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Abstract  The enhancement of natural convection heat transfer from a rectangular fin provided with rectangular perfora-
tions is investigated. The perforated fin is compared with its equivalent solid one. The parameters considered are geometrical 
dimensions and thermal properties of the fin and that of the perforations. The study considered the gain in fin area and of heat 
transfer coefficients due to perforations. The results showed that, for certain values of rectangular perforation dimension, the 
perforations lead to an augmentation in heat dissipation of the perforated fin over that of the equivalent solid one. The 
magnitude of heat dissipation enhancement depends upon the fin thickness, its thermal conductivity, the perforation dimen-
sion, lateral and longitudinal spacings. Finally, the study showed that, the perforating of the fins enhances heat dissipation 
rates and at the same time decreases the weight of the fin. 
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1. Introduction 
The study of improved heat transfer performance is re-

ferred to as augmentation or enhancement of heat transfer. 
The heat transfer augmentation is very important subject in 
industrial heat exchangers and other thermal application. 
There are many techniques which are available for aug-
mentation for single or two-phase heat transfer in natural or 
forced convection. These techniques may be passive meth-
ods or active schemes[1]. The heat transfer improvement 
may in general be achieved by increasing the heat transfer 
coefficients, by increasing the heat transfer surface areas or 
by both[1,2]. In most cases, the area of heat transfer is in-
creased by utilizing extended surfaces in the form of fins 
attached to walls and surfaces[2]. Fins as heat transfer en-
hancement devices have been quite common. As the ex-
tended surface technology continues to grow, new design 
ideas emerge including fins made of anisotropic composites, 
porous media, interrupted and perforated plates[1-5]. Due to 
the high demand for lightweight, compact, and economical 
fins, the optimization of fin size is of great importance. 
Therefore, fins must be designed to achieve maximum heat 
removal with minimum material expenditure taking into 
account the ease of the fin manufacturing. Large numbers of 
studies have been conducted on optimizing fin shapes. Other 
studies have introduced shape modifications by cutting some 
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material from fins to make cavities, holes, slots, grooves, or 
channels through the fin body to increase the heat transfer 
surface area and/or coefficient[3-7]. One popular heat 
transfer augmentation technique involves the use of rough 
surfaces of different configurations. The surface roughness 
aims at promoting surface turbulence that is intended mainly 
to increase the heat transfer coefficient rather than the sur-
face area[1,2]. For the natural convection from the rough 
surfaces, it concluded that there is an increase in heat transfer 
coefficient up to 100%[1]. It was reported that non-flat and 
interrupted surfaces have free convection coefficients that 
are 50 to 100% more than those of flat surfaces[2]. Several 
other researchers reported a similar trend for interrupted 
(perforated) fins. The improvement in heat transfer coeffi-
cient is attributed to the restarting of the thermal boundary 
layer after each interruption[2]. Perforated plates and fins 
represent an example of surface interruption and are widely 
used in different heat exchanger, film cooling and solar 
collector applications[1-5]. This study aims mainly at ex-
amining the extent of heat transfer enhancement from a 
horizontal rectangular fin under natural convection as a 
result of introducing surface modifications (perforations) to 
the fin. The modifications in this work are longitudinal ver-
tical rectangular perforations with aspect ratio of 3 (b by 3b) 
made through the fin thickness. The study investigates the 
influence of perforations on heat transfer rate or heat dissi-
pation rate of the perforated fin. The modified fin as it is 
called perforated fin, is compared to the corresponding solid 
(non-perforated) fin in terms of heat transfer rate. The study 
eventually attempts to make the best use of the material and 
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size of a given fin, which involves some sort of optimization 
(maximization). 

2. Assumptions for Analysis 
The classical treatment of fins, which assumes one- di-

mensional heat conduction as the Biot number is very small, 
that is, less than 0.01[8,9] is considered. The perforated fin 
with rectangular perforations considered in this study is 
shown in Fig. 1. From which it is obvious that the transverse 
Biot number in z direction Biz  can be calculated by 

Bi  h  . t /2 kpsz =                    (1) 

And the transverse Biot number in y direction ( Biy ) can 
be calculated by  

 
Bi h  (S  b/2) / ky ps y= +           (2) 

 
Figure 1.  The fin with (b by 3b) rectangular perforations 

As the values of ( Biz ) and ( Biy ) less than .01[8, 9] then 
the heat transfer in z and y directions can be assumed negli-
gible and the one dimensional solution can be considered. If 
the values of ( Biz ) and ( Biy ) are greater than 0.01, the heat 
transfer solution must be in two or three dimensions. In this 
study the parameters of the perforated fin are restricted as 
they lead to values of ( Biz ) and ( Biy ) smaller than 0.01. 
According to the above discussion, the analysis and results 
reported are based on the following assumptions: 

1. Steady state one-dimension heat conduction. 
2. Homogeneous and isotropic fin material with constant 

thermal conductivity. 
3. No heat sources/sinks in the fin body. 
4. Uniform base and ambient temperatures. 
5. Uniform heat transfer coefficient over the whole fin 

solid surface (perforated or solid) 
6. Uniform heat transfer coefficient within the perforation 

3. Heat Transfer Analysis 
Based on the above assumptions, the energy equation of 

the fin along with the boundary conditions may be stated as 
below[10] 

2d Tk 02dx
=                          (3) 

The associated boundary conditions are 
1- At the fin base (x = 0):- 

0T =                              (4) 
2- At the perforated surfaces.  

dTk l h (T T ) h (T T ) 0x ps pcdx
+ − + − =∞ ∞         (5) 

The fin with rectangular perforations as it is shown in Fig. 
1 is solved numerically utilizing the finite-element technique 
as it is described by Abdullah H. M. AlEssa[11]. It is estab-
lished that everything else being the same, heat dissipation 
from a fin, solid or perforated, depends on fin surface area 
and heat transfer coefficients. For the solid fin, both aspects 
are established. The average value of hsf  in natural con-

vection is given by[12] 
h   Nu . k  / Lsf air c
where  L L. W/(2L 2W)c

=

= +
            (6) 

The average Nusselt number, Nu, is given by[12] 
Nu  (Nu   Nu )/2u l= +                  (7) 

0.25 10 0.333 10 0.1Nu   [(1.4/ ln(1  1.4/ (0.43Ra )))  (0.14Ra ) ]u = + + (8) 

0.2 0.9 2/9Nu   0.527Ra / (1  (1.9/ Pr) )l = +         (9) 

For the fin considered in this study, both perforated and 
non-perforated, the fin tip is a vertical surface for which the 
Nusselt number is given by[12] 

( )

(1/6)6

62.8 0.333Nu 0.5 0.103Rat 2.8ln 1 0.250.515Ra

       = +    +       

 (10) 

h   Nu  . k  / Lt t air c
where L L . t /(2L 2t)c

=

= +
             (11) 

For the perforated fin, three distinct heat transfer coeffi-
cients exist. The first one is the heat transfer coefficient of 
the solid portion of the perforated surfaces hps  which can 
be calculated by the following expression[3]: 

h   (1  0.75 ROA).hps ss= +              (12) 

The second one is that the heat transfer coefficient within 
the perforation ( hpc ) where its Nusselt number ( Nuc ) is 
given by[12] 

1/-1.5-1.5Ra 0.25 -1.5cNu (0.62Ra )c c17.2

    = +  
   

    (13) 

The third one is that the heat transfer coefficient at fin tip 
( th ) which its Nusselt number ( tNu ) is given by equation 
(10). The ratio of heat dissipation of the perforated fin to that 
of the solid one (RQF) is introduced and given by: 

RQF Q / Qpf sf=                    (14) 

The heat dissipation of the perforated fin ( Qpf ) is com-

puted according to the finite element heat transfer solution 
described by Abdullah H. M. Al-Essa[11]. The heat dissipa-
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tion of the solid fin ( Qsf ) is computed according to the 

exact solution described by Frank P. Incropera and David P. 
Dewitt[13]. The weight of the perforated fin is compared 
with that of the non-perforated one by using the weight ratio 
(RWF) which is given by: 

RWF W /Wpf sf
2      1- (N . N . 3 .t) / (L.W.t)x y b

=

=
       (15) 

4. Results and Discussion 
It is believed that comparing of the perforated fin with its 

solid counterpart is the best means to evaluate the im-
provements in heat transfer brought about by introducing the 
perforations. It is assumed that both fins have the same di-
mensions (the fin length is L= 50 mm and its width is W= 
200 mm), same thermal conductivity, same base and ambient 
temperatures (100 and 20℃) respectively. The effect of in-
troducing the perforations on the perforated fin performance 
is examined by comparing the perforated fin with its solid 
counterpart. 

 
Figure 2.  Ratio of heat dissipation rate (RQF) vs. perforation dimension 
with variable fin thermal conductivity 

 
Figure 3.  Values of the optimum perforation dimension ( bo ) as a func-
tion of the fin thermal conductivity with variable fin thickness 

4.1. Ratio of Heat Dissipation Rate (RQF) 

The ratio of heat dissipation rate from the perforated fin to 
that of the corresponding solid one RQF is studied in terms 
of perforation dimension b for different values of fin thick-
ness. The results are shown in fig. 2. It shows that thicker fins 
produced larger heat transfer enhancement at any b. The 
variation of R ‎QF with b at various t showed a consistent 
trend of increasing to a maximum followed by a decrease. 
This trend may be explained by the net effects of variation in 
fin heat transfer surface area and heat transfer coefficients 
due to perforations. Furthermore, the figure shows that RQF 
is a strong function of the perforation dimension b. The 
perforation dimension at which RQF ratio has its maximum 
value is referred to as the optimum perforation dimension 
bo . Fig. 2 indicates that the optimum dimension bo  is a 
function of the fin thickness and its thermal conductivity. 
The approximate values of bo  can be obtained from the 
graphs and their curves like that shown in figure 2. To obtain 
the approximate values of bo , fig. 2 was plotted for the fin 
thicknesses of (1, 2, 4 and 5 mm) and for thermal conduc-
tivities of (40, 60, 100, 200, 400 W/m.oC). The obtained 
values of bo  were plotted in figure 3 from which it is ob-
vious that bo  is a strong function of the fin thickness while 
it slightly varies with its thermal conductivity. 

4.2. Longitudinal Spacing ( Sx ) 

To investigate the effect of longitudinal spacing Sx  on 
the perforated fin performance, the heat dissipation ratio 
RQF was plotted as a function of the spacing Sx  as shown in 
Fig. 4. This figure indicates that at any t, the RQF decreases 
with increase in Sx . This behavior is due to the fact that the 
increase in Sx  means smaller number of perforations. This 
means loss of the element that causes heat transfer en-
hancement. So according to Sx  spacing it is preferable to 
minimize it as possible. 

 
Figure 4.  Ratio of heat dissipation rate (RQF) vs. longitudinal spacing 
with variable fin thickness 

4.3. Lateral Spacing Sy  

The effect of lateral spacing Sy  on the perforated fin 
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performance can be investigated by plotted RQF as a func-
tion of Sy  for various values of the fin thickness and its 
thermal conductivity as shown in Fig. 5. The figure shows 
that RQF increases for low values of Sy  and then tends to 
decline thereafter. It may be suggested here that the con-
flicting effects of fin thermal resistance and surface area are 
responsible for this trend.  

 
Figure 5.  Ratio of heat dissipation rate vs. lateral spacing with variable fin 
thermal conductivity 

Fig. 5 shows that RQF heavily depends on Sy . The figure 
also indicates that RQF values which is closely related to the 
optimum perforation dimension bo  are strong relation of 
the spacing Sy . In this region, the ratio RQF attains maxi-
mum value and then decreases as Sy  increases. This means 
that there is an optimum associated value of Sy  which is 
abbreviated as Syo . Syo  values strongly depend on the fin 
thickness and its thermal conductivity. The approximate 
values of Syo  can be obtained graphically as shown in Fig. 
5. The approximate values of Syo  are plotted in Fig. 6. This 
figure shows that Syo  decreases as fin thermal conductivity 
and its thickness increase. 

 
Figure 6.  Optimum lateral spacing vs. thermal conductivity with variable 
fin thickness 

To summarize the advantages of using the perforated fin at 
the optimum values of perforation geometry, the ratios of 
heat dissipation RQF and of weight RWF as functions of the 

fin thickness with variable fin thermal conductivity at the 
optimum perforation dimension bo  and optimum lateral 
spacing Syo  are plotted in figures 6, 7 and 8. These figures 
show that the use of perforations in fins leads to enhance heat 
dissipation and decrease the fin weight. The enhancement 
increases and the weight decreases as the fin thickness and its 
thermal conductivity increases. This means that the use of 
perforated fin leads to enhance heat dissipation rates and at 
the same time leads to decrease in expenditure of fin mate-
rial. 

 
Figure 7.  Ratio of heat dissipation rate (RQF) vs. thermal conductivity at 
( bo  and Syo ) 

 
Figure 8.  Weight ratio (RWF) vs. thermal conductivity at ( bo  and Syo ) 

5. Conclusions 
1. For certain values of rectangular perforation dimension, 

the perforated fin enhances heat transfer. The magnitude of 
enhancement is proportional to the fin thickness and its 
thermal conductivity. 

2. The extent of heat dissipation rate enhancement for 
perforated fins is a complicated function of the fin dimen-
sions, the perforation geometry and the fin thermophysical 
properties. 

3. The gain in heat dissipation rate for the perforated fin is 
a strong function of both the perforation dimension and 
lateral spacing. This function attains a maximum value at a 
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given perforation dimension and spacing called the optimum 
perforation dimension ( bo ), and the optimum spacing ( Syo ) 
respectively. 

4. The perforation of fins enhances heat dissipation rates 
and at the same time decreases the weight of the fin. 
Nomenclature 
A cross sectional area of the fin 

cA  cross sectional area of the perforation 
Ar aspect ratio (Ar = 3) 
Bi Biot number 

b rectangular (b by 3b) perforation dimen-
sion 

h heat transfer coefficient 
k thermal conductivity of fin material 
L fin length 
l unit vector 
Lc  

characteristic length 

N Number of perforations 
Nu average Nusselt number 
Nuc  

average Nusselt number of the inner per-
foration surface 

OA open area of the perforated surface 
OAmax

 
maximum open area of the perforated 
surface 

Ra Rayleigh number 
R ca

 
Rayleigh number of the perforation inner 
lining surface 

ROA ratio of open area 

RQF Ratio of heat dissipation rate of perforated 
fin to that of non-perforated fin 

RWF ratio of the perforated fin weight to that of 
the non-perforated fin 

S perforation spacing 
T temperature 
t fin thickness 
W fin width 
Subscripts and superscripts 
b fin base 
l lower surface of fin 
max maximum 

pc perforation inner surface (within the per-
foration) 

pf perforated fin 

ps remaining solid portion of the perforated 
fin 

sf solid (non-perforated) fin 
ss solid surface 
t fin tip 
u upper surface of fin 
x longitudinal direction or coordinate 

y transverse (lateral) direction with the fin 
width or coordinate 

z transverse (lateral) direction with the fin 
thickness or coordinate 

∞  ambient 
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