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Fin and tube is a compact heat exchanger, have been widely used in various engineering 

fields such as heating, ventilation, air conditioning, and refrigeration systems. An example, 

indoor and outdoor air-conditioning, the air is used as one of the heat exchanger media. 

However, over 90% of the total thermal resistance from air to liquid lies on the airside. 

Therefore, the reduction of thermal resistance should be made to increase heat transfer. 

This study is intended to investigate the effect of enhancing convex-strip surface to heat 

transfer and friction characteristic on the heat exchanger. Three-dimensional modeling of 

the convex fin and the plain fin was conducted on a constant tube temperature of 106℃. 

Tube with the configuration of the six staggered strands on the odd tube and five rows on 

the even tube is determined. The velocity variation in the fin gap is assessed under the 

Reynolds number range between 3,438 to 15,926. The enhancement of four convex-strips 

around the tube on the fin surface can generate the value of the field synergy angle on fluid 

flow. The simulation results also show that the improvement of convection heat transfer 

coefficient value in convex-strip fin with staggered configuration is 15.39% higher than 

plain-fin. 
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1. INTRODUCTION

Fin and tube is one of the compact heat exchangers that are 

widely used in the chemical industry, power plants, HVAC, 

refrigerates, and automotive. Indoor and outdoor air 

conditioning is one example of fin and tube heat exchangers 

with air as a cooling or heating medium. Because of the low 

thermal conductivity of the air, the thermal resistance is high. 

This high thermal resistance causes the convection heat 

transfer rate to below, resulting in low efficiency of the heat 

exchanger. Therefore, increasing the efficiency of the heat 

exchanger needs to be done by increasing the convection heat 

transfer rate. Various studies have been carried out to increase 

the convection heat transfer rate experimentally and 

numerically. The convection heat transfer rate can be 

increased by manipulating the air fin side heat transfer design. 

Various fin designs have been used to increase heat transfer 

rates such as wavy fin [1-3], slotted fin [4-10], and fin with 

vortex generator [1, 11-18]. Zhang et al. [1] conducted a study 

by improvising wavy fin into a humped wavy fin. Humped 

radius is varied with R=0.3, 0.5 and 0.7 mm. Their simulation 

results show that the lowest average field synergy angle is 

humped radius R=0.5 mm. A low field synergy angle shows a 

higher temperature gradient. In addition, Yu et al. [2] 

conducted a numerical study of the flow between two wavy 

fins with low Reynolds numbers. The results of their 

numerical analysis show that Nusselt numbers increase in 

proportion to the non-dimensional amplitude of waviness and 

Peclet numbers. Hong et al. [3] investigated the use of wavy 

corrugated tubes against heat transfer and flow behavior. 

Variations are divided into 19 cases, each case with a variation 

of corrugation amplitude (A), corrugation number (N), 

corrugation arrangement, corrugation width (W), and different 

corrugation height (H). Their work shows that the largest 

performance evaluation criterion (PEC) occurs in the 

configuration A=5 mm, N=3, W=9 mm, H=1.4 and parallel 

settings at Re=7500. The configuration states the value of PEC 

1, 56 higher than plain-fin use. Meanwhile, Li et al. [4] 

conducted a study of slotted fin and tube with the addition of 

longitudinal vortex generators. Numerical simulations are 

performed on laminar flow with a staggered tube configuration. 

Their numerical simulations show that the j/(f1/3) factor 

increases to 15.8% from the baseline. In the study of Kong et 

al. [5], two types of the slotted fin (continuous slots and 

alternating slots) are tested numerically to find their effect on 

the heat transfer coefficient. In their study, slotted fin with an 

in-line and staggered configuration was studied. The results of 

their study showed that the heat transfer coefficient in 

continuous slots fin with staggered configuration was the 

highest compared to all the variations in alternating fin slots 

and plain fin. Li et al. [6] investigated experimentally and 

numerically the performance of the air side of the slotted fin 

surface of the arc, X, and butterfly types. The analysis shows 

that the butterfly type slotted fin reduces the domain average 

synergy angle, thus increasing the temperature gradient. 

examined the characteristics of a rectangular channel heat 

transfer with a silt-vent cylinder. Maximum heat transfer 

performance occurs in the G/D=2.0 gap ratio, where the 

Nusselt number value increases 17.45%, and the friction 

coefficient decreases 4.94% from the baseline [7]. Kong et al. 
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[8] conducted a numerical simulation of a flat and slotted fin 

and tube to investigate the effect on heat transfer and pressure 

drop. Fifty cases of fin and tube are varied according to 

longitudinal tube pitch and transverse tube pitches. Their 

numerical simulation results show that the slotted fin heat 

transfer coefficient increases 64.96-73.28%, while the 

pressure drop only increases 39.07-45.68% compared to the 

flat fin. Deng and Qian [9] revealed the effect of arc-slotted fin 

cores on the thermal resistance of heat exchangers. Thermal 

contact resistance (TCR) is the result of making arc-slotted fin. 

Their results show that TCR has a large negative impact on 

heat transfer performance and a small impact on decreasing 

pressure drop. Sun et al. [10] examined the effect of guiding 

channels and topology optimization on heat transfer 

performance and the ability to reduce fan power. Guiding 

channels are done using concave that surrounds the tube, and 

topology optimization is done by adding emboss. Their results 

state that guiding channels and optimization topologies 

dissipate heat, respectively 8.5% and 7.0% higher, and reduce 

fan power consumption respectively 41.4% and 33.3%. 

Research on the fin with vortex generator (V G) a lot is done 

to determine the effect on thermal performance. Lei et al. [11] 

conducted a numerical study of the VG fin punched delta-

winglets to improve their thermal-hydraulic performance. The 

results of their numerical study show that thermal- hydraulic 

performance at β=15° shows an increase in Nusselt numbers 

and a pressure drop of 85.3% and 156%, respectively, from the 

baseline. The numerical study of the winglet vortex generator 

delta was carried out by Li et al. [12]. to improve thermal 

performance. In their study, the height of the vortex generator 

was varied at the attack angle 30°. Their simulation results 

state that increasing the height of the vortex generator causes 

a decrease in thermal resistance. This causes an increase in the 

heat transfer rate. Meanwhile, the common-flow-up vortex 

generator produces the best convection heat transfer rate at the 

30o attack angle. On the other hand, Song et al. [13] examined 

curved winglet delta vortex generators in a circular tube-fin 

heat exchanger. Their research varied the size of the vortex 

generator geometry, tube pitch, and fin pitch. Their results 

showed that the value of (j/ƒ)(1/3) increased by 18.79% from 

the plain fin. Esmaeilzadeh et al. [14] compared the 

performance of smooth channels, trapezoidal vortex 

generators, and curved trapezoidal vortex generators. The 

results of their investigation showed that the Nusselt number 

on the use of the trapezoidal vortex generator, and the curved 

trapezoidal vortex generator increased respectively by 8% and 

12% from the smooth channel. In addition, the friction 

coefficients on the trapezoidal vortex generator, and curved 

trapezoidal vortex generators increased 29% and 48% 

respectively from smooth channels. Ebrahimi et al. [15] 

conducted a study of liquid shear (carboxymethyl cellulose) 

and rectangular winglet vortex generator (RWVG) to increase 

the heat transfer coefficient. The attack angle and lateral 

distance of the RWVG were varied in this study. The results 

of the study stated that the heat transfer coefficient increased 

by 134.83% from the plain channel. Meanwhile, Välikangas et 

al. [19] examined herringbone fin heat exchangers to increase 

the heat transfer coefficient. The results of this study stated 

that the heat transfer coefficient on fin herringbone with vortex 

generator increased by 5.23% from fin herringbone without 

vortex generator. Xu et al. [16] conducted a numerical study 

on a rectangular channel by adding a vortex generator in the 

type of half-cylinder, rectangle, straight triangle, isosceles 

triangle, and inverse straight triangle. From their research, it 

was found that the half-cylinder vortex generator produced 

better thermal performance compared to other types of vortex 

generators. From previous research, Ayutasari et al. [17] 

conducted an experimental test on rectangular winglet (RWP) 

and concave rectangular winglet (CRWP) type generators. 

This experimental test showed that heat transfer coefficients in 

rectangular winglet (RWP) and concave rectangular winglet 

(CRWP) type vortex increased 205% and 109%, respectively, 

from the baseline. Then, Syarifudin et al. [18] have 

numerically examined rectangular channels using a 

rectangular winglet vortex generator (RW VG) and concave 

rectangular winglet vortex generator (VG CRW). VG CRW is 

varied into one, three, four, and seven lines. The results of this 

study state that CRW VG increases the heat transfer 

coefficient better than RW VG. The VG CRW heat transfer 

coefficient increases by 102% in the Reynolds number 

Re=364. The proven passive method [1-18] effectively 

increases the thermal performance of heat exchangers, so Li et 

al. [12] conducted experimental tests on fin and tube heat 

exchangers by adding convex-strips around the tube. Their 

experimental results show that the use of convex-striped fin 

increases the Nusselt number to 25% higher than the plain fin 

case. The use of convex-striped fin heightens the friction 

coefficient to 16% higher than the plain-fin case. The present 

simulation provides a detailed analysis involving vortex 

intensity and the principle of synergy between flow velocity 

and temperature gradient in which such an analysis cannot be 

found in experiments. 

 

 

2. PHYSICAL MODEL 

 

Numerical studies are carried out by simulating 3-D fluid 

flow in rectangular channels that have been installed fin and 

tube. In this case, the plain fin is compared to convex-striped 

fin. Four convex strips were added around the tube with a tube 

configuration arranged in a staggered 12 rows and six columns. 

Figure 1 shows the top and side view of the convex striped fin 

geometry successively. Fin dimensions are specifically seen in 

Table 1. 

 

 
(a) 

 
(b) 

 

Figure 1. (a) Top view of convex-striped fin geometry, (b) 

Side view of convex-striped geometry fin 
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Table 1. Geometry parameters on convex-striped fin [20] 

 

Dc 

(mm) 

Fp 

(mm) 

Pl 

(mm) 

Pt 

(mm) 

δ 

(mm) 

Sw 

(mm) 

Ss 

(mm) 

Row 

No. 

19.6 2.3 36.4 42 0.15 4.24 9.45 11 

 

In this numerical analysis, fluid is assumed to be 

incompressible. Airflow velocities in rectangular channels are 

varied in the Reynold number range from 3,438 to 15,926. 

Rectangular channels have dimensions of length (L) 536.5 mm, 

width (W) 21 mm, and height (FD) 2.3 mm. In the channel, 

the flow direction is expressed as X, Y, and Z axes, 

respectively, as the direction of flow, transverse direction, and 

distance between fins seen in Figure 2. 

 

 
(a) 

 
(b) 

 

Figure 2. Computational domain and its coordinate system 

(a) Top view of the computational domain, (b) Isometric 

view of the computational domain 

 

The dashed line in Figure 2(a) shows the computational 

domain chosen because the fin geometry has symmetry. The 

computational domain includes the entire fin surface in an 

iterative calculation to solve the conjugate heat transfer 

problem. Figure 2(b) shows the computational domain in 

isometry, which consists of the extension of the entry area 

(upstream extended region), fin region, and extension of the 

downstream extended region. The upstream extended region 

functions to ensure fluid flow that enters the fully develop 

channel. At the same time, the downstream extended region is 

added so that the fluid does not experience reverse flow. 

 

 

3. MATHEMATICAL MODEL 

 

In this study, fluids are assumed to be incompressible with 

constant physical properties. Flow velocity varied in the 

Reynolds number range from 3,438 to 15,926 [12]. Because 

the inlet speed is quite high and the distance between fin is 

tight, the fluid flow is assumed to be turbulence flow. Fin 

thickness and fin conduction transfer are included in the 

calculation. The temperature distribution of the fin surface can 

be determined by solving the conjugate heat transfer problem 

in the computation domain [20]. 

 

3.1 Governing equation 

 

The governing equation used to solve this case includes. 

Continuity equation 

 
𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖)=0 (1) 

 

Momentum equation 

 
𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖𝑢𝑘) =

𝜕

𝜕𝑥𝑖
(𝜇

𝜕𝑢𝑘

𝜕𝑥𝑖
) −

𝜕𝑝

𝜕𝑥𝑘
  (2) 

 

Energy equation 

 
𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖𝑇) =

𝜕

𝜕𝑥𝑖
(Γ

𝜕𝑇

𝜕𝑥𝑖
)  (3) 

 

where, ρ (kg/m3) and μ (kg/m.s) each represent air dynamic 

density and viscosity. Whereas Γ shows the diffusion 

coefficient as follows: 

 

Γ =
𝜆

𝐶𝑝
  (4) 

 

where, λ and Cp, respectively, are thermal conductivity and 

specific air heat. 

 

3.2 Boundary conditions 

 

Boundary conditions for the entire surface of the 

computation domain are described as follows: 

 

3.2.1 At upstream extended region 

At inlet boundaries 

 

𝑢 = 𝑢𝑖𝑛 = 𝑐𝑜𝑛𝑠𝑡, 𝑣 = 𝑤 = 0, 𝑇 = 𝑇𝑖𝑛 = 𝑐𝑜𝑛𝑠 (5a) 

 

At the top and bottom boundaries 

 

Velocity condition: periodic condition uup=udown 

Temperature condition: periodic condition Tup=Tdown 
(5b) 

 

At the side 

 
𝜕𝑢

𝜕𝑦
=

𝜕𝑤

𝜕𝑦
= 0, 𝑣 = 0,

𝜕𝑇

𝜕𝑦
= 0  (5c) 

 

3.2.2 At downstream extended region 

At inlet boundaries 

 
𝜕𝑢

𝜕𝑥
=

𝜕𝑣

𝜕𝑥
=

𝜕𝑤

𝜕𝑥
=

𝜕𝑇

𝜕𝑥
= 0  (6a) 

 

At the top and bottom boundaries 

 

Velocity condition: periodic condition uup=udown 

Temperature condition: periodic condition Tup=Tdown 
(6b) 
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At the side 

 
𝜕𝑢

𝜕𝑦
=

𝜕𝑤

𝜕𝑦
= 0, 𝑣 = 0,

𝜕𝑇

𝜕𝑦
= 0  (6c) 

 

3.2.3 At fin region 

At the top and bottom boundaries 

 

Velocity condition: periodic condition uup=udown 

Temperature condition: periodic condition Tup=Tdown 
(7a) 

 

At side boundaries 

 
𝜕𝑢

𝜕𝑦
=

𝜕𝑤

𝜕𝑦
= 0, 𝑣 = 0  (7b) 

 

At fin surface boundaries 

 

𝑢 = 𝑣 = 𝑤 = 0,
𝜕𝑇

𝜕𝑦
= 0  (7c) 

 

At fin surface boundaries 

 

𝑢 = 𝑣 = 𝑤 = 0, 𝑇 = 𝑇𝑤 = 𝑐𝑜𝑛𝑠𝑡  (7d) 

 

 

4. NUMERICAL METHOD 

 

Accuracy in the meshing process is needed to get good 

results on the value of speed, temperature, and pressure. The 

hexahedral mesh is used in the upstream extended region and 

downstream extended region because the area has an 

uncomplicated geometric shape. In comparison, the fin region 

is used tetrahedral type mesh because of the more complex 

geometric shapes. The results of the meshing can be seen in 

Figure 3. Governing Eqns. (1)-(3) with boundary conditions in 

Eqns. (5)-(7) is solved by computational fluid dynamics. 

Numerical simulations are carried out using the k-k turbulent 

model with a standard wall-function to determine the solution 

in the area around the fin. The SIMPLE algorithm is used to 

solve velocity and pressure coupling. Convergence criteria for 

continuity, momentum, and energy equations must meet 

requirements less than 10-5, 10-6, and 10-8. 

 

 
 

Figure 3. Mesh generation 

 

4.1 Parameter definition 

 

The parameters used in this study are as follows: 

Reynolds Number 
 

𝑅𝑒 =
𝜌 𝑢𝑚 𝐷ℎ

𝜇
  (8) 

 

Nusselt Number 
 

𝑁𝑢 =
ℎ 𝐷ℎ

𝜆
  (9) 

where, , um, µ, Dh and λ are respectively density, average fluid 

velocity, dynamic viscosity, hydraulic diameter, and thermal 

conductivity of the fluid. h is the convection heat transfer 

coefficient described by Eq. (10). 

 

ℎ =
𝑞

𝐴(𝑇𝑤−𝑇𝑓)
  (10) 

 

where, q, A, Tw, and Tf are respectively convection fluid heat 

transfer rates, heat transfer surface area, hot wall temperature, 

and bulk fluid temperature. Bulk fluid temperature is 

calculated using Eq. (11). 

 

𝑇𝑓 =
𝑇𝑖𝑛−𝑇𝑜𝑢𝑡

2
  (11) 

 

where, Tin and Tout are the temperatures at the inlet and outlet, 

respectively. 

London goodness factor corelation is used to determine 

thermal and hydrodynamic performance, which is defined as 

the ratio of Colburn factor (j) and friction factor (f) specified 

in Eqns. (12) and (13) [21]. 

 

𝑗 =
𝑁𝑢

𝑅𝑒 𝑃𝑟1/3  (12) 

 

𝑓 =
2 ∆𝑃 𝐷ℎ

𝜌 𝑢𝑚
2 𝐿

  (13) 

 

where, L is the rectangular channel length, and ∆P is the fluid 

flow pressure drop passing through the rectangular channel 

formulated by ∆P=Pin-Pout. 

The field synergy principle (FSP) is a method to analyze the 

degree of improvement of convection heat transfer rates by 

determining the angle between the speed vector and the 

temperature gradient. This angle is then called the field 

synergy angle (θ), which is determined by Eq. (14). U is the 

velocity vector, and ∇T is the temperature gradient [1, 6]. 

 

𝜃 = cos−1 (
𝑈∙∇T

|𝑈||∇T|
)  (14) 

 

Song et al. [22] explained that Se is the intensity of 

dimensionless numbers representing the ratio of inertial forces 

induced by secondary flow with a viscous force on a normal 

axis plane. This number is used to define the longitudinal 

intensity of vortex through Eq. (15). 

 

𝑆𝑒 =
𝜌 𝐷ℎ 𝑈

𝜇
  (15) 

 

where, U is the secondary flow velocity characteristic that 

describes vorticity in the normal axis plane. 

 

𝑈 = 𝐷ℎ |
𝜕𝑤

𝜕𝑦
−

𝜕𝑣

𝜕𝑧
|  (16) 

 

Sex is the average intensity of secondary flow at a small 

volume. This number is used to define the longitudinal 

intensity of a local vortex. 

 

𝑆𝑒𝑥 = ∬ |
𝜕𝑤

𝜕𝑦
−

𝜕𝑣

𝜕𝑧
|

𝐴(𝑥)
  (17) 

 

4.2 Independent grid 

 

Independent grid testing is done to ensure that the numerical 
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simulation results are not affected by the number of grids. In 

this independent grid test, simulations were carried out on five 

variations in the number of different grids in the Reynolds 

number 3.438. This simulation aims to obtain the results of 

heat transfer coefficients from each number of grids tested 

with ranges between 1,100,000 to 2,300,000. The grid with the 

number of elements 2,150,390 was chosen as the independent 

grid in this study. 

 

 

5. RESULT AND DISCUSSION 

 

Numerical studies of increased heat transfer by adding 

convex surfaces have been carried out. Several observed 

phenomena and several influential parameters are discussed in 

detail. 

 

5.1 Validation 

 

Validation was done by comparing the results of numerical 

calculations with the results of experiments conducted by Li et 

al. [12]. Figure 4 shows a comparison of the Nusselt numbers 

of the experimental and simulation results for the plain and 

convex-strip cases on the fin and tube heat exchangers with 

variations in the Reynolds number. In this figure, Nusselt 

numbers for plain and convex-strip results of the simulation 

have tendencies similar to the experimental results. While 

Figure 5 shows a comparison of the friction coefficient of the 

experimental and simulation results for the plain and convex-

strip cases on the fin and tube heat exchangers with variations 

in Reynolds numbers. Similar tendencies were observed in the 

friction coefficient values of the simulation and experimental 

results for the two fin types. 

 

 
(a) 

 
(b) 

 

Figure 4. Validation of Nusselt numbers in (a) convex-

striped fin (b) plain fin 

 
(a) 

 
(b) 

 

Figure 5. Friction factor validation graph in (a) convex-

striped fin (b) plain fin 

 

5.2 Effect of convex-strip on flow structure and 

temperature distribution 

 

To identify the flow structure in detail, a streamlined 

analysis is carried out in the selected domain at the height of 

the horizontal plane of 0.4 Fd. To simplify the analysis of flow 

structures in both cases, the domains analyzed were 

determined for areas bounded by dashed lines representing 

other regions, as shown in Figure 6. 

Figure 7 shows a comparison of the flow structure between 

plain and convex-strip. In the plain case, the flow velocity is 

seen to be close to zero in the wake area. Syaiful et al. In a 

previous study, low flow velocity was caused by the presence 

of circulation flow (secondary flow) [23]. The secondary flow 

is generated by flow separation because the low speed near the 

tube wall is not able to overcome the adverse pressure gradient 

in the rear area of the tube (wake) so that the flow experiences 

a stall to form reverse flow [24]. Whereas in Figure 7(b), the 

addition of convex is observed to generate swirl flow. Swirl 

flow causes the flow to pass through the wake region 

effectively and eliminate it [25]. As the downstream direction, 

swirl flow experiences decay at a certain distance because it 

rubs against the mainstream and experiences viscous 

dissipation [26]. 

 

 
 

Figure 6. Selected domain to graph streamline for plain and 

convex-strip cases 
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Figure 7. Streamline velocity on fin and tube heat 

exchangers for (a) plain cases; (b) convex-strip 

 

 
(a)                                             (b) 

 

Figure 8. Cross-sectional position of the computational inlet 

of (a) convex-striped fin; (b) plain fin 

 

Some cross-sections in certain positions are determined to 

observe the flow due to convex strips, as shown in Figure 8. 

The cross-sections are placed at X1=19.3 mm, X2=20.8 mm, 

X3=56.5 mm, and X4=57 mm from the computational domain 

inlet such as the study conducted by Song and Wang [27]. 

Figure 9 shows the contour of vortex intensity, Sex from the 

two types of the fin in different cross-sections. In general, the 

intensity of the convex vortex case was observed to be higher 

than plain in all cross-sections, as seen in Figure 10 due to 

longitudinal induction of vortex by convex [28]. In 

comparison, the intensity of the plain case vortex has a lower 

increase than the convex-strip in all cross-sections. The vortex 

intensity, in this case, is due to horseshoe vortex, which is 

generated when the flow passes through the tube [26]. The 

horseshoe vortex phenomenon is detected through the local 

temperature around the tube in plain lower cases than convex-

strip, as shown in Figure 11 [29]. In the cross-section X2 and 

X4 for the convex-strip case, the intensity of the vortex 

weakens compared to the cross-sections X1 and X3. This 

happens because the longitudinal vortex formed experiences 

viscous dissipation when the flow moves downstream [30]. 

Figure 10 shows the 12 peaks longitudinal intensity of the 

average vortex in front of the tube. A peak is formed because 

a stronger longitudinal vortex induces flow in the area of 

stagnation from the tube. Then, the longitudinal intensity of 

the vortex decreases when the flow passes through the tube. In 

the convex-strip case, the weak longitudinal vortex intensity is 

reinforced by the presence of longitudinal induction of the 

vortex when the flow passes through the convex-strip. 

Visually, convex-strip generates a counter-rotating vortex, as 

shown in Figure 12. This longitudinal vortex mixes cold fluid 

in the middle area of the channel with hot fluid near the wall, 

thereby increasing heat transfer around the vortex [31]. 

Meanwhile, the vortex formed around the tube does not affect 

fluid mixing away from the tube in plain cases. In general, the 

addition of convex-strip increases the longitudinal intensity of 

the vortex by an average of 30.63% compared to plain fin. This 

increase improves the thermal performance of fin and tube 

heat exchangers. 

 

 
 

Figure 9. Contour of vortex intensity, Sex, on heat 

exchangers (a) convex-strip; (b) plain 

 

 
 

Figure 10. Comparison of the spanwise average vortex 

intensity between plain fin and convex-striped fin at the x/L 

location 

 

 
 

Figure 11. Temperature distribution in the field of 0.4 Fd for 

cases (a) convex-strip; and (b) plain fin 
 

 
 

Figure 12. Temperature contour on cross-section X1 for 

cases (a) convex-strip; and (b) plain 
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5.3 Effect of convex-strip on heat transfer 

 

Figure 13 shows the comparison of convection heat transfer 

coefficients, h, convex-strip, and plain cases in different 

Reynolds numbers. In both types of fin, the convection heat 

transfer coefficient increases with increasing Reynolds 

numbers. This is due to the reduction of the thickness of the 

thermal boundary layer and the increase in fluid mixing when 

flow velocity has increased [32]. In addition, fin geometry also 

influences the rate of heat transfer from fin and tube heat 

exchangers. This is indicated by the higher convection heat 

transfer coefficient for the convex-strip case compared to the 

plain case in the same variation of the Reynolds number. The 

addition of convex-strip increases the heat transfer rate in three 

ways. First, convex-strip gives rise to the instability of the 

centrifugal force of the flow that generates a longitudinal 

vortex [33]. The longitudinal vortex mixes hot fluid in the 

boundary layer with cold fluid in the free stream area. This 

mixture increases the convection heat transfer rate. Second, 

the convex strip removes the flow recirculation area [19]. as 

shown in Figure 7. Heat transfer increases from the tube to the 

flow when the recirculation area is reduced. Third, the convex 

strip causes the mainstream to experience acceleration 

downstream due to the narrowing of the channel between the 

convex strip and tube. This results in an increase in a 

temperature gradient in the area, so that it has an impact on the 

improvement of the heat transfer rate [34]. The results of this 

numerical simulation show that the convection heat transfer 

coefficient in the convex-strip case is 15.39% higher than the 

plain case. 

 

 
 

Figure 13. Heat transfer coefficient on plain fin and convex-

striped fin for Reynolds numbers 

 

5.4 Effect of convex-strip on pressure distribution and 

pressure drop 

 

Figure 14 shows the pressure distribution at the Reynolds 

number 3.438 according to the horizontal plane 0.4 Fd. In the 

figure, the pressure range difference in the plain case is 

observed to be lower than in the convex-strip case. This shows 

the pressure drop in the case of plain lower than convex-strip. 

As in the previous study of Syaiful and Bae [23], the pressure 

drop in the plain case was lower in all Reynolds numbers, as 

shown in Figure 15. This phenomenon is caused because there 

is no surface protrusion that blocks the flow [19]. Whereas in 

the convex-strip case, the flow passes through the channel with 

a narrower cross-sectional area than the plain case. Cross-

sectional constriction results in an increase in vortex strength 

and a reduction in the recirculation zone [35]. This resulted in 

a significant increase in pressure in the tube stagnation area as 

shown in Figure 14(b). The use of convex also increases 

pressure drop in all ranges of Reynolds numbers. Pressure 

drop increases with increasing air velocity [25, 36]. High flow 

rates with large inertia result in greater pressure when the flow 

hits the tube [37]. From this study, it was found that the use of 

convex-strip increased the pressure drop twice compared to 

plain fin. 

 

 
 

Figure 14. Pressure distribution in the horizontal plane 0.4 

Fd for heat exchangers (a) plain; (b) convex-strip 

 

 
 

Figure 15. Pressure drop on plain fin and convex-striped fin 

for Reynolds number 

 

5.5 Effect of convex-strip on London goodness factor (j/f) 

 

London goodness factor (j/f) is a parameter used to evaluate 

the overall hydrodynamic thermal performance of fin and tube 

heat exchangers [38]. Figure 16 shows a comparison of the j/f 

ratios of convex-strip and plain cases in various Reynolds 

numbers.  

 

 
 

Figure 16. London goodness factors on plain fin and convex-

striped fin 

 

From Figure 16, it is found that the London value of the 
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goodness factor for convex strips is higher than the plain case 

for all Reynolds numbers. However, the j/f ratio for plain cases 

considers the decreasing tendency to be smaller than convex-

strip with increasing Reynolds numbers. This is because 

pressure losses in the convex-strip case are greater than in the 

plain case [25, 39]. For the plain case, the blocking effect on 

the flow is smaller than in the convex-strip case. However, the 

convex-strip case has a higher heat transfer coefficient 

compared to the plain case. As shown in Figure 16, the fin and 

tube heat exchanger with a convex-striped fin has the best 

comprehensive heat transfer and fluid flow performance [4]. 

In the Reynolds number 3,000 to 16,000, the London goodness 

factor value for the convex-strip case is 7.50% higher than the 

plain case. From this numerical study, it was found that the 

convex-striped fin is a type of fin with good performance for 

use in fin and tube heat exchangers. 

 

5.6 Effect of convex-strip on field synergy principle 

 

 
 

Figure 17. Field synergy angle plain and convex-strips cases 

in the x/L field for Reynolds numbers of 3,438 

 

 
 

Figure 18. Average field synergy angle of plain and convex-

strips to Reynolds number 

 

FSP is a method used to identify the increase in heat transfer 

rates in the flow that has been studied by Guo et al. [40]. Guo 

stated that the decrease in the angle of intersection between the 

velocity vector and the temperature gradient indicates an 

increase in heat transfer. Figure 17 shows the local synergy 

angle field for the convex-strip and plain cases in the Reynolds 

number 3,438. From this graph, it is found that the synergy 

angle field in the convex-strip case is lower than the plain case 

in all cross-sections x/L. This also occurs in all variations of 

the Reynolds number, as shown in Figure 18. Minimum peak 

points for convex-strip and plain cases were found 

respectively at 78.08° and 81.08° for cross-sections x/L=0.77, 

and 0.27. The average synergy angle for convex-strip and plain 

cases is 78.08° and 81.08° in the Reynolds number 3.438. 

Through some of these explanations, it was found that convex-

strips can reduce synergy angle greater than plain. This is 

because convex-strip can generate a longitudinal vortex 

stronger than the plain case, as shown in Figure 12. In general, 

the average synergy angle in the convex-strip case is 6.63% 

higher than the plain case. 

 

 

6. CONCLUSIONS 

 

Numerical simulations of fin and tube heat exchangers in 

the convex-strip and plain cases have been carried out to 

investigate the effect of convex-strips on the characteristics of 

heat transfer and pressure drop. The conclusions that can be 

drawn from this study are as follows. 

(1) Convex-strip around the tube results in an increase in 

convection heat transfer coefficient. The increase in the 

convection heat transfer coefficient in all variations of the 

Reynolds number for the convex-strip case is 15.39% greater 

than the plain case. 

(2) The results of this study found that convex-striped fin is 

a type of fin with good performance for use in fin and tube heat 

exchangers. In the Reynolds number 3,000 to 16,000, the 

London goodness factor value for the convex-strip case is 

7.50% higher than the plain case. 

(3) The synergy angle in the convex-strip case is lower than 

the plain case. The average synergy angle for convex-strip and 

plain cases is 78.08° and 81.08° in the Reynolds number 3.438. 

In general, the synergy angle in the convex-strip case is 6.63% 

lower than the plain case. 

It is mandatory to have conclusions in your paper. This 

section should include the main conclusions of the research 

and a comprehensible explanation of their significance and 

relevance. The limitations of the work and future research 

directions may also be mentioned. Please do not make another 

abstract. 
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NOMENCLATURE 

 

A Total heat transfer area (m2) 

Ac Minimum flow area (m2) 

b Distance of rectangular winglet (m) 

B Channel width (m) 

c Convex fin 

cp Fluid specific heat (J/(kgK)) 

Dc Tube outer diameter (m) 

Dh Hydraulic diameter (m) 

f Friction factor 

Ft Fin width (m) 

h Convection coeff. (W/m2K) 

H Channel height (m) 

L Flow length (m) 

N Amount of control volume 

Nu Nusselt Number 

P Pressure (Pa) 

Pl Longitudinal distance of tube (m) 

Pt Transversal distance of tube (m) 

∆P Pressure drop (Pa) 

Pr Prandtl Number 

Q Heat capacity (W) 

Re Reynold Number 

Sex Local longitudinal vortex intensity 

T Temperature (K) 

∆T Average bulk temperature (K) 

u Velocity in x direction (m/s) 

uin Frontal velocity (m/s) 

v Velocity in y direction (m/s) 

Vm Average velocity at Amin (m/s) 

w Velocity in z direction (m/s) 
 

Greek symbols 
 

µ dynamic viscousity (Pa s) 

ρ density (kg/m3) 

λ thermal conductivity (W/(mK)) 

θ field synergy angle (°) 

ϕ computational domain 

Г diffusion coeff. 

Ʌ winglet aspect ratio 

α angle of the transversal convex tip to x axis 

β angle of the longitudinal convex tip to x axis 
 

Subscripts 
 

in inlet parameter 

m average value 

out outlet parameter 

w wall 

cs convex-strip 

pl plain 

VG Vortex Generator 
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