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In this study, performance of a heat exchanger used in combi boilers was inves-
tigated numerically for different fin geometries. Analyses were performed at the 
boiler operation conditions. A commercial CFD software package, FLUENT, was 
used for numerical simulations. The 3-D steady-state turbulent flow field analysis 
was carried out and k-ε model was preferred as the turbulence model. In the analy-
sis, it was assumed that the heat transfer phenomenon occurred both by conduction 
and convection. Flat fin geometry was taken as a reference for the investigation. 
Variation of the heat transfer and pressure drop values for the wavy fin were com-
pared with the reference geometry. The wave angle and wave radius were taken as 
the parameters for the wavy fins. For different fin geometries: the outlet tempera-
ture of the combustion gases, the heat transfer to the water, and the pressure drop 
were calculated and the results were presented. Compared with flat fin, average 
decrease for the outlet temperature of hot gases was obtained as 4 K and average 
increase for the heat transfer to the water was calculated as 0.68 W. On the other 
hand, the average pressure drop in the heat exchanger with wavy fins was about 
70% higher than the flat fin.
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Introduction

The heat exchangers are widely used for various purposes, especially in industrial and 
residential applications with a high rate of energy consumption. For this reason, it is import-
ant to optimally design heat exchangers. Many studies have been carried out to enhance heat 
transfer by active [1] and passive [2-5] methods, developing detailed prediction procedures for 
heat exchanger performance [6]. Some of them have been carried out to minimize the problems 
such as environmental factors, limited energy sources and high energy costs in improving heat 
exchangers. In these studies, it is aimed to achieve less power loss, higher heat transfer rate and 
improved compactness. 

Wang et al. [7] have experimentally investigated the performance of wavy fins in tu-
bular heat exchangers. Eighteen samples with different fin geometry and pipe arrangement 
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were used in the experiments which were in the wind tunnel (400 ≤ Re ≤ 8000). It has been ob-
served that increases in the heat transfer coefficient and the friction factor were by, 55-70% and  
66-140%, respectively, for wavy fins in comparison the flat fins in the study. The effect of fin profile 
and tube row number on the heat transfer performance for tubular heat exchangers with wavy and 
flat wings were studied numerically by Jang and Chen [8]. The range of Reynolds number was  
400 < Re < 1200, and 3-D model has been used for their study. It has been detected that the effect of 
the number of tubes in wavy fins was lower than that of flat fins and this effect was gradually reduced 
by the increase of Reynolds number. At constant wave length, as the wave angle increases, the mean 
Nusselt number and pressure coefficient were observed to increase. For the constant wave angle, the 
Nusselt number and the pressure coefficient was observed to decrease with increasing wave length 
[4]. Tao et al. [9] have investigated the heat transfer and flow characteristics of the air side with a 
3-D manner in a finned tube type heat exchanger. For different wave angles, local Nusselt number, 
fin efficiency and temperature distribution were calculated. Junqi et al. [10] examined the air-side 
thermal performance in a finned heat exchanger with flat water channels. The effect of the fin spac-
ing, fin height and fin length parameters in the (800 < Re < 6500) flow conditions were determined 
using the NTU method in the study. They examined the performance of the fins in the form of flat, 
wavy and detonated lamella in analyzes in the FLUENT program in 3-D. In heat transfer wavy 
wings compared to flat wings 12%, 26% improvement was achieved in fins in the form of detonated 
lamella. Pourahmad and Pesteei [11] have experimentally studied the effectiveness of a double tube 
heat exchanger equipped with wavy strip at various angles. Their results showed the considerable 
effect of turbulators on effectiveness and NTU of double heat exchanger. They also developed some 
empirical correlations expressing the results. When looking at the literature studies on wavy fin ge-
ometries in recent years [12-19], it can be seen that the subject still keeps up-to date.

In this study, it is aimed to model the heat exchanger used in combi boilers and to 
investigate the thermal performance for different fin geometries. Numerical analyses were per-
formed by using ANSYS/FLUENT software [20], using the k-ε turbulence model combined 
with the standard wall functions for the near-wall flow. Wavy fins are preferred as the fin geom-
etry. The heat transfer and the pressure drop for the fins with different geometries were exam-
ined by changing the wave angle and radius of the curvature in the fin structure. By taking the 
fin thickness as constant and the distance between the fins into account, the data obtained from 
the wavy fins were compared with the flat fin profile.

Numerical procedure

The heat exchanger consists of two plates with fins on one side and water channels on 
the other side and a premixed burner with metal fiber wrap. Heat exchanger’s dimensions are 
116 mm × 193 mm × 270 mm.

For convenience in solving, models are designed to include two half-fins and the air 
volume between them. The models for the flat and wavy profile of the fin are given in fig. 1. 

(a) (b)

Figure 1. The flat and wavy fin models
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The wavy fin profile is shown in 
fig. 2. The fin thickness is 2 mm, the dis-
tance between the fins is 2 mm and the 
fin height is 28 mm.

In this study, aluminum was cho-
sen as the fin material. The thermophys-
ical properties of aluminum are given in 
tab. 1.

Mole fractions of the combustion 
gases and their properties were deter-
mined by using the following combus-
tion equation. Excess air coefficient was 
taken as 1.247 in:

 CH4 + 2.494 (O2 + 3.76 N2) → CO2 + 2H2O (g) + 0.4936 O2 + 9.3797 N2 (1)

The variation of the specific heat of com-
bustion gases with temperature is shown in fig. 
3. In order to consider this dependency in the 
numerical computations, a polynomial curve fit 
of 5th order is created and used.

The Sutherland viscosity law was chosen 
for the viscosity of the combustion gases and 
the density was calculated with ideal gas as-
sumption in the analysis. The boundary condi-
tions applied on the solution model are shown 
in fig. 4.

The mass-flow inlet boundary condition 
was defined by selecting the burner inner sur-
face. In the heat exchanger, combustion takes 
place in the burner surface. The adiabatic flame 
temperature was calculated by following equa-
tion [21]:
  ( ) ( )p

o o o o
f r f rp

N h h h N h h h∑ + − = ∑ + −  (2)

The input mass-flow rate was defined 
as 1.69 × 10–4 kg /s considering the operating 
conditions of the boiler at full load (24 kW). 
The outlet of the heat exchanger was defined 
as pressure outlet boundary condition. In order to facilitate the solution, symmetry boundary 
condition was applied to the model. Convection boundary condition was applied to the channel 
surfaces to calculate the amount of heat transfer to the water in the analyses. The free stream 
temperature was obtained as 343 K by taking the arithmetic average of the 333 K inlet of the 
water and the 353 K outlet of the water temperatures at the boiler test conditions.

Water side heat convection coefficient was calculated as h = 6249.8 W/m2K. Models 
have curved surfaces due to wavy structure. The fin thickness of the model is 1 mm. Therefore, 
it is important to define properly the element characteristics at this narrow distance. Conse-
quently, Proximity and Curvature mesh module was preferred. Reliability of the CFD results 
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Figure 2. Wavy fin profile

Figure 3. Variation of the specific heat of 
combustion gases

Figure 4. Boundary conditions

Table 1. Thermophysical properties of aluminum
Density [kgm–3] 2719
Specific heat [Jkg–1K–1] 871
Thermal conductivity [Wm–1K–1] 202.4

R² = 0.99

500

600

700

800

900

1000

1100

1200

1300

1400

0 500 1000 1500 2000 2500 3000

Sp
ec

i
c

h
ea

t
[J

kg
K

]
–1

–1

Temperature [K]

y x x x= –3.9050E-14 + 3.0826E-10 – 9.1956E-07 +5 4 3

+ 1.2153E-03 – 4.7768E-01 + 1.0455E+03x x
2

Simetry

Wall (Convection fot water side)

Exploded picture

Exploded picture

Air side ( uid domain)

Shell side

Water inlet side

Wateroutlet side



Yasar, H., et al.: Effect of Wavy Fin Usage on Thermal Performance of Heat ... 
696 THERMAL SCIENCE: Year 2020, Vol. 24, No. 2A, pp. 693-700

is mostly related to the quality of mesh. The 
skewness value is another important parameter. 
In this study, total number of cells ranging about 
1.5 × 106-5.5 × 106 was tested for the same mod-
el and the results indicated that a quite good 
mesh was achieved with 4.5 × 106 cells, fig. 5.

Results and discussion

In this article, the thermal performance of 
the wavy fin profile for a heat exchanger used 
in the combi boiler was compared to the flat fin 
profile of the same combi boiler. The 26 dif-
ferent fin profiles were generated by changing 

the wave angle and wave. Simulation results of the pressure drop, heat transfer rate, outlet 
temperature of the combustion gases, and temperature distribution are presented and discussed 
in next sections. 

Effect of wave radius on thermal performance

The combustion outlet gas temperatures in boilers are between 100 and 150 o°C. In 
recent years, particularly together with the condensation technology, combi boilers have begun 
to utilize the thermal energy of the combustion outlet gases. These devices are intended to re-
duce the temperature of combustion outlet gases and to condense the water in the waste gas. For 

this reason, the combustion gas outlet tempera-
ture in the combi boilers has become an import-
ant design parameter. The effect of wave radius 
on the temperature of combustion outlet gases is 
shown in fig. 6 for seven different wave angles 
(95°, 100°, 105°, 110°, 116 °, 123°, and 130°). 
Figure 7 shows the temperature distributions on 
fin profile for 130o wave angle at different wave 
radius. In the case of flat fin profile, combustion 
outlet temperature was obtained as 349.4 K. 
With the use of a wavy fin profile, this tempera-
ture decreased up to 4 K. The outlet temperature 
of combustion gases increased with increasing 
the wave radius. The minimum combustion gas 
outlet temperatures were obtained with the zig-
zag fin profile, which has 0 mm wave radius, for 
all wave angles.

It is aimed to increase the convective heat transfer coefficient by techniques such as 
increasing the fluid velocity in the heat exchangers and using the extended surface. However, 
these applications increase the convective heat transfer coefficient and the pressure drop in the 
heat exchanger. This also increases the pump or fan power. As a result, the investment and the 
operating costs increase. With increased competition, it is aimed that the pump and additional 
energy costs due to pressure loss are at optimum level while the heat transfer performance is 
improved during the design process of the combi boilers. Simulation result of the pressure drop 
for the flat fin profile was obtained as 93.22 Pa. Variation of the pressure drop with wave radius 
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Figure 5. Numerical grid for the wave angle of 
100° and wave radius of 10 mm

Figure 6. The combustion gas outlet 
temperatures with wave radius for different 
wave angles
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for different wave angles is shown in fig. 8. It can be seen from fig. 8 that the pressure drop 
increases as the wave diameter decreases in the wavy fins and the wave radius has a significant 
effect on the pressure drop. The use of wavy fin increased the pressure drop up to 70%. This 
pressure increase was obtained as 20% for R15 and 140% for R0 zig-zag fin profile.

The variation of the amount of heat transferred to the water vs. wave radius is given in fig. 
9 for different wave angles. When the wave radius is increased, the amount of heat transferred 
to the water decreases. The amount of heat transferred to the water for the flat fin profile was 
calculated as 354.35 W. The simulation results indicate that the amount of heat transferred to 
the water increase about 0.15% for R15 wave radius and 0.25% for R0 zig-zag wave profiles.
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Effect of wave angle on thermal performance

The variation of the heat exchanger thermal performance vs. fin angle was investi-
gated for 130°, 123°, 116°, 110°, 105°, 100°, and 95° wave angles. The variation in combus-

R15 R10

R0

(a) (b)

(c) (d)

Temperature
contour 2

501.60
491.75
481.89
472.04
462.18
452.33
442.47
432.62
422.76
412.91
403.05
393.20
383.34
373.49
363.63
353.78
343.92

[K]

x

y z

Temperature
contour 2

502.32
492.42
482.52
472.61
462.71
452.81
442.90
433.00
423.10
413.19
403.29
393.39
383.48
373.58
363.68
353.77
343.87

[K]

x

y z

Temperature
contour 2

503.83
493.83
483.83
473.82
463.82
453.82
443.82
433.81
423.81
413.81
403.81
393.80
383.80
373.80
363.79
353.79
343.79

[K]

x

y z

Temperature
contour 2

504.53
494.48
484.44
474.39
464.34
454.29
444.24
434.19
424.14
414.09
404.04
393.99
383.94
373.89
363.84
353.79
343.74

[K]

x

y z

R5

Figure 7. Temperature distribution on fins for 130° wave angle at different wave radius

Figure 8. The pressure drop with wave radius 
for different wave angles

Figure 9. The heat transfer rate to the  
water vs. wave radius for different wave angles
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tion outlet temperatures vs. wave angle is shown in 
fig. 10 for three wave angles. Figure 11 shows the 
temperature distributions for zig-zag fin profile at 
different wave angles. It can be seen from the fig. 
10 that the outlet temperature of the combustion 
gases increases with the increase in wave angle. 
The increase of wave angle reduces the fin density 
in the wavy fins. Therefore, the heat transfer rate 
decreases and the outlet gas temperature increases. 
Between 100° and 130° wave angles, this reduction 
was 2.5 K in zig-zag fin profile and 1 K in the fins 
with a 15 mm wave radius.
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Figure 11. The temperature distributions for zig-zag fin profiles at different wave angles

The variation of the pressure drop due vs. wave angle is given in fig. 12. The figure 
indicates that the zig-zag, R0 fin profile produces the highest pressure drop. The pressure drop 
decreases with increasing wave radius. On the other hand, the pressure drop decreases with in-
creasing wave angle for all wave radius. It can be expressed that the variation of the wave angle, 
especially at the zig-zag fin profile, is highly effective on the pressure drop.

The effect of wave angle on the amount of heat transferred to the water is shown in fig. 
13. As expected, the rate of heat transfer decreases with increasing wave angle and wave radius. 
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Figure 10. Combustion gas outlet 
temperatures with wave angle at different 
wave radius
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The decreases in the heat transfer were calculated as 0.23% and 0.16% for the wave angles of 
100° and 130°, respectively, compared to the flat fin profile. 
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Conclusions

In the present paper, the thermal performance of a heat exchanger of a combi device 
was numerically investigated. The heat transfer and pressure drop values for the wavy fins were 
calculated for different fin profiles. The results obtained in the study are summarized as follows.

 y The use of wavy fins has reduced the combustion gas outlet temperature, which is an im-
portant parameter in combi-devices. In the flat fin profile, the waste gases leaves the heat 
exchanger at 349.4 K. However, minimum outlet temperature of the waste gas was 343.4 K 
in zigzag fin profile with 95° wave angle.

 y The use of wavy fin causes a significant increase in the pressure drop. The highest pressure 
drop was obtained in zigzag fin with a 95° wave angle as 379.7 Pa, while the lowest pressure 
drop was obtained with a 130° wave angle and a 15 mm wave radius as 109.3 kPa.

 y The maximum increase in the rate of heat transferred to the water was calculated as 355.4 
W for the zig-zag fin profile with 95o wave angle. On the other hand, the lowest value was 
obtained as 354.8 W for the fin with 134° wave angle and 15 mm wave radius.

 y The results aforementioned here are for a pair of fins. Consequently, the total gain achieved 
by using multiple fins in the heat exchangers used in the combi boilers will increase propor-
tionally with the number of fins.

Nomenclature

h ̄ – specific enthalpy, [kJkg–1], 
h – heat convection coefficient [Wm-2K-1]
h ̄ f – formation enthalpy [kJkg-1]
Np – mole number of products [kmol]
Nr – mole number of reaktans [kmol]

P  – pressure [Pa]
R – wave radius [mm]

Greek symbol

θ – wave angle, [°]
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