure 1 shows the sample 

mesh and mesh indepency structure used in the 

present study. 
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Figure 1. Sample of Mesh that used in the numerical 

modeling and mesh independence 

 
Figure 2. Side view of the studied tubular-fin heat 

exchanger with (a) serrated fins (b) circular fins 
 

Figure 3. Boundary conditions for the studied geometry 

from (a) side view and (b) front view.  

Figure 2 illustrates a schematic of the arrangement of a 

tube bundle with circular and serrated fins. In the current 

study, the gas passing through the pipe is nitrogen with 

inlet temperature at 498 K. The fins are positioned on pipes 

containing a liquid such as water, with a constant surface 

temperature of 298 K. Figure 3 shows a schematic of the 

boundary conditions governing the studied heat 

exchanger. Figure 4 shows the dimensions and sizes of the 

serrated, semi-serrated, circular and semi-circular fins.  

Figure 4. The geometrical dimensions of tubular-fin heat 
exchangers (a) without fin (b) circular fin (c) serrated fin (d) 

semi-serrated fin and (e) semi-circular fin. 
 

3. Governing equations 
The Navier-Stokes equations provide a mathematical 

model for the hydrodynamic and thermal description of the 

fluid. Because of the complexity of the full form of Navier-

Stokes, three-dimensional analytical solutions are not 

feasible, so computer-aided numerical methods are the 

best option for solving these equations. The rapid advances 

in computer technology in recent decades have led to the 

widespread use of computational fluid dynamics in the 

numerical solution of fluid flow problems. Since all 

solvers of the Navier-Stokes equations require a lot of 

processing time and memory, so some simplifications in 

solving these equations are needed to reduce the 

computational costs. The simplified Navier-Stokes 

equations are described as the following. 

3.1. Continuity equation 

For compressible fluids, the continuity equation is as 

follows[47]: 

𝜕𝜌

𝜕𝑡
+ 𝛻⃗ . (𝜌𝑉⃗ ) = 0 (1) 

where V⃗⃗ , ρ and t represent vector of velocity, density and 

time respectively. For incompressible flow, continuity 

equation reduces to: 

(𝛻⃗ . 𝑉⃗ ) = 0 (2) 
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3.2. Momentum equation 

Due to the incompressible flow and assuming a 

constant viscosity coefficient, the momentum equations 

are written as follows[47]. 

𝜌
𝐷𝑉

𝐷𝑡
= 𝜌𝐹 − 𝛻𝑃 + 𝜇𝛻2𝑉 (3) 

in which V⃗⃗ , 𝑃 , 𝐹  and 𝜇 respectively represent vector of 

velocity, pressure, volumetric forces and viscosity. 
𝐷

𝐷𝑡
 

represents a material derivative and is defined as 

(
𝐷𝜑

𝐷𝑡
=

∂φ

∂t
+ V ∙⃗⃗⃗⃗ ∇φ). Since the current flow in this study 

is turbulent, it is necessary to study the form of the 

equations in the turbulent flow. The continuity equation 

for turbulent flow for compressible flow is as follows: 

𝜕

𝜕𝑥𝑖

(𝜌 𝑢𝑖̅̅ ̅̅ ̅) +
𝜕

𝜕𝑥𝑖

(𝜌′ 𝑢𝑖
′̅̅ ̅̅ ̅̅ ̅) = 0 (4) 

here  ui̅̅ ̅ and  ui
′̅̅ ̅̅  are average speed and the oscillatory 

component of the velocity respectively. Since 𝜌′ = 0 for 

the incompressible flow, Equation 4 will be simplified to: 

∂u̅i

∂xi

= 0 (5) 

The momentum equations for turbulent flow are as 

follows: 

ρ [
∂u̅i

∂t
+ u̅j

∂u̅i

∂xj

] = 

Bi̅ −
∂p̅

∂xi

+
∂

∂xj

[μ
∂u̅i

∂t
− ρui

′uj
′̅̅ ̅̅ ̅] 

(6) 

which 𝐵𝑖̅  is the volume force in the direction i =

(x. y. z)   and  𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅  is called the turbulent stress or 

Reynolds stress, which is modelled with k-ε turbulence 

model. 

The differential equation that describes the heat transfer 

in gas domain and solves for the temperature field is: 

𝜌𝐶𝑝𝑢. ∇𝑇 + ∇. 𝑞 = 𝑄 where, 𝑞  [W/m2] is the heat flux 

vector and is expressed as: 𝑞 = −𝑘∇𝑇.  T [K] is the 

temperature, 𝐶𝑝 [J/(kg.K)] is the heat capacity at constant 

pressure, k [W/(m.K)] is the thermal conductivity, and Q 

[W/m2] is the heat source or sink. 

The heat transfer in the fin and tube domain is 

dominated by conduction and hence governs by Fourier’s 

Law of heat conduction. It is to note that due to small 

temperature difference and lower emissivity, heat transfer 

through radiation is neglected. The heat transfer equation 

in the fin and tube domains also account for additional heat 

source or sink term and is expresses in the following form 

of energy conservation: 𝜌𝐶𝑝𝑢. ∇𝑇 + ∇. 𝑞 = 𝑄 

The first term represents contribution of translational 

motion to the heat transfer in solids, which is negligible in 

this case, hence neglected. Second term is the conductive 

heat flux vector, which is expressed as: 𝑞 = −𝑘∇𝑇 where, 

𝑘𝑠[W/(m.K)] is the thermal conductivity of fin and tube 

material. 

4. Results and discussion 
 

4.1. Validation 

For validation, we compared our numerical results with 

the results of Ref [42] done by Stojkov et al. For this 

purpose, the gas outlet temperature at three different input 

speeds (Uin) was computed. It can be concluded from 

Figure 5 that our results are in good agreement with 

Ref.[42]. However, there is a slight difference at the low 

inlet velocity which can be attributed to the different 

methods of turbulence modeling. We have employed the 

k-ε turbulence model and the k-ω turbulence model was 

utilized in Ref. [42]. Figure 6 also shows the contour of 

temperature for the present study and  Ref.[42]. It clearly 

shows that the distribution of temperature on the fin and 

also passing gas is in good agreement with Ref.[42]. The 

maximum temperature difference is less than 1K. 

4.2. Heat transfer and temperature 
distribution 

We study four types of fins, serrated, semi-serrated, 

circular and semi-circular fins from the heat transfer point 

of view at different Reynolds numbers. At first, the amount 

of heat transfer in each type of fins is investigated. The 

following relationships are used for this purpose: 

𝑄 = ℎ𝐴∆𝑇𝐿𝑀𝑇𝐷  (7) 

∆𝑇𝐿𝑀𝑇𝐷 =
(𝑇𝑠 − 𝑇𝑜𝑢𝑡) − (𝑇𝑠 − 𝑇𝑖𝑛)

log
(𝑇𝑠−𝑇𝑜𝑢𝑡)

(𝑇𝑠−𝑇𝑖𝑛)

 (8) 

where ∆TLMTD is the logarithmic temperature difference, 

Ts is the pipe surface temperature, Tin  is the gas inlet 

temperature and Tout is the gas outlet temperature. 

 

Figure 5. Comparison and validation of the results of the 

present study with reference [39] by calculating the outlet 

temperature for different inlet velocities. 
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Figure 6. Comparison of the temperature contour results of 

reference [39] (a) and present study (b). 

 

 

Figure7. Heat transfer rate at different Reynolds numbers 

for serrated, semi-serrated, circular and semi-circular fins. 
 

Figure 7 shows the variations of the heat transfer rate 

due to the Reynolds number increase. Based on this, it is 

calculated that the most heat transfer is for the circular fins 

due to the most amount of surface contact with the fluid. 

In fact, according to the heat transfer equation (Relation 

6), higher contact of the fins surface with the fluid caused 

the more amount of heat exchange, and consequently the 

better heat transfer. In Figure 7 the circular fin has the 

highest heat transfer rate due to the highest contact surface 

area. 

Figure 8. Inlet and outlet temperature difference with 

increasing Reynolds number for serrated, semi-serrated, 

circular and semi-circular fins. 

Figure 8 shows the difference between the inlet and 

outlet temperatures of the passing gas. It is deduced from 

Figure 8 that the serrated fin reduces more temperature due 

to increased local turbulence. Turbulence improves heat 

exchange and as a result, the serrated fin has the greatest 

reduction in the gas temperature. 

To have a better understanding of the heat transfer 

performance, the coefficient of convective heat transfer is 

calculated: 

ℎ =
𝑚̇𝑐𝑃𝛥𝑇

𝐴𝛥𝑇𝐿𝑀𝑇𝐷

 (9) 

where 𝑚̇ is the mass flow rate, 𝑐𝑃 is the specific heat, 𝐴 

is the area of the fin, 𝛥𝑇  is the gas inlet and outlet 

temperature difference, and 𝛥𝑇𝐿𝑀𝑇𝐷 is the logarithmic 

temperature difference. 

The higher surface contact caused the lower heat 

transfer coefficient. For this reason, the serrated and the 

semi-serrated fins have a higher heat transfer coefficient 

than the other two fins. Figures 10 show the variations of 

the Nusselt number (𝑁𝑢 =
ℎ𝐷

𝑘
) versus the Reynolds 

numbers. It shows that the Nusselt number to the Prandtl 

number of semi-serrated fins is greater than other fins 

because of its minimum contact surface area. The Nusselt 

number is calculated using the heat transfer coefficient, 

and since this coefficient is inversely related to the contact 

surface, the Nusselt number inversely varies by the surface 

area which is the reason behind the fact that Figure 9 and 

10 have the same trends. 

Figure 9. Variations of heat transfer coefficient (h) by the 
Reynolds number for serrated, semi-serrated, circular and 

semi-circular fins. 

Figure 10. Nusselt number versus Reynolds number for 
serrated, semi-serrated circular, and semi-circular fins. 
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Figure 11. Pressure drop in different Reynolds for serrated, 

semi-serrated, circular, and semi-circular fins. 

 

4.3. Pressure drop 

Although increasing the fin surface area increases the 

heat transfer, it increases the pressure drop in a heat 

exchanger too. So calculating the pressure drop is a crucial 

factor in the design of a heat exchanger. Figure 11 shows 

the gas pressure difference between the inlet and the outlet 

versus Reynolds number. It is predicted that serrated fins 

cause more pressure drop than circular fins due to their 

specific geometry and local vorticities. From Figures 10 

and 11, It is evident that the semi-serrated fin has the 

highest h compared to all considered fins and lower 

pressure drop compared to the serrated fins. Therefore, it 

is more economical due to less material usage. 

4.4. Thermal enhancement factor  

In this section, we report the calculated thermal 

enhancement factor (TEF) for each case which is the ratio 

of the Nusselt number to the friction factor. This 

coefficient can be used to calculate the ratio of the heat 

transfer alongside pressure drop simultaneously. The 

relation of the TEF coefficient is as follows: 

𝑇𝐸𝐹 =  
(𝑁𝑢𝐸 / 𝑁𝑢)

(𝑓𝐸/𝑓)
1

3

 (10) 

where 𝑁𝑢𝐸 and 𝑓𝐸  are the Nusselt number and friction 

coefficient for the heat exchanger with fin respectively and  

𝑁𝑢 𝑎𝑛𝑑 𝑓 are the Nusselt number and friction factor for 

the heat exchanger without any fin respectively. The 

friction coefficient could be computed as follows: 

𝑓 =  
∆𝑃

𝐿

𝐷
 ×

𝑈𝑖𝑛
2

2𝑔

 
(11) 

where 𝐿 is the longitudinal length of the domain, 𝐷 is 

the hydraulic diameter of the domain, ∆𝑃 is the pressure 

difference at the inlet and outlet of the flow and 𝑈𝑖𝑛 is the 

inlet velocity. This coefficient compares the Nusselt 

number and the frictional drop coefficient of the fin 

relative to the base state where there are no fins. 

Figure12. TEF variations with Reynolds number for 

serrated, semi-serrated, circular, and semi-circular fins 

 

Figure13. Contour of gas velocity [m/s] in Reynolds almost 

28000 for serrated, semi-serrated, semi-circular, and 

circular fins. 

 

 

 

Figure14: Pressure contour [Pa] in Reynolds almost 28000 

for serrated, semi-serrated, semi-circular and circular fins. 
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Figure 15. Streamlines for serrated, semi-serrated, semi-

circular, and circular fins (Re = 28000). 

 

The variation of TEF versus the Reynolds number for 

all fin arrangements depicted in Figure 12 shows that TEF 

has the highest value for semi-circular fin followed by 

semi-serrated. This fact means that both the pressure drop 

and the Nusselt number must be considered together 

simultaneously to choose the best fin. The velocity contour 

for each type of fin is illustrated in Figure 13. As expected, 

the gas velocity reaches its minimum value behind the fins. 

Figure 14 shows the pressure contour of all four types 

of fins. As expected, the pressure drop for the serrated fin 

and semi-serrated fins are higher compared to the circular 

and semi-circular cases. Serrated fins create more pressure 

drop in addition to causing more turbulence. Figure 15 

shows the streamlines inside the section including fins, in 

which the formation of vortices around different fins can 

be clearly seen. 

 
Conclusion 

Multiphysics 3D numerical modeling of a finned tube 

heat exchanger is performed. The model incorporates 

coupled heat transfer and turbulent flow to analyze the 

physical phenomenon in the heat exchanger operation. 

Four different types of fins were investigated and 

analyzed, and their strengths and weaknesses were 

expressed. The results showed that, it is possible to 

increase the efficiency of heat exchangers by changing of 

fin type and its geometry. Also discovered that circular fin 

has highest amount of material and lowest heat transfer 

coefficient. Serrated fins have highest pressure-drop, so 

they aren’t good choice for heat exchangers. Semi-circular 

fins have a less heat transfer coefficient than semi-serrated 

fins but they have lower pressure drop than serrated and 

semi-serrated fins. In other hand by considering thermal 

enhancement factor (TEF) parameter which relates the 

Nusselt number and the friction coefficient, semi-circular 

fin has highest value of TEF among other fin types. The 

maximum value of TEF for the semi-circular fin is 0.43, 

which is reduced by increasing Reynolds number to 0.35. 

Finally, it is found that the semi-circular fin is the most 

efficient and most suitable option compared to the other 

three types. This type of fin also consumes less material 

for production, thus reducing production costs. In addition, 

due to its simple geometry, it has low production costs and 

its waste is very low. 
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