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Many applications require smaller, faster, and more powerful electronic devices, leading to excess heat that needs to be removed from the 
system. Micro-finned tubes are a preferred method to increase the heat-transfer performance of cooling systems. There are a limited number 
of studies on the fin geometry of micro-finned tubes with respect to thermohydraulic performance and entropy-generation analysis, especially 
for diameters under 10 mm. To address this literature gap, this study numerically investigates the entropy generation rates and thermohydraulic 
performance of 8-mm-diameter horizontal tubes with square, circular, and triangular fins compared with those of a smooth tube. In this regard, 
numerical studies were conducted at constant heat flux with Reynolds numbers ranging from 400 to 2000 in the laminar regime and from 5000 
to 9000 in the turbulent regime, using computational fluid dynamics. The Nusselt number increased by 140%, 218%, and 180% for the square, 
circular, and triangular finned tubes, respectively, compared with the smooth tube in the laminar flow regime. In the turbulent region, the Nus-
selt number increased by 3.4%, 29%, and 7.5% for the square, circular, and triangular finned tubes, respectively. Since the tube with circular-fin 
geometry demonstrated the greatest heat-transfer capability in both laminar and turbulent regimes, numerical analyses were conducted on 
circular-fin tube models with pitch lengths of 3-6 mm to enhance heat-transfer performance. The device with a 3-mm pitch length demonstrated 
greater thermohydraulic performance despite having slightly higher entropy generation rate and friction factor than the other versions. The 
findings of this study offer valuable insights to inform the design of more efficient thermal systems.
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1. Introduction

The development of technology and a growing population 
have led to an increased demand for high-performance elec-
tronic devices. Today, most operations require electronic de-
vices that are faster, smaller, more reliable, and more powerful. 
However, these requirements also lead to elevated heat fluxes 
that need to be dissipated to prevent failures. Thus, the design 
and development of effective cooling schemes are critical for 
the temperature control [1-3]. Various thermal management 
solutions have been proposed for electronic devices in the lit-
erature, such as spray cooling, forced liquid cooling, immer-
sion cooling, and flow boiling. These mechanisms have been 
widely used in electronic systems, solar systems and battery 
cooling systems [4]. All of those techniques have both advan-
tages and drawbacks. Flow boiling heat transfer (HT) can yield  

higher HT with less pumping power than in the single-phase 
HT mode. But it is a complicated process and underlying phys-
ical phenomena behind it are still not clearly understood [5, 
6]. Although the spray cooling HT can provide high HT rates, 
the accompanying high pressure drop and small spray nozzles 
are drawbacks. The small sized flow paths may lead to clogging 
unless they provide similar spray patterns [7]. The immer-
sion-cooling HT has great potential for cooling performance. 
But the system’s complexity, expense, dielectric fluid evap-
oration, and added weight render it impracticable [8]. Still, 
most researchers and technology provider companies prefer 
single-phase HT methods since the theory is well-established 
predictable, controllable and cheap [9, 10].
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The choice of refrigerants in cooling systems is dependent on ther-
modynamic, safety and technical aspects [11].Conventional refrig-
erants, such as chlorofluorocarbons (CFCs) and hydrochloroflu-
orocarbons (HCFCs), were widely used because of their excellent 
cooling performance. Nevertheless, increasing pollution and envi-
ronmental concerns have led to the universal banning of most of 
these type refrigerants [12, 13]. Synthetic refrigerants can stay in the 
atmosphere for many years and can cause significant harm to life 
on the earth [14]. Therefore, natural refrigerants like water and CO2 
have attracted attention from the researchers. Even though there are 
various natural refrigerants, they cannot satisfy the necessary speci-
fications [12]. For instance, ammonia is flammable and toxic, there-
fore, not appropriate for some cases [15]. Also, there are notable 
concerns regarding the employment of hydrocarbons as a refriger-
ant due to their flammability [14]. On the other hand, water has no 
risk of future limitations regarding coolant environmental impact 
[16]. Water is one of the earliest environmentally friendly natural 
refrigerants employed in cooling operations due to its ease of avail-
ability and favourable thermodynamics and chemical properties 
[17]. Compared with other refrigerants, water’s high critical point 
makes it a salient coolant in heat pump applications [16]. But, the 
employment of water as a coolant is limited to applications where 
the cooling requirements are above the freezing point of water [16]. 

Therefore, some cooling applications may require the addition of 
antifreeze additives to the water.

The finned pipes are employed to increase the HT performance of 
those cooling systems by creating local turbulence in the flow , thus 
promoting mixing, and by increasing the HT surface area. There are 
various studies [18-32] in the literature that indicate finned tubes 
significantly enhance the HT performance for different refriger-
ants.  However, discrepancies remain regarding which fin shape is 
most favorable with respect to pressure loss and HT performance. 
Several studies in the literature investigate the effect of tube groove 
geometry on HT performance. Bilen et al. [18] experimentally in-
vestigated the HT performance of 36 mm inner diameter horizon-
tal tubes that have different groove shapes. Their results indicated 

that the circular corrugated tube had the largest HT enhancement, 
while the rectangular corrugated tube had the smallest HT augmen-
tation. The results of Ramadhan et al. [24] demonstrated that trian-
gular finned tube gives the highest performance evaluation criteria. 
Kaood et al. [28] investigated the thermohydraulic performance 10 
mm diameter grooved pipes. Their findings indicated that curved 
and triangular groove shapes exhibited superior thermal-hydraulic 
performance compared with other geometries. On the other hand, 
the results of Selvaraj et al. [23] indicated that trapezoidal finned 
tube has greatest thermohydraulic performance while square finned 
tube shows the lowest thermohydraulic performance. A trade-off 
between HT augmentation and pressure loss must be optimized. 
A current literature review of HT and pressure-drop characteris-
tics of horizontal single-phase flow inside micro-fin tubes for water 
and other working fluids is presented in Table 1 to show the state 
of the art in this field. Although numerous studies have investigat-
ed various enhanced heat transfer methods, research focusing on 
how micro-fin geometry affects the thermohydraulic behavior of 
micro-finned tubes remains limited. Few studies examine the fin 
geometry of micro-finned tubes with respect to entropy generation 
analysis and performance evaluation criteria (PEC), especially for 
tube diameters smaller than 10 mm. In the present study, to address 
this gap in the literature, PEC, entropy generation, HT, and pres-
sure-drop characteristics of water inside an 8 mm diameter hori-
zontal finned tube with different fin shapes and pitch lengths were 
analysed numerically and compared with those of a tube having no 
fin using computational fluid dynamics (CFD). Moreover, it aims to 
identify the optimized fin shape and pitch length that have superior 
thermohydraulic characteristics. Thus, this study aims to contribute 
to the development of more efficient thermal management and cool-
ing systems by improving understanding of the effects of micro-fin 
geometry on thermohydraulic performance.

Subsequent sections of this paper outline the methodology, includ-
ing the geometry of the models, boundary conditions, mathematical 
modeling, meshing, and the solution procedure, and then present 
the results and discussion.

Table 1. Summary of studies on single phase thermohydraulic characteristics of water and some other refrigerants inside finned tubes

References Working Fluid Diameter Conditions Results

Bilen et al. [18] Air 36 mm
Re numbers ranges from 

10000 to 38000, under 
constant power of 180 W.

The HT performance is enhanced up to and 47% 
for rectangular corrugated, 58% for trapezoidal 

corrugated and 63% for circular corrugated tube.

Selvaraj et al. 
[19]

Water-ethylene 
glycol mixture 38.14 mm

For Re numbers between 
4900 and 13300, under 

constant power of 1000 W.

HT augmentation is achieved up to 55% for square 
corrugated tube, 36% for circular corrugated tube 

and 10% for trapezoidal corrugated tube compared 
to the smooth tube.

Pethkool et al. 
[20] Water 24.5, 25 and 

25.5 mm
Re number varying from 

5500 to 60000

HT was enhanced up to 123% to 232% compared 
to the plain tube. Friction factor of the finned tube 

is 1.46 to 1.93 times over the plain tube.

Inoue & 
Ichinose [21] Water 4 mm Heat flux varied from 

2.09kW/m2 to 84.1kW/m2.

Finned tube has higher Nu number and friction 
factor comparing the plain tube in turbulent flow 
region. Maximum HT coefficients obtained at the 

helix angle about 15°.
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Celen et al. [22] Water 7.48 mm Re number ranging from 
5725 to 25353

Friction factor values of the micro finned tube 
were larger than those of the plain tube.

Selvaraj et al. 
[23] Water 38.14 mm

For Re numbers between 
5000 and 13500 and 9.6996 
kW/m2 constant heat flux.

Trapezoidal finned tube has greatest 
thermohydraulic performance and square 

finned tube gives the smallest enhancement in 
thermohydraulic performance compared to the 

smooth tube.

Ramadhan et 
al. [24] Air 50 mm

For Re numbers between 
10000 and 2000 and under 1 

kW/m2 constant heat flux

The finned tube notably increases the HT at about 
64.4 % over the smooth tube and triangular finned 

tube gives the highest performance evaluation 
criteria compared to the other finned tubes.

Aroonrat et al. 
[25] Water 7.1 mm

Re number changing from 
4000 to 10000 and under 

heat flux of 3.5 kW/m2

Helical finned tubes have larger values of friction 
factor and Nu number than those of the plain tube. 

The thermal enhancement factor of the finned 
tubes is nearly 1.4 to 2.2 for a pitch length of 12.7 
mm; 1.1 to 1.3 for pitch lengths of 203, 254, and 

305 mm, respectively.

Mohammed et 
al. [26] Water 10 mm

Re number ranging between 
5000 and 60000 and under 

heat flux of 500 kW/m2

Increasing of the fin height, fin width and Re 
number improves the Nu number. The largest 

Nu number was achieved with fin height to pipe 
diameter ratio of 0.1.

Wang et al. [27] Aqueous ethylene 
glycol 22.48 mm

Re number varying from 
5000 to 34000 and heat flux 

of 26 - 46 kW/m2

Helically finned tube augmented the j factor nearly 
3.5 times compared to the smooth tube.

Kaood et al. [28] Water 10 mm

For Re numbers ranging 
between 5000 and 61000 

and constant heat flux of 500 
kW/m2

Both inward and outward triangular and curved 
fin shapes have the greater thermohydraulic 

performance than rectangular and trapezoidal fins.

Mogaji et al. 
[29] Water 19 mm

For Re numbers between 
12000 and 22000, at constant 

wall temperature of 350 K

Nu number enhancements were achieved as 125% 
while, friction factor penalties were obtained as 

531% compared to the plain tube.

2. Methodology

2.1. Geometry of the models

Three types of fin shapes (circular, triangular and square) were 
modeled to examine the influences of fin shape on HT performance, 
pressure drop, friction factor and entropy generation rate in sin-
gle-phase water flow. Analyses were performed using 2-D model of 
smooth and finned tubes having 8 mm diameter and 1 m length. Fig. 
1 presents a schematic diagram of the geometric shapes of the finned 
tube models, where pl denotes the pitch length. For all finned tube 
models, pitch length and the number of fins were set to 4 mm and 
235 respectively. For the circular fins, semi-circular protrusions with 
a diameter of 1 mm were employed. Square and triangular fins are 
generated from square and equilateral triangular protrusions with a 
side length of 1 mm. The first fin was placed at the distance of 30 mm 
from the entrance of the tube. Besides, circular finned tube models 
of various pitch lengths (3, 4, 5 and 6 mm) were created to examine 
the impact of pitch length on thermohydraulic characteristics. Figure 1. Schematic diagram of finned tubes, (a) circular fin, (b) 

triangular fin and (c) square fin
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2.2. Boundary conditions

In turbulent flow, constant uniform heat flux of 40 kW/m2 was im-
posed on wall of the tube and inlet temperature was set to 20 °C. 
Analyses were run for Re number 5000 to 9000 for turbulent flow. 
For laminar flow, constant uniform heat flux of 3.5 kW/m2 was im-
plemented on wall of the tube and inlet temperature of the working 
fluid was set to 5 °C. A higher constant heat flux was applied in the 
turbulent flow case to achieve a meaningful temperature difference 
between the inlet and outlet of the pipe. Analyses were run for the 
Re numbers varying from 400 to 2000. Boundary conditions im-
posed on the 2-D axisymmetric model. Pressure outlet boundary 
condition (atmospheric pressure) was defined at the outlet of the 
tube.

2.3. Mathematical modeling

For the governing equations of the flow field, steady, 2-D continuity 
equation, incompressible Reynolds-averaged Navier-Stokes(RANS)
equations and the energy equation were used. The governing equa-
tions [33, 34] are shown below.

Continuity equation:
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Energy equation:
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Where keff refers to effective conductivity, E denotes the total energy, 
p refers to pressure, τeff denotes stress tensor, signifies the mean ve-
locity and ul signifies fluctuated velocity component. Standard k-ω 
model, k-ε model and Shear-Stress Transport (SST) k-ω model are 
the most commonly used turbulence models [35, 36]. Menter [37], 
developed the SST k-ω model in an effort to proficiently mix the ac-
curate and well-established method of the k-ω model in the regions 
nearby the wall with the free flow independence of the k-ε model in 
the regions far from the wall. The SST k-ω model more precise and 
dependable for a broader group of flows compared to the standard 
k-ω model [33]. In this study, SST k-ω model is employed as turbu-
lence model. Transport equations of the SST k-ω model are present-
ed in equations (4) and (5) [33].
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Where k, ω Dω  and refer to the turbulence kinetic energy, specific 
dissipation rate and the cross-diffusion term respectively. GkP refers 
to the generation of turbulence kinetic energy due to the mean ve-
locity gradients.Yk and Yω refer to the dissipation of k and ω because 
of the turbulence and Sk and Sω denote user-defined source terms. 
kC  and C~  signify the effective diffusivity of k and ω, respectively 

and they are defined below.
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Where kv  and v~  refer to the turbulent Prandtl number for k and 
ω, in turn, and tn denotes the turbulent viscosity.

2.4. Meshing

For smooth tube model, structured rectangular mesh generated us-
ing 24000 mesh elements. Value of the y+ for cells adjacent to the 
wall of the tube was controlled and reported as 1.032 which is an 
acceptable value for near wall mesh resolution. Further information 
can be found in ref. [38]. Quadrilateral mesh was generated for each 
finned tube models. Grid structure of the square, circular and tri-
angular finned tube models are shown in Fig. 2. Value of the y + for 
cells adjacent to the wall of the tube computed as 0.08, 0.054 and 
0.066 for circular, square and triangular finned tube models respec-
tively. These y + values are quite agreeable regarding their recom-
mended values for the models [33]. To confirm that the numerical 
results were mesh independent, all the finned tube models were run 
employing different number of mesh elements. Nu number and wall 
temperature of the tubes reported as a result of the analysis using 
different number of mesh elements at Re number of 7000 for circu-
lar, square and triangular finned tubes and shown in Tables 2, 3, and 
4, respectively.

Figure 2. Grid structure of the (a) circular finned tube, (b) square 
finned tube and (c) triangular finned tube
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Table 2. Mesh independence results for circular finned tube at 
Reynolds number of 7000

Number of Elements Wall Temperature 
(K) Nu Number

269030 304.3 81.45

223140 304.3 81.45

205655 304.3 81.45

167700 304.1 83.48

133860 304.1 83.48

Table 3. Mesh independence results for square finned tube at Reyn-
olds number of 7000

Number of Elements Wall Temperature 
(K) Nu Number

235260 311.1 64.1

219235 311.1 64.1

207210 311.1 64.1

181920 310.2 68.32

129950 309.3 73.41

Table 4. Mesh independence results for triangular finned tube at 
Reynolds number of 7000

Number of Elements Wall Temperature (K) Nu Number

214880 306.9 68.9

205590 306.9 68.9

190810 306.9 68.9

173320 306.4 72.8

117090 305.6 79.5

2.5. Solution Procedure

The governing equations were computed by using the commercial 
CFD program ANSYS Fluent 2021 R1. A control volume-based 
technique involves integrating the transport equation around each 
control volume and produces a control volume based discrete equa-
tion that depicts the conservation law [33]. Pressure based type of 
solver was employed with coupled algorithm. To obtain higher-or-
der accuracy, second-order upwind scheme was selected for discret-
ization. Axisymmetric 2-D model was used for the simulations in an 
effort to reduce the computation time. SST k-ω turbulence model 
was selected for the turbulent region as mentioned above. SST k-ω 
and k-ω models can also give good results for laminar to turbulent 
transition flows in low Re number regions [39, 40]. For the finned 
tube models SST k- turbulence model also employed in laminar re-
gion since fins promote laminar to turbulent transition throughout 

the flow. Nu number, friction factor and pressure drop of water flow 
through horizontal smooth and finned tubes were investigated in 
both laminar and turbulent regions. Besides, PEC and entropy gen-
eration rates of the models were computed in order to provide more 
eligible comparison of thermohydraulic performance of the tubes. 
Expression for pressure drop PT , is shown below.

P f D
L u
2
2t

D = 						      (8)

Where, f is friction factor, D is the diameter of the tube and L is the 
length of the tube. Expression for Re number is given as follow:

Re uD v
uDh h

n
t= = 					     (9)

Where ρ is the density, Dh is the hydraulic diameter, μ is the dynam-
ic viscosity and v is the kinematic viscosity. Expression for the Nu 
number is shown below.

Nu k
hD
f

h= 					     (10)

Where h is the HT coefficient and kf is the thermal conductivity of 
the fluid.  Taking into account both Nu number and friction factor, 
Performance Evaluation Criteria(PEC)provides eligible comparison 
between systems. Correlation for PEC is presented in Equation(11)
[41, 42].

( / )
( / )PEC f f
Nu Nu

/
s

s
1 3= 				    (11)

Where Nus is the Nu number of the smooth tube and fs is the friction 
factor of the smooth tube. Correlation for the entropy generation 
per unit length is presented below [43].
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Where ql is the HT rate per unit length, mo  is the mass flow rate and 
T is the temperature. Numerical results of the study were validated 
with some well-established correlations from the literature. In lam-
inar region, developing laminar flow correlations were used since 
the flow is developing in laminar region. To validate the numerical 
results for Nu number for developing laminar flow, Equation (13) 

[44] and Equation(15)[45] were used from Shah and London [46].

. ( )Nu x1 953 /1 3= ) - 	 for ≤ 0.003		
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Where x) denotes the dimensionless axial distance and x denotes 
the cartesian coordinate along the flow direction.
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Where ff refers to the fanning friction factor for fully developed flow. 
For validating the numerical results for friction factor in developing 
laminar flow region Equation(16) [45] is used from Shah and Lon-
don [46].
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Where, (∞)K is the incremental pressure drop number, fappis the 
apparent friction factor and x+ is the dimensionless axial distance. 
For validating the numerical results for Nu number in turbulent re-
gion, Dittus-Boelter [47], Gnielinski [48] and second Petukhov cor-
relations were used. The Dittus-Boelter equation [46] for Nu num-
ber in turbulent flow is presented in Equation (18).

.Nu Re Pr0 023 . .0 8 0 4$ $= 				    (18)

The correlation proposed by Gnielinski [48] for Nu number is 
shown below.
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Another correlation known as second Petukhov equation for Nu 
number in turbulent flow is presented below [6].

. . ( )
Nu f Pr

f RePr

1 07 12 7 8 1
8

.
/

0 5
2 3

=
+ -

a

a

k

k
			   (20)

Correlation for Darcy friction factor proposed by Blasius [49] pre-
sented below.
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3. Results and discussion

3.1. Validation of the numerical model

Numerical results for laminar and turbulent water flow in horizontal 
smooth tube were compared with well-established correlations in 
the literature. Comparison of the CFD results and correlations are 
presented in Fig. 3.

Figure 3. Validation of the results for Nusselt number (a) in laminar region (b) in turbulent region;  
validation of the results for (c) friction factor in laminar region (d) friction factor in turbulent region
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In the laminar region, the mean absolute error(MAE)of the Nu 
number ranges from 6.43% to 10.36% for Equation(13)and from 
8.21% to 14.53% for Equation(15),whereas the MAE of the fric-
tion factor ranges from 2.5% to 21.89% for the correlation given in 
Equation(16).For the turbulent flow, MAE of the Nu number rang-
es from 6.02% to 13.88%, 7.45% to 10.2% and 0.025% to 9.93% for 
Dittus-Boelter [47], Gnielinski [48] and second Petukhov correla-
tions respectively. MAE of the friction factor ranges from 7.32% to 
16.55% for the Blasius [49] correlation. Considering these values, it 
was concluded that the results were consistent with the literature, 
confirming the validity of the model.

3.2. Finned tube models

The impacts of fin shape on HT, friction factor and pressure loss 
characteristics were numerically investigated and compared with 
those of the smooth tube. PEC values and entropy generation rates 
of each finned tube model was calculated. It should be taken into 
consideration that flow in the laminar region is a developing flow. 
Fig. 4 shows the Nu number for finned and smooth tubes in tur-
bulent and laminar regions. It was seen that in laminar region, Nu 
number increases up to 140%, 218% and 180% for square, circular 
and triangular finned tube respectively compared to the tube with 
no fin. In turbulent region, Nu number increases up to 3.4%, 29% 
and 7.5% for square, circular and triangular finned tube respective-
ly compared to smooth tube. Results indicated that circular finned 
tube has 1.16 to 3.18 and 1.2 to 1.3 times higher Nu numbers com-
pared to those of the smooth tube in laminar and turbulent regions 
respectively. Square finned tube has the lowest Nu numbers among 
all the finned tube models.

Figure 4. Reynolds number versus Nusselt number plot of finned 
and smooth tubes for (a) laminar and (b) turbulent regions

In this study, it was observed that the Nu number increased by up 
to 29% for the circular finned tube compared to the smooth tube, 
for Re numbers ranging from 5000 to 9000. This finding is consis-
tent with the results reported in the literature. Selveraj et al. [23] 
performed the tests for Re number varying from 5000 to 13500 
using water inside finned tubes and reported that the Nu number 
enhanced by up to 37% for the circular finned tube compared to 
the smooth tube. In their study, it was also observed that the square 
finned tube exhibited the lowest enhancement in the Nu number. 
Kaood et al. [28] studied the thermohydraulic aspects of water in-
side 10 mm diameter transverse corrugated tube and reported that 
outward rectangular corrugation shape has the smallest Nu number 
enhancement compared to smooth tube among the other corru-
gation shapes. Bilen et al. [18] experimentally investigated the HT 
performance of 36 mm inner diameter horizontal tubes that have 
different groove shapes. Their results also indicated that circular 
corrugated tube has the largest HT enhancement while, rectangular 
corrugated tube has the minimum HT augmentation.

Figure 5. Reynolds number versus pressure drop plot of finned and 
smooth tubes for (a) laminar and (b) turbulent regions; Reynolds 
number versus friction factor plot of finned and smooth tubes for 
(c) laminar and (d) turbulent flow

In Fig. 5 pressure drop and friction factor values of finned and 
smooth tubes in laminar and turbulent regions are presented. As 
can be observed from Fig. 5, finned tubes have very similar pres-
sure drop values in the laminar region while, circular finned tube 
has slightly lower pressure drop compared to square and triangular 
finned tubes in the turbulent region. As expected, smooth tube has 
the lowest friction factor in both laminar and turbulent regions. The 
findings revealed that the finned tubes have almost the same fric-
tion factor values in the laminar zone. Note that in laminar region 
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friction factor is independent of the roughness of the tube surface 
[6]. It was found that, in the laminar flow region, the finned tubes 
exhibit friction factors that are on average 6.6% to 71.5% higher than 
those of the smooth tube. The results showed that, in the turbulent 
flow region, the friction factors were 10–23.1%, 4.3–12.3%, and 9.8–
21.4% higher for the square, circular, and triangular finned tubes, 
respectively, compared to those of the smooth tube. It was observed 
that square finned tube has friction factor values slightly higher than 
triangular finned tube and circular finned tube has lower friction 
factor values compared to square and triangular finned tubes in tur-
bulent region. Square fins possess larger area for recirculation inside 
the fins. This larger recirculation area inside the square fins give rise 
to higher pressure loss and thus larger friction factor values. Hence, 
owing to its geometry square finned tube cause larger friction fac-
tor and pressure drop values compared to circular fins in turbulent 
region.

Kaood et al. [28] also investigated the friction factor of various cor-
rugation shapes for Re number changing from 5000 to 61000 for 
horizontal water flow inside the tubes. In their study, it was seen 
that rectangular corrugation shape has the highest friction factor 
compared to trapezoidal, curved, and triangular corrugation shapes. 
They reported that mean friction factor of the rectangular corruga-
tion shape is 162.27% larger than the plain tube. Besides, Ramadhan 
et al. [24] pointed out that for corrugation depth to pipe diameter 
ratio of 0.1, rectangular finned tube has the largest friction factor 
values among the finned tubes. 

In Fig. 6 PEC values for finned tubes in laminar and turbulent re-
gions are shown. Circular finned tube has higher PEC values among 
the finned tube models. Circular and triangular finned tubes have 
PEC values greater than 1 in both laminar and turbulent regions. 
On the other hand, square finned tube has PEC values lower than 1 
in turbulent region. Findings indicated that, circular finned tube has 
superior thermohydraulic performance compared to square finned, 
triangular finned and smooth tube in both laminar and turbulent 
zones.

Fig. 7 presents the ratio of entropy generation rate of finned tubes,  to 
entropy generation rate of smooth tube,  for laminar and turbulent 
regions. It was seen that square finned tube has the largest entropy 
generation rate in both laminar and turbulent region. Ramadhan et 
al. [24] reported that rectangular fin gives the minimum efficiency 
values and possesses the highest entropy generation among all the 
finned tubes. It is substantial to consider the entropy generation re-
sulting from the vortices that produced by fins because entropy gen-
eration tends to increase due to the recirculation within the corru-
gations. This present paper also revealed that square finned tube has 
lower HT and thermohydraulic performance and it has the highest 
entropy generation rate. Larger recirculation area inside square fins 
also give rise to larger entropy generation rates compared to circular 
and triangular fins. On the other hand, circular finned tube has the 
lowest entropy generation rate among all the finned tube models.

Figure 6. Reynolds number versus PEC plot of finned tubes for (a) 
laminar and (b) turbulent flow

Figure 7. Reynolds number versus ratio of entropy generation rate 
of finned tubes to smooth tube plot for (a) laminar and (b)turbulent 
flow

To understand the flow structure better, velocity vectors contour 
plots of finned tubes are shown in Fig. 8 for laminar and turbulent 
regions. Since fins cause disturbance in the flow and promote fluid 
mixing, enhanced tubes have superior HT performance comparing 
the smooth tubes. The rise in the surface area because of the fins 
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also gives contribution to the improvement of the HT. Nevertheless, 
finned tubes have higher friction factor and pressure drop values 
compared to smooth tube. Disturbance and recirculation in the flow 
generated by fins result in larger friction factor and pressure loss 
values. Besides, it was observed that because of its geometry square 
fins has lower HT enhancement compared to circular and triangular 
fins. As demonstrated in Fig. 8, because of the sharp corners of the 
square fin, recirculation generated by the fin is trapped inside the 
fin, which prevents good fluid mixing and thus decreases the HT 
enhancement also causes rise in friction factor. Eventually, lower Nu 
numbers and larger friction factor values of square fins cause higher 
entropy generation. Circular fins provide greater surface sweep, thus 
recirculation and disturbances created by the fin further promote 
turbulence and fluid mixing, yielding higher HT enhancement. An-
other factor for the lower HT augmentation of square finned tube 
is the larger difference between wall temperature of the tube and 
bulk temperature of the working fluid. The increase in the difference 
among the wall temperature and the bulk temperature of the fluid 
weakens the HT, yielding a decline in the Nu number [50, 51]. Better 
fluid mixing provides smaller difference among the wall tempera-
ture and the bulk temperature of the fluid for circular and triangular 
finned tubes compared to square finned tube. Accordingly, with its 
lower Nu number and larger pressure loss values, square finned tube 
has lower PEC values and thus has lower thermohydraulic perfor-
mance in comparison with circular and triangular finned tubes.

Figure 8. Velocity vector contours of the finned tubes for (a)
Reynolds number of 1200 and (b) for Reynolds number of 8000

3.3. Analysis of the effects of pitch length in circular finned 
tube

With the intention of further enhance the HT performance of the 
circular finned tube, impacts of the pitch length on HT and pressure 
loss characteristics are studied numerically. In addition to the model 
with a 4 mm pitch length, additional numerical models with pitch 
lengths of 3, 5, and 6 mm were investigated for the circular finned 
tube. Fig. 9 depicts the Nu numbers of the circular finned tube mod-
els with different pitch lengths in laminar and turbulent regions. In 
laminar region model with 3 mm pitch length has slightly higher Nu 
numbers than the other models. Models with 4, 5 and 6 mm pitch 
lengths have Nu numbers very close to each other. In the turbulent 
region, model with 3 mm pitch length gives the highest Nu num-
bers, while the model with 6 mm pitch length has the lowest Nu 
numbers. It was noticed that Nu number decreases with growth in 
pitch length. Decreasing pitch length increases the number of fins 
and thus enlarges the HT surface area. Increase in HT surface area 
yields higher Nu numbers. Results demonstrated that using model 
with 3 mm pitch length increases the Nu number up to 4.8% in the 
laminar region and up to 7.8% in the turbulent region compared to 
the model with 4 mm pitch length.

Mohammed et al. [26] studied the influences of geometrical pa-
rameters on HT performance inside 10 mm diameter transverse-
ly finned tubes for Re number changing from 5000 to 60000. They 
stated that Nu number increases with decreasing roughness pitch. 
Aroonrat et al. [25] investigated the impact of pitch length on flow 
characteristics inside 7.1 mm diameter finned tubes. They reported 
that Nu number increases with decreasing fin pitch length. Mogaji 
et al. [29] also observed that decreasing fin pitch length increases the 
Nu number in their study for 19 mm diameter helically finned tube. 

Fig. 10 presents pressure drop and friction factor values of the cir-
cular finned tube models with different pitch lengths in laminar and 
turbulent regions. It was observed that finned tube models have al-
most identical pressure drop values in laminar region. In turbulent 
region model with 3 mm pitch length has slightly higher pressure 
drop values than the other models while, the other models have 
pressure drop values very close to each other. As expected, all the 
models have almost identical friction factor values in laminar re-
gion. In turbulent region, model with 3 mm pitch length has slightly 
higher friction factor values than the other models while the model 
with 6 mm pitch length slightly lower friction factor values com-
pared to other models. Model with 3 mm pitch length has up to 
5.34%, 7.81% and 8.66% higher friction factor values compared to 
the models with 4, 5 and 6 mm pitch length respectively.
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Figure 9. Reynolds number versus Nusselt number plot of circular 
finned tubes with different pitch lengths for (a) laminar and (b)
turbulent flow

Figure 10. Reynolds number versus pressure drop plot of circular 
finned tubes for (a) laminar and (b) turbulent regions; Reynolds 
number versus friction factor plot of circular finned tubes for (c)
laminar and (d) turbulent flow

In Fig. 11 PEC values of the circular finned tube models with dif-
ferent pitch lengths in laminar and turbulent regions are presented. 
All the models have PEC values greater than 1 in both laminar and 
turbulent regions. It was seen that circular finned tube models have 
identical PEC values Re numbers up to 1200. After the Re number 
of 1200, model with 3 mm pitch length has higher PEC values com-
pared to the other models. In turbulent region, model with 3 mm 
pitch length has the highest PEC values among all the models while, 
model with 6 mm pitch length has smaller PEC values compared to 
the other models. For circular finned tube model with 3 mm pitch 
length, PEC values range from 1.12 to 2.79 and 1.26 to 1.33 for lami-
nar and turbulent regions respectively. Results showed that using the 
model with 3 mm pitch length enhances the PEC value up to 4.4% in 
the laminar region and up to 6.5% in the turbulent region compared 
to the model with 4 mm pitch length.

Figure 11. Reynolds number versus PEC plot of circular finned 
tubes with different pitch lengths for (a) laminar and (b) turbulent 
flow

Fig. 12 illustrates the entropy generation ratio of circular finned tubes 
with different pitch lengths to entropy generation rate of smooth 
tube for laminar and turbulent regions. As illustrated in Fig. 12, cir-
cular finned tube model with 3 mm pitch length has slightly higher 
entropy generation rate compared to the other circular finned tube 
models in both laminar and turbulent regions. Moreover, model 
with 6 mm pitch length possesses the lowest entropy generation rate 
among all the circular finned tube models. For 3 mm pitch length 
model, ratio of the entropy generation rate of the circular finned 
tubes to smooth tube ranges from 0.44 to 1.29 and 1.06 to 1.14 for 
laminar and turbulent regions respectively. Fig. 12(b)further reveals 
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that, for all models, the minimum entropy generation ratio occurs at 
a Re number of 8000. This can be considered an important indicator 
of the optimal Re number in terms of the entropy generation ratio.

Results demonstrated that Nu number, friction factor and pressure 
drop tend to increase with declining fin pitch length. The decrease 
in the fin pitch length leads to an increase in the number of fins 
and thus more turbulence and disturbance in the flow. This gives 
rise to an increase in the Nu number as well as in the friction factor 
and pressure drop. Additionally, increasing HT surface area due to 
greater number of fins also contributes to the HT augmentation. On 
the one hand, decreasing the fin pitch length increases the HT per-
formance by providing better fluid mixing and more disturbance in 
the flow, on the other hand, it raises the pressure loss and thus the 
friction factor. When both Nu number and friction factor values are 
taken into account and PEC values are evaluated, results revealed 
that the circular finned tube model with 3 mm fin pitch length is 
superior in both turbulent and laminar zones.

Figure 12. Reynolds number versus ratio of entropy generation rate 
of circular finned tubes with different pitch lengths to smooth tube 
plot for (a) laminar and (b) turbulent flow

4. Conclusion

The demand for smaller yet more powerful electronic devices in 
various applications results in excess heat that must be effective-
ly dissipated. Therefore, enhancing the heat transfer efficiency of 
cooling systems is of critical importance. Despite the extensive re-
search on enhanced heat transfer techniques, studies investigating 
the influence of fin geometry on the thermohydraulic performance 
of micro-finned tubes remain relatively scarce. Moreover, there are 
very few studies focusing on entropy generation and performance 

evaluation criteria (PEC) for tubes with diameters smaller than 10 
mm. To address this gap, in this paper, HT and pressure drop char-
acteristics of 8 mm diameter horizontal finned tubes with different 
finned shapes (circular, square and triangular) numerically investi-
gated using water as working fluid. 

Results of this present paper showed that in laminar region, Nu 
number rises up to 218%, 180% and 140% for circular, triangular 
and square finned tube respectively compared to smooth tube. In 
turbulent region, it was seen that Nu number enhances up to 29%, 
7.5% and 3.4% for circular, triangular and square finned tube re-
spectively compared to smooth tube. It was revealed that the circu-
lar finned tube exhibits the highest Nu numbers in both the laminar 
and turbulent flow regions among the finned tube models, whereas 
the square finned tube shows the lowest Nu numbers in both regions. 
However, circular finned tube has lower pressure drop and friction 
factor values compared to square and triangular finned tubes in tur-
bulent region among the finned tubes.  Besides, PEC values for each 
finned tube were computed to examine the thermohydraulic perfor-
mance of finned tubes. It was seen that circular finned tube has the 
highest PEC values while, square finned tube has the lowest PEC 
values among the finned tube models. In addition to its higher HT 
performance, the circular finned tube also yields the lowest entropy 
generation rate among the finned tube models. 

So as to further augment the thermohydraulic performance of cir-
cular finned tube, models with different pitch lengths were exam-
ined. Besides the circular finned tube model with 4 mm pitch length, 
additional numerical models with pitch lengths of 3, 5, and 6 mm 
were numerically investigated. It was seen that model with 3 mm 
pitch length has higher Nu numbers in both laminar and turbulent 
regions. It was observed that decreasing pitch length increases Nu 
number, friction factor and pressure loss in turbulent region. Model 
with 3 mm pitch length has also higher PEC values compared to oth-
er models. Despite its slightly larger friction factor and entropy gen-
eration rate, 3 mm pitch length model has greater thermohydraulic 
performance compared to other circular finned tube models.

While this paper provides valuable insights, it has several limitations 
that should be acknowledged including limited range of micro fin 
geometries and flow parameters. Besides, the fluid domain was sim-
plified to a 2D model to minimize computational load.
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Nomenclature

Cp Specific heat in constant pressure (kJ/kg-K)
Cv Specific heat in constant volume (kJ/kg-K)
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D Tube diameter (m)
Dh Hydraulic diameter (m)
Dω Cross-diffusion term
E Total energy (J)
f Friction factor
fapp Apparent friction factor
ff Fanning friction factor

GkP Generation of turbulence kinetic energy

h Heat transfer coefficient (W/m2 K)
k Turbulence Kinetic Energy (m2/s2)
keff Effective conductivity (W/m-K)
kf Thermal conductivity of fluid (W/m-K)
(∞)K Incremental pressure drop number

L Tube length (m)
mo Mass flow rate (kg/s)
Nu Nusselt Number
P Pressure (Pa)
pl Pitch length (mm)
Pr Prandtl Number

ql Heat transfer rate per unit length (W/m)

qll Heat flux (kW/m2)
Re Reynolds Number
Sk User-defined source term
Sω User-defined source term

Sgenlo Entropy generation (W/m K)

T Temperature (˚C)
Tinlet Inlet temperature (˚C)
u Mean velocity (m/s)

ul Fluctuated velocity component (m/s)

x Cartesian coordinate along the flow direction 
(m)

x) Dimensionless axial distance (x / Dh Re Pr)

x+ Dimensionless axial distance (x / Dh Re)
Yk Dissipation of k
Yω Dissipation of ω

Greek symbols
kC Effective diffusivity of ω

C~ Effective diffusivity of 
ε Turbulent dissipation rate (m2/s3) 
μ Dynamic viscosity (Pa-s)

μt Turbulent viscosity (Pa-s)
v Kinematic viscosity (m2/s)
ρ Density (kg/m3)
kv Turbulent Prandtl number for k  
v~ Turbulent Prandtl number for ω 
effx Stress tensor (Pa)

ω Specific dissipation rate (1/s)
ΔP Pressure drop (Pa)

Subscripts
gen Generation
s Smooth
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