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ABSTRACT

This paper presents a numerical simulation to determine the air-side heat transfer and the 
pressure drop characteristics of a flat tube heat exchanger with offset strip fin. The effects of 
the fin bending ratio such as 29%, 36%, 44%, 50%, and the fin spacing such as 2.10 mm, 2.35 
mm, 2.60 mm on the performance of the heat exchanger are studied by using a commercial 
CFD software. The air having constant viscosity, thermal conductivity, and density enters the 
heat exchanger at 298 K and the wall temperature of the strip fins is considered as constant 
at 314 K. Variations of the heat transfer coefficient and the pressure drop in the airside are 
presented with respect to the frontal air velocity while Colburn j-factor and the friction factor 
f are presented with respect to the airside Reynolds number ranging from 200 to 1200. Finally, 
the thermal-hydraulic performance of all investigated cases is compared by using the volume 
goodness factor, j/f 1/3. The results show that the air-side heat transfer coefficient and the pres-
sure drop increase when the frontal air velocity ascends. The air-side heat transfer coefficient 
decreases with the increase of fin spacing. The fin bending ratio does not have a significant ef-
fect on the pressure drop in the considered fin spacing. Both the Colburn j-factor and friction 
factor reduce with the increment of Reynolds number and fin spacing. 
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INTRODUCTION

Looking at the historical development of the heat 
exchanger, surface density has been increased gradually 
by the time and therefore, the compact heat exchangers 

are emerged and gain importance among the heating and 
cooling systems. The surface density or compactness of 
the heat exchangers is increased by using varying types of 
extended surfaces such as plain, louvered, strip, wavy, and 

https://orcid.org/0000-0003-4648-1375
https://orcid.org/0000-0000-0000-0000
https://orcid.org/0000-0001-7302-0588


J Ther Eng, Vol. 7, No. 6, pp. 1417–1431, September, 20211418

perforated fin [1, 2]. These fin types also increase the heat 
transfer performance of the compact heat exchangers by 
breaking the boundary layer formed on the air-side [3, 4]. 
Strip fin, which is often called offset strip fin (OSF), has a 
higher degree of surface compactness and interrupts the 
air flow periodically through the flow depth to break the 
boundary layer. By offsetting the fin in the flow direction, 
it induces a thin laminar boundary layer on the uninter-
rupted surfaces as well as the form-drag. With regard to the 
high performance of the OSFs, many researchers have stud-
ied this fin-type numerically or experimentally and some 
of these studies in the literature were presented in books 
and reviews [5–8]. They presented wide correlated data for 
the thermal and hydraulic performance of the CHXs with 
plain, offset strip, wavy, and perforated fin in 1947. From 
the 1950s to the present, researchers derived correlations 
for the OSFs. Manson [9] derived correlations including 
different fin geometries such as offset strip fin, louvered fin, 
and finned flat tubes. Wieting [10] and Joshi and Webb [11] 
derived correlations under laminar and turbulent flow con-
ditions for the heat exchangers with OSFs. 

Mochizuki et al. [12] presented correlations to predict 
the performance of the plain straight fins, the offset strip 
fins, and the slotted fins. Manglik and Bergles [13] derived 
correlations including the transition region which was not 
covered by Wieting [10] and Joshi and Webb [11]. Guo et al. 
[14] obtained correlations for 36 OSF patterns containing 
523 data points for 30 < Re < 500. Kim et al. [15] presented 
correlations by using 39 OSF geometry and after the opti-
mization process, the performance of the heat exchanger 
was enhanced by 24%. Du et al. [16] generated correlations 
for the thermal and hydraulic performance of air to an oil 
heat exchanger with OSF by using a genetic algorithm. The 
results of the study showed that the pressure drop decreased 
by about 40% and the volume of the heat exchanger was 
reduced by about 2.7%. 

Dong et al. [17] presented correlations for the thermal 
and hydraulic performance of a flat tube exchanger with 
OSF in a range of 500 < Re < 7500. The study is a unique 
study that considers the flat tube which has very short flow 
depth other than the present study. London and Shah [18] 
presented the heat transfer and the flow friction data for 
8 rectangular OSF surfaces and the best configuration was 
determined. Suzuki et al. [19] investigated the effects of fin 
thickness and free-stream turbulence for a CHX with OSF 
by experimental and numerical approach. The validation 
of the numerical data is provided by the obtained experi-
mental data and the effects of geometrical parameters were 
presented based on the numerical model. Hu and Herold 
[20] studied the effect of Pr number for a liquid-cooled 
strip finned heat exchanger. The heat transfer and pressure 
drop data of the heat exchanger were presented experi-
mentally. Fernández-Seara et al. [21] analyzed the heat 
transfer data of the liquid-liquid heat exchanger with OSF 
by using the Wilson plot method. Peng et al. [22] studied 

the performance of a heat exchanger with innovative OSF 
by experimentally and numerically. The effect of fin bend-
ing distance was firstly considered in the OSF literature by 
the authors. Bhowmik and Lee [23] generated a numerical 
model to predict the heat transfer and pressure drop per-
formance of a heat exchanger with OSF. The performance 
of the heat exchanger was demonstrated by Colburn j- and f 
factors in the range of 10 < Re < 3500. Sheik Ismail et al. [24] 
analyzed the performance of a plate-fin type heat exchanger 
by considering 3 offset and 16 wavy fins numerically. The 
results of the study compared with the correlations and the 
headers of the exchangers were modified to improve the 
flow distribution. Karim et al. [25] studied the 16 combina-
tions of the OSF heat exchanger to supply constant air tem-
perature at the inlet side of the gas turbine and determined 
the optimum design for the heat exchanger. Peng and Ling 
[26] investigated the heat transfer and flow friction char-
acteristics of an air-oil heat exchanger with OSFs. Average 
local and average heat transfer coefficient, local Nusselt 
number, and temperature distribution were discussed in 
the article. Zhao et al. [27] focused on the heat transfer 
and the pressure drop behavior of an Al2O3-water nano-
fluid in an OSF channel. Effect of different volume fraction 
of nanofluid on the performance of the heat exchanger 
was reported for 500 < Re < 1000. Durmaz [28] analyzed 
the thermal and hydraulic performance of the OSFs both 
experimentally and numerically, and the results were val-
idated by the existing correlations. Rahul and Kumar [29] 
studied numerically by using a commercial code to analyze 
the velocity, pressure, and temperature fields of air-cooled 
strip fin heat exchanger, and the results were compared with 
the correlations. 

In all the above-mentioned studies, the offset ratio of 
the successive fins is 50%. In this study, the thermo-hy-
draulic characteristics of a flat tube offset strip finned heat 
exchanger with various offset ratios are analyzed numeri-
cally. The effect of offset ratio and fin spacing on the ther-
mal and hydraulic performance of the heat exchanger are 
investigated by using a commercial CFD program (Ansys-
Fluent). The different offset ratios such as 29%, 36%, 44%, 
and 50% are made by bending the aluminum fins with dif-
ferent distances. Even though the effect of fin spacing simi-
lar to a range that is considered in this work has been studied 
from several aspects, their impact with varying bending 
ratios hasn’t been reported before. Moreover, among the 
cited works, the impact of the spacing over an air flow in a 
very short flow depth is missing as well which is simulated 
in a flat tube instead of a parallel plate. The present numer-
ical simulation is validated with the numerical and exper-
imental results available in the literature. The effects of the 
configuration of the fin bending ratio and the fin spacing on 
the air-side heat transfer coefficient and the pressure drop 
are reported with respect to the frontal air velocity. On the 
other side, the dimensionless performance parameters such 
as Colburn j-factor, friction factor f, and volume goodness 
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constant as hf = 9.7 mm and three kinds of fin spacing are 
considered such as sf = 2.10 mm, 2.35 mm, and 2.60 mm. As 
seen in Figure 1a that the uninterrupted fin length through 
the flow is not uniform. This non-uniformity of the unin-
terrupted fin length is given in detail in Figure 2. The total 
fin length of l = 17.15 mm is sliced into three parts by off-
setting the fin and the dimensions of the uninterrupted 
fin length are shown in Figure 2. The samples considered 
in the present study arises from the energy-efficient heat 
exchanger researches. They are going to be used in any sec-
tor requiring compact heat transfer designs at limited to 
small volumes.

In the study, four kinds of offset ratios such as 29%, 
36%, 44%, and 50% are considered by varying the bending 
distance, Cf. The effect of the fin bending ratio (rb) is calcu-
lated as follows.

 f
b

f f

C
r

s δ
=

+
 (1)

Governing Equations
The mass, momentum, and energy equations for 

three-dimensional, incompressible, steady-state laminar 
flow are given as in the following.

 𝛻∙V = 0 (2)

 21( )V V P Vυ
ρ

⋅∇ = − ∇ + ∇  (3)

 (V∙𝛻)T = α𝛻2T (4)

factor j/f 1/3 are derived and presented as a function of the 
air-side Reynolds number to provide a broader perspective.

NUMERICAL MODEL

In the present study, a commercial CFD program 
(Ansys-Fluent) is used to determine the heat transfer and 
pressure drop of the OSF for various fin bending ratio and 
fin spacing. Three-dimensional numerical simulation is 
used by considering the constant thermophysical proper-
ties for air and aluminum which are shown in Table 1. The 
air flow is steady-state, laminar, and assumed as incom-
pressible. The simple algorithm is used to couple the veloc-
ity and pressure fields and a second-order upwind scheme 
is used to solve the mass, momentum, and energy conser-
vation equation. 

Description of the Geometry
The real view and the computational model of the OSF 

geometry are given in Figure 1. The fins are made of alumi-
num and have a thickness of δf = 0.15 mm. The fin height is 

Table 1. The thermo-physical properties

Property Air Aluminum

k [W/mK] 0.0256 202.4
cp [J/kgK] 1007 871
ρ [kg/m3] 1.18 2719
µ [kg/ms] 185 × 10–7 –
Pr 0.72 –

(a) (b)

Figure 1. (a) Real view of the offset fin on flat tubes (b) Details of the OSF, namely, Cf: fin bending distance, hf : fin height, 
and sf : fin spacing.
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flow. Twenty layers of inflation were applied on the fluid 
domain surfaces that contact the solid domain as shown. 
Optimization of the discretization was performed by a series 
of runs with varying mesh sizes for the fluid domain (air) are 
presented in Table 2 while the mesh size of the solid domain 
(fin material) is constant as 0.20 mm. In the first step, three 
different numbers of the quadrilateral element were used to 
get a sensitive mesh grid for the exit temperature and the 
inlet pressure of air. As shown in Table 2, the difference in the 
exit temperature and inlet pressure of air 0.39% and 0.23%, 
respectively, when the mish size is 0.09 mm. Therefore, the 
mesh size of 0.10 mm with 35.3 × 105 number of nodes is 
assumed as enough for the mesh sensitivity, and computa-
tions are run for all cases for this mesh size. 

In the second step, CFD data based on the mesh size of 
0.10 mm is validated with the numerical and experimental 
data of the [22] which is the unique study in this particular 
topic that considers the effect of fin bending distance either 
from numerical and experimental aspects, as shown in 
Figure 5. The comparison of the results is made by consider-
ing the fin thickness of δf = 0.2 mm, fin height of hf = 9.5 mm, 
fin spacing of sf = 1.5 mm, and bending distance of Cf = 0.15 
mm. It is shown that the present results are in good agree-
ment with the numerical results of a similar study [22] avail-
able in the literature. Additionally, the average deviations 
of the present j-factor and f factor from the experimental 
results plotted in Figure 5 are 3.87% and 4.16%, respectively.

MATHEMATICAL MODEL

The heat transfer rate for the air-side is calculated in 
Eq. (5)

 Q = mcp(Tout – Tin) (5)

The average heat transfer coefficient is calculated in 
Eq. (6).

 
lna

Qh
A T

=
∆

 (6)

Figure 2. The dimensions of uninterrupted fin length.

Boundary Conditions
In the present three dimensional numerical study, due 

to the thickness of the aluminum flat tube, which is very 
thin (0.4 mm), and the heat conduction coefficient is high, 
the thermal resistance of the flat tube is neglected and 
only the OSFs are considered as shown in Figure 3. The air 
velocity is varied in a range of 1.0–4.0 m/s to maintain the 
laminar flow conditions (Re < 1200). The velocity inlet and 
the pressure outlet (gauge pressure of 0 Pa) boundary con-
ditions are applied at the inlet and the exit of the domain, 
respectively. The top and the bottom surfaces of the fin in 
contact with the flat tube are considered as the constant 
temperature of Tw = 314 K while the inlet temperature of the 
air is 298 K. The right and left sides of the computational 
domain are defined as periodic surfaces for the numerical 
simulation. A flow volume has a length of one-third of the 
flow depth is added to the inlet of the strip fin domain to 
get the uniform air flow. Similarly, another flow volume is 
added to the exit of the strip fin domain which has the same 
length of the flow depth to see the exit effects of the air flow. 

Validation of the Numerical Model
Quadrilateral cells were used for the three- dimensional 

numerical model as shown in Figure 4. The second- 
order discretization technique was chosen under laminar 

Figure 3. Computational domain. Figure 4. The grid structure of the numerical model.
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Table 2. Mesh independency for uin = 4 m/s, sf = 2.10 mm, rb = 50%

Size of mesh [mm] Number of nodes j f % difference of j % difference of f
0.15 2.74 × 106 0.01166 0.06553 — —
0.12 3.39 × 106 0.01179 0.06654 1.06 1.51
0.10 3.79 × 106 0.01189 0.06703 0.88 0.74
0.09 5.01 × 106 0.01194 0.06688 0.39 0.23

where ΔTln is given in Eq. (7) for a constant wall 
temperature.

 ln

( ) ( )
ln ( ) / ( )

w in w out

w in w out

T T T T
T

T T T T
− − −

∆ =
− −  

 (7)

The Colburn j-factor is the dimensionless form of the 
heat transfer coefficient is given in Eq. (8). 

 2/3Pr
c p

hj
u cρ

=  (8)

The friction factor f which is the dimensionless pressure 
drop is expressed in Eq. (9).

 2

2 . c
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=  

 
 (9)

where uc which is the critical velocity of air in the small-
est flow area between the fins is given in Eq. (10). 
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c
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A
=  (10)

Air-side Reynolds number and hydraulic diameter are 
calculated in Eq. 11 and Eq. 12, respectively.

 Re
h

in h
D

u Dρ
µ

=  (11)

Figure 5. Validation of the present CFD model.
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RESULTS AND DISCUSSION

The outcomes of the numerical investigation will be 
presented in this section in detail, either by the contour 
plots taken from the cross-section of the model or by the 
plots that pertain to the fundamental analogies widely pre-
ferred in the field. By the contour plots, an overall view of 
the velocity streamlines, pressure, and temperature dis-
tribution along the flow path will be provided while the 
impact of the parameters on the performance will be dis-
played in detail by heat transfer, pressure drop, Colburn 
and friction factors evolution in the following. As given in 
detail in previous sections, the calculations are carried out 
for three different fin spacing (sf = 2.10 mm, 2.35 mm and 
2.60 mm) and four offset ratios (rb = 29%, 36%, 44%, and 
50%) in each fin spacing, where the fin thickness is 0.15 
mm, fin height is 9.7 mm and total fin length is 17.15 mm. 
During the numerical analysis, the velocity range of 1.0–4.0 
m/s to maintain the laminar flow conditions (Re < 1200) is 
chosen while the boundary conditions for inlet and out-
let of the flow are assigned as velocity inlet and the pres-
sure outlet, respectively. The top and bottom surfaces that 
are in contact with the fins are considered as the constant 
temperature of Tw = 314 K. To simplify the model, periodic 
surfaces are defined to the left and right of the domain. The 
contour plots are presented for the upper and lower limits 
of the investigated parameter range, such as for the small-
est and biggest fin spacing (sf = 2.10mm and 2.60mm), and 
lowest and biggest offset ratios (rb = 29% and 50%) at the 
highest flow velocity (uin = 4 m/s). Figures 6, 7, and 8 per-
tain to the fin spacing of 2.10 mm and among the given 
figures of this particular spacing (a) pertain to offset ratio 
of rb = 29% while (b) pertain to offset ratio of rb = 50%. As 
regards Fig 6, even at the highest air velocity and small-
est fin spacing, the streamlines for the velocity are straight 
which can be counted as a sign of laminar flow in the inves-
tigated cases. The flow is blocked when they meet with the 
leading edge of the fins as expected but other than a smooth 
flow is observed over the investigated region. In Figure 7, 
the pressure distribution through the fins is presented, a 
distinctive difference could not be observed between the 
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Velocity [m/s]

(a)

(b)

Figure 6. The velocity streamlines for sf = 2.10 mm and uin = 4 m/s (a) rb = 29%, (b) rb = 50%.

Pressure [Pa]

(b)

(a)

Figure 7. The pressure distribution for sf = 2.10 mm and uin= 4 m/s (a) rb = 29%, (b) rb = 50%.

offset ratios which is also given quantitatively in the further 
steps by graphs.

As for the temperature contour plot (Figure 8), the 
air exits from the fins with a higher temperature which is 
limited by inlet temperature and constant temperature of 
the fins. When a closer look is taken to the region where 
the fins are located, it is seen that, when the offset ratio is 
lower, the interruption of the air is lower which allows a free 
flow among the fins, while this challenge disappears at the 
higher values of offset ratio. A similar evolution is observed 
during the flow of the air through the fins for the fin spac-
ing of sf = 2.60 mm in Figures 9, 10, and 11. Since the space 
between the fins is wider, there are some slight changes in 

the characteristics of the flow either from velocity or tem-
perature distribution aspects. When the fin spacing gets 
bigger, air can easily find a route for a free flow which can 
be seen in Figure 9 with thicker and longer red streamlines 
and in Figure 11 with thicker and longer blue regions that 
correspond to colder air. The effect of the offset ratio can 
also be noticed in the figures in particular in Figures 9 and 
11, when the bending ratio is smaller, the air is less inter-
rupted and flow has higher velocities and lower tempera-
tures, vice versa is true when the bending ratio is higher. 

The effect of geometric configuration in terms of fin 
bending ratio and fin spacing on the thermo-hydraulic 
performance of the heat exchanger with offset strip fin are 
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Temperature [K]

(b)

(a)

Figure 8. The temperature distribution for sf = 2.10 mm and uin = 4 m/s (a) rb = 29%, (b) rb = 50%.

Velocity [m/s]

(b)

(a)

Figure 9. The velocity streamlines for sf = 2.60 mm and uin = 4 m/s (a) rb = 29%, (b) rb = 50%.

presented and discussed in Figures 12–16. Results are pre-
sented for each fin spacing individually and in these sole 
items, the effect of bending ratio is presented with respect 
to air velocity. The evolution of heat transfer coefficient 
and pressure drop are given first, then by considering the 
non-dimensional approach the Colburn j-factor and fric-
tion factor f changes are presented later. The variation of 
heat transfer coefficient for various fin spacing is shown 
in Figure 12. As expected, the heat transfer coefficient is 
increasing when the frontal air velocity increases for all 
considered fin spacing. The smallest fin spacing is given 

first, and the spacing gradually increases in the following 
figures (Figure 12a–c). 

The overall trend of the evolution is identical in all 
investigated cases which is the increment of the heat trans-
fer coefficient by the air velocity. The range of the heat 
transfer almost remains the same in all three fin spacing 
but the change with respect to fin bending ratio is effected 
in each fin spacing. The lowest performance is observed for 
the smallest fin bending ratio (rb = 29%) in all three spac-
ing, and the highest performance is observed for the higher 
bending ratios such as rb = 50%. Since the interruption of 
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Velocity [m/s]

(b)

(a)

Figure 10. The pressure distribution for sf = 2.60 mm and uin = 4 m/s (a) rb = 29%, (b) rb = 50%.

Temperature [K]

(b)

(a)

Figure 11. The temperature distribution for sf =2.60 mm and uin = 4 m/s (a) rb = 29%, (b) rb = 50%.

the air is more as the ratio increases so the heat transfer 
improves by the increasing bending ratios. The difference 
between the rb = 50% and 44% bending ratios is vague espe-
cially when the air velocity is beyond 2.5 m/s for the small-
est fin spacing (sf = 2.10 mm). As the spacing increases the 
difference between the higher ratios (rb = 50% and 44%) 
becomes more prominent. When the spacing is 2.60 mm, 
it is seen that the heat transfers of rb = 44% are closer to 
rb = 36% instead. For a constant frontal air velocity, the heat 

transfer coefficient is decreasing with the increment of fin 
spacing. Narrowing the fin spacing or the fin gap increases 
the effect of hot surfaces on the air flow.

In Figure 13, the variation of pressure drop with respect 
to air velocity for various fin spacing is presented too. The 
effect of fin spacing is presented by the individual diagrams 
where the effect of the bending ratio on the pressure drop 
is plotted inside in each figure (Figure 13a–c). As it could 
be seen, the bending effect is not very obvious when the 
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The first one is the Colburn j-factor, the evolution of this 
parameter is plotted as regard to Re number. The j-factor 
falls in all calculated cases as the Re number ascends due 
to its definition which is given in Eq. (8). The change of 
the factor is almost the same in all three fin spacing’s (sf = 
2.10, 2.35, and 2.60 mm). Even though the highest j-factor 
is observed when the fin spacing is small, the wider spac-
ing does not affect that much and the heat transfer perfor-
mance is slightly below range which is drawn in Figure 14a 
as the gap becomes bigger. 

As for the effect of the bending ratio, the performance is 
higher when the bending ratio is more (rb = 50%). The fall of 
the bending ratio leads to a fall in the heat transfer as well. 

pressure drop is the investigated case. Almost all bending 
ratio plots are overlapping in all three fin spacing’s (sf  = 
2.10, 2.35, and 2.60 mm). As the air velocity increases, the 
pressure drop ascends too, besides as the space between the 
fins becomes narrower, the pressure drop drives beyond 
12 Pa range. The highest pressure drop is observed when 
the fin spacing is sf = 2.10 mm and it slightly falls apart the 
12 Pa range as the fin spacing gets larger (sf = 2.60 mm). 
The major reason is the resistance against air flow decreases 
when the fin spacing increases. 

The effect of fin spacing and fin bending on the perfor-
mance is presented as regard to non-dimensional factors 
that are widely preferred in the field of heat exchangers. 

a) sf =2.10 mm b) sf =2.35 mm

c) sf =2.60 mm

Figure 12. The variation of heat transfer coefficient with respect to frontal air velocity.
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a) sf = 2.10 mm b) sf = 2.35 mm

c) sf = 2.60 mm

Figure 13. The variation of pressure drop with respect to frontal air velocity.

The difference between varying ratios is more when the Re 
number is lower but it becomes less as Re number increases. 
The difference almost disappears as the Re approaches 1200. 
One other important effect, observed through the diagrams 
is the change by the fin spacing. As the spacing is smaller 
(sf = 2.10 mm), the highest two bending ratios (rb = 44% and 
50%) resulted in closer factor values at lower Re number 
and the difference among them becomes prominent as the 
spacing increases (sf = 2.60 mm). All the findings of these 
particular calculations are in good agreement with the heat 
transfer coefficient change given previously. 

The effect of the bending ratio and fin spacing on the 
friction factor f is demonstrated in Figure 15a-c. The impor-
tance of the non-dimensional parameters is becoming more 
obvious in this figure sequence since the effect of bending 
couldn’t be observed in the pressure drop diagrams. The 
f factor descends in all cases too as in the previous one, 
the friction factor has a diminishing trend with respect to 
Reynolds number due to its definition given in Eq. (9). 

The range of the f factor is higher for the narrower fin 
spacing (sf = 2.10 mm) than the wider ones (sf = 2.60 mm) 
as a consequence of the pressure drop values that are 
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a) sf = 2.10 mm b) sf = 2.35 mm

c) sf = 2.60 mm

Figure 14. The variation of Colburn j-factor with respect to Reynolds number.

presented previously. As the gap becomes narrower with 
regard to increasing resistance the friction factor f becomes 
bigger. As it could be seen in the figures, as the bending ratio 
increases from rb = 29% to 50%, the f factor increases too, 
the difference is more noticeable at lower Re value which 
starts to overlap at the higher Re values. When the spacing 
is sf = 2.10 mm the difference between bending ratios rb = 
44% and rb = 50% is less and somehow cross over each other, 
they separate from each other as the spacing increases (sf = 
2.35 mm). Unfortunately, the effect of the bending ratio 
becomes less obvious again as the spacing turns to sf = 2.60 
mm. The plots start to approach to each other, at higher Re 
values in particular. 

One other performance measure used in the field of heat 
exchangers is the volume goodness factor j/f 1/3, as shown in 
Figure 16. It is widely preferred since it allows us to con-
sider the j-factor and friction factor f at the same time which 
tends to have an idea about the overall performance of the 
components. The evolution of the volume goodness factor 
j/f 1/3 is presented with regard to bending ratios in three dif-
ferent fin spacing individually. The range of the overall per-
formance is not affected by the change of the spacing much 
with regard to the outcomes. The goodness factor falls as 
the Re number becomes higher in all cases. The effect of 
the bending ratio is more clear at wider fin gaps than the 
others. As regards to the plots, when the volume goodness 
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a) sf = 2.10 mm b) sf = 2.35 mm

c) sf = 2.60 mm

Figure 15. The variation of friction factor with respect to Reynolds number.

factor is better when the bending is higher rb = 50% and it 
shows worse performance as the bending ratio is less rb = 
29%. Among all the considered fin spacing, the fin bending 
ratio of rb = 50% gives the best performance. Similar to the 
j-factor and friction factor, the effect of the fin bending ratio 
is more considerable at low Reynolds numbers in terms of 
overall performance. The trend of the volume goodness fac-
tor is changing between j/f1/3 = 0.04 and 0.83 for all consid-
ered fin spacing. 

CONCLUSION

In this study, the thermo-hydraulic performance of a 
heat exchanger with offset strip fin is analyzed numerically. 

The combined effect of fin spacing and bending ratio in a 
narrow flow depth, which has not been reported before, 
will help the researchers for further investigations where 
the alternate designs are studied. The effect of the fin bend-
ing ratio and the fin spacing over Reynolds numbers in the 
range of 200–1200 is determined and the results are pre-
sented in terms of heat transfer coefficient, pressure drop, 
Colburn j-factor, friction factor f, and volume goodness 
factor. As regards the findings, when the bending ratio gets 
smaller, the flow becomes less interrupted which reduces 
the performance of the heat exchanger. In particular, it 
allows a free flow region in the investigated domain that 
decreases the performance more. Furthermore, as the spac-
ing increases the impact of smaller bending ratios on the 
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a) sf = 2.10 mm b) sf = 2.35 mm

c) sf = 2.60 mm

Figure 16. The variation of volume goodness factor with respect to Reynolds number.

performance becomes more which leads a worse efficiency. 
The outcomes that have to be highlighted at the end of the 
study can be listed as in the following:

• When uin = 1 m/s and sf = 2.10 mm, the heat transfer 
coefficient is increasing by about h = 58 Wm-2K-1 to 
76 Wm-2K-1 for the fin bending ratio of rb = 29% and 
50%, respectively. The effect of the fin bending ratio 
on the increasing trend of the heat transfer coefficient 
is decreasing when the frontal air velocity is increas-
ing for all the fin spacing considered. 

• The pressure drop is not affected significantly by the vari-
ation of the fin bending ratio. The variation of pressure 

drop with respect to the fin bending distance is in the 
range of 1.5–13 Pa for all the fin spacing considered. 

• The Colburn j-factor gets its highest value at sf = 2.10 
mm and ReDh = 235 in which the j-factor varies from 
0.045 to 0.035 for the fin bending ratio of rb = 50% 
and 29%, respectively. This difference is almost disap-
pearing at the higher Reynolds number. 

• The effect of fin bending ratio on the j- and f factors 
is more dominant at low Reynolds number. When the 
Reynolds number is increasing, the effect of fin bend-
ing ratio on the j- and f factors is almost disappearing. 
This phenomenon appears more prominently at sf = 
2.60 mm.
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NOMENCLATURE 

Aa heat transfer area of air-side, m2

Ac minimum free-flow area, m2

Afr frontal area, m2 
Cf fin bending distance, mm
cp specific heat of air, kJ/(kgoC)
Dh hydraulic diameter, mm
f friction factor
h heat transfer coefficient of air, W/(m2oC)
hf fin height, mm
 j Colburn j-factor
k thermal conductivity, W/(moC)
l total fin length, mm
lf uninterrupted fin length, mm
m mass flow rate of air, kg/s
OSF Offset Strip Fin
P pressure, Pa
Pr Prandtl number
Q heat transfer rate of air, W
ReDh Reynolds number of air side
rb bending ratio
sf fin spacing, mm
Tin inlet temperature of air, oC
Tout exit temperature of air, oC
Tw wall temperature of air, oC
uc critical velocity, m/s
uin free flow velocity, m/s

Greek symbols
δf thickness of fin material, mm
µ dynamic viscosity of the air, kg/ms
ρ density of the air, kg/m3
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