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A B S T R A C T  

 
The main aim of this work is devoted to numerical optimization of fin-pin arrangement in the double pipe 
heat exchanger. For this reason, heat exchanger which is used by Sahiti et al. was studied as an initial 
geometry. Since they did not consider the fin-pin arrangement effects, modification of their model by 
changing the fin arranges and using the Brent’s optimization algorithm based on the thermodynamically 
design concept, would be useful. In this work, by minimizing the entropy generation in constant heat duty 
per length and constant fins diameters D and changing the pin’s longitudinal (SL) and transversal (ST) 
distances, better results have been achieved. Results showed that, in all conditions entropy generation 
number decreased and consequently leads to reduction in pumping power and manufacturing costs. 
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1. INTRODUCTION1 
 
With the arrival of higher priced energy in the 1970’s, 
in addition to restriction of energy resources and 
environmental issues, the push started towards thermal 
efficiency. A push which is now motivated by the need 
to reduce operating and manufacturing costs. Based on 
the broad applications, optimal design of heat 
exchangers has vital importance and directs the 
engineers towards more efficient heat exchangers 
designs. Hence, each method which can bring us closer 
to reach this purpose would be of great interests. 
Deylami et al. [1] studied the influence of variation in 
rib-height to channel-height ratio (e/H) on the heat 
transfer and pressure drop characteristics inside a 
channel with corrugated upper and lower plates. 
Thermodynamic design is a well-established 
optimization method which has been used by some 
scholars. Bruno et al. [2] determined the optimal 
characteristics of peripheral finned-tube heat exchanger 
through a combination of semi-empirical values of heat 
                                                        
*Corresponding Author Email: m.taghilou@tabrizu.ac.ir (M. 
Taghilou) 

transfer and pressure drop with the entropy generation 
minimization theory. By keeping constant the heat load 
and considering two different modes of constant heat 
flux and constant tube wall temperature for boundary 
conditions, they found the optimal characteristics of 
heat exchanger with the minimum entropy generation. 
They also showed that the heat exchanger effectiveness 
is not a suitable performance parameter to evaluate the 
heat exchanger performance, because it would be 
increased monotonically with the NTU and does not 
take into account the fluid pumping power through the 
heat exchanger. Bejan [3, 4] established a method based 
on the second law of thermodynamic by defining a non-
dimensional parameter known as entropy generation 
number. He investigated a heat exchanger with two 
sources of loss, namely heat transfer losses and 
frictional pressure drops. Heat transfer losses arise from 
temperature differences between two media and can be 
reduced by increasing the heat transfer area, but it will 
increase the pressure drops. Any increase in pressure 
drop is consistent with more pumping power and 
magnifies operating cost dramatically. These two losses 
determine the irreversibility level of heat exchanger. 
Theoretical and experimental results of the second law 
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analysis on the heat transfer and flow of a horizontal 
concentric tube heat exchanger are studied by Naphon 
[5]. Naphon investigated the effect of relevant 
parameters on the entropy generation, entropy 
generation number, and energy loss and validated the 
predicted results obtained from the model with the 
experimental data. Narayan et al.[6] minimized entropy 
generation in the simultaneous heat and mass exchange 
devices. Guo et al. [7] have shown that in the shell and 
tube heat exchanger, entropy generation minimization 
for the given heat duty, yields increase in effectiveness 
and decrease in pumping power, but for given flow area, 
despite the increase in pump power, increasing the 
thermal efficiency of heat exchanger would have a more 
effective role in design. Ogulata and Doba [8] 
minimized entropy generation number in cross flow 
heat exchanger by definition of three parameters, called 
optimum flow path length, dimensionless mass velocity 
and dimensionless heat transfer area. Hadidi et al. [9] 
proved that traditional design methods such as genetic 
algorithm, besides being time consuming do not 
guarantee the reach of an economically optimal 
solution. Hence, they reach to the optimal design of 
shell and tube heat exchanger by using ICA2 method. 
Similar work has been done in this regard by Yousefi et 
al. [10]. They utilized seven geometrical parameters to 
optimize flat plate heat exchanger and finally showed 
that ICA can find better results than traditional Genetic 
Algorithms (GA). Giangaspero and Sciubba [11] 
optimized the configuration of the heat exchange 
surfaces in a Solar Rooftile, by the use of the entropy 
generation minimization method. They reported that the 
geometry with pin-fins has the best performance among 
the tested ones. In addition, the optimal pin array shape 
parameters (pitch and span) can be determined by a 
critical analysis of the integrated and local entropy maps 
and of the temperature contours. Ghassabi and Kahrom 
[12] have improved heat transfer efficiency of a 
domestic gas burner by enhancing heat transfer from 
flue gases. They optimized the insert geometry by the 
multi-objective genetic algorithm. Amanifard et al. [13] 
have predicted the optimal design points of forced 
convective heat transfer in tubular arrangements by 
using a multi-objective optimization technique. They 
tried to calculate the most favorable geometric 
characters which may gain to a maximum heat exchange 
as well as a minimum pressure loss. Among all these 
researches, optimization of fin-pin heat exchanger has 
been just investigated by Sahiti et al. [14]. They 
developed an optimization model on the basis of the 
entropy generation minimization, for different flow 
lengths of pin fin heat exchanger and different pin 
length. In their work, the influence of the blade 
arrangement inside a heat exchange was not mentioned. 
                                                        
2 1 Imperialist Competitive Algorithm 

In this paper, optimization of a double pipe pin-fin 
heat exchanger (Figure1a) is investigated by entropy 
generation minimization method, based on the blades 
arrangement. Effective parameters in the performance 
of heat exchangers are mainly classified into two cases. 
First are the geometrical parameters and second are the 
operating conditions (Reynolds number and operating 
temperature). In the current work, by changing the pin’s 
longitudinal (SL) and transversal (ST) distances (Figure  
1b), at the fixed heat duty and pin diameter (D), 
minimization of entropy generation leads to better 
results with respect to Sahiti et al. [14]. 

 
 

2. PROBLEM DEFINITION 
 
The double pipe heat exchanger considered in this paper 
is the one used by Sahiti et al. [14] in their experimental 
work (Figure 1a). This one is a double pipe heat 
exchanger with the copper inner tube and stainless steel 
outer tube. Also, between the two tubes, pin fins with 
the longitudinal distance of SL=1.5 mm and transversal 
distance of ST =3 are placed (Figure1b). Water flows 
through the inner tube, as hot fluid with 6945=wRe  
and temperature of 76.7 ° C. For cooling the hot water, 
the air with temperature of 21 ° C flows in the opposite 
direction of water flow, between the two tubes. As it is 
shown in Figure 1b, the internal diameter of the outer 
tube is Di=99 mm, the outer diameter of the inner tube 
is do=42.6 mm and the inner diameter of the inner pipe 
is di=33.3 mm.  

It should be noted that the heat duty Q(KW) per 
length of heat exchanger is set to mKWlQ / 1.1/ ≈ . 
 
 
 

 
a 

 
b 

Figure 1. (a) Schematic of double pipe pin fin heat exchanger, 
(b) Pin fin arrangement 
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3. FLUID AND THERMODYNAMICAL ANALYSIS 
 

3. 1. Heat Transfer and Pressure Drop     In the 
current work, the hot fluid (water) flows inside the inner 
tube and the cold fluid (air) flows between the inner and 
outer tube through the fins, and in the opposite direction 
as in Figure 1a. Since the purpose is cooling the hot 
flow, so the heat duty per length considered as a 
constant value ( mKWlQ / 1.1/ ≈ ). There are several 
empirical correlations to predict the heat transfer 
coefficient of internal flows [15]. The most appropriate 
equation to predict the heat transfer rate in the present 
problem ( 6945=wRe ) was found as: 

055.0318.0 )(036.0 l
dPrReNu i

w = (1) 

where, l is the heat exchanger length, id  denotes the 
inside diameter and index w refers to water and wRe is 
defined based on inner pipe diameter. Note that the 
coefficient of 055.0)( l

d i imposes the entrance region 
effects.  

The heat transfer coefficient on the air side is 
defined as a dimensionless parameter as follows: 

a

ha
a k

Dh
Nu = (2) 

In the above equation Dh = Di - do is known as the 
hydraulic diameter, subscript a denotes air, ha is the heat 
transfer coefficient and ka refers to the air conductivity. 
Derivation of the heat transfer coefficient for the long 
pin fin on the air side can be evaluated using analogy of 
the heat transfer in the tube banks [14]. 

b
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A
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where, hup is the heat transfer coefficient of the 
unpinned surface portion, Aup is the unpinned surface 
area portion, Ab indicates bare surface area (the outside 
area of the inner tube with no pins), η is the pin 
efficiency, hp is the heat transfer coefficient of pins and 
Ap is the pin surface area. The heat transfer coefficient 
of the pins will be derived from Nu given by the 
following [16] equatation. 

4
1

0.360.4 )(04.1
w

dd Pr
PrPrReNu = (4) 

Index d indicates that Nu and Re are based on the pin 
diameter. It should be noted here, the accuracy of 
Equation (4) in the case of tube banks and Equation (2) 
for the fin-pin heat exchanger was tested in [14]. It 
guarantees that the predicted Nu values will not exceed 
more than 20%. In order to prognosticate pressure drop 

in the tube banks, the friction factor correlations have 
been used based on the relevant design parameters. 
Several scholars have offered empirical correlations in 
various forms. Gunter and Shaw recommended the 
following correlation to assessing the pressure losses 
quickly without the need for expensive and time 
consuming computations [14]. 
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where, vD  is the hydraulic diameter and f denotes the 
friction factor. 

 
3. 2. Entropy Generation      The first law of 
thermodynamics deals with the quantity of energy, and 
converting it from a mode to another mode, regardless 
of its quality. According to the second law of 
thermodynamics, losses always occur in real cycles 
because of irreversibility. The irreversibility losses in 
heat exchangers are evaluated in terms of entropy 
generation. The entropy generation rate caused by finite 
temperature difference can be written as follows. 
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where, pcm& denotes the heat capacity of the fluid and T 
is the temperature. For an incompressible fluid under 
non-adiabatic condition, the entropy generation rate 
caused by fluid friction is expressed as follows 
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where, P stands for the pressure. The total entropy 
generation rate in heat exchanger can be written as 
follows. 
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The relative importance of the two irreversibility 
mechanisms is described by the irreversibility 
distribution ratioϕ , which is defined as [2] 

Tgen
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ϕ (10) 

The ratio of heat transfer irreversibility to the total 
irreversibility; known as a Bejan number is defined as 
[17]: 
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Based on the second law of  thermodynamics, the  
outlet  temperatures and the total heat  transfer from the  
hot fluid to the cold  fluid can be calculated by the use 
of NTU−ε  method, when the inlet  temperatures of the 
hot and the cold  fluid, mass flow rates of the fluids, 
physical properties of fluids and the type of the heat 
exchanger are specified. Using the definition of heat 
exchanger effectiveness ( ε ), Equation (9) can be 
written as follows [14] 

)]1(
)(
)(

1ln[)( 

ln)]1(1ln[)(

,

,

,

,

,

,

outw

inw

wp

ap
wp

ina

outa
aa

inw

outw
apgen

T
T

cm
cm

cm

P
P

Rm
T
T

cmS

−−+

−−+=

ε

ε

&
&

&

&&&

 (12) 

Despite evaluation of the entropy generation rate is 
worthwhile, it is not a suitable parameter to achieve 
optimum operating condition, itself. In this regard, 
dimensionless form of the entropy generation rate is 
usually used as a measure of the heat exchanger 
irreversibility. The most common form of this number 
called the entropy generation number and defined as 

min)( p

gen
s cm

S
N

&

&
= (13) 

As already mentioned, heat transfer caused by 
temperature difference and pressure drop caused by 
fluid friction, are two factors which are producing 
irreversibility. Heat transfer coefficient increases with 
increasing the Reynolds number, which declines the 
temperature difference between hot and cold fluid in 
constant heat duty. This is the reason of TgenS ∆,

&

reduction with increase of Reynolds number. Any 
increase in the Reynolds number, resulting extra 
pressure drop and it gives higher PgenS ∆,

& . Therefore, the 
Reynolds number has two different effects on the 
amount of entropy generation number, so one can 
expect that for the minimum entropy generation number 
there would be an optimum Reynolds number. Hence, 
the optimum operating conditions occurs when the 
entropy generation number reaches its minimum value. 
In the next section, a full discussion will be presented. 

 
 

4. VALIDATION AND OPYIMIZATION METHOD 
 

To reduce the irreversibility losses in a heat exchanger, 
the entropy generation number throughout the heat 
exchanger should be minimized. For this purpose, 

EES3code is developed using Equations (1)-(13) and the 
entropy generation number computed for various air 
flow rates. Results of this code with the lengths of 200 
to 920 mm have been validated with experimental 
results of reference 11. As can be seen in Figure 2, the 
calculated values for sN  fit well with the values 
reported in [14]. However, in L=200 mm, the results of 
the experimental values are slightly different, which can 
be related to the low number of fins. Because the 
equation which is used to calculate the friction factor is 
assumed to be true for large number of fins. Since one 
of the most important parameters affecting the 
performance of the heat exchanger is geometrical 
dimensions of theheat exchanger, so by changing the 
arrangement of the fins we can minimize the entropy 
generation. It should be noted that any change in the 
longitudinal and transversal pitch of the fins can affect 
the overlapping of them. To avoid pins overlapping, 
dimensionless parameters are introducedas follows: 

22 )2( TL

L
SS
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+
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,πθ
×
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where, outind , is outer diameter of inner pipe and N is the 
number of pins in each section. LCR and θCR  indicate 
longitudinal and transversal compact ratios of pins, 
respectively. Their maximum value is 1 which means 
that the heat exchanger tends to be more compact. 
Therefore, to avoid pins overlapping, two constraints

1CR <L  and 1CR <θ  must be applied simultaneously. 
To determine the minimum value of sN , optimization 
with two degrees of freedom TS  and LS  is considered. 
Using Inverse parabolic interpolation method and the 
Golden section method are common in minimization 
algorithms. In the inverse parabolic interpolation 
method, The formula for the abscissa x that is the 
minimum of a parabola through three points f(a), f(b), 
and f(c) is calculated as follows: 

)]()()[()]()()[(
)]()([)()]()([)(
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Inverse parabolic interpolation method has a second 
order convergence. However, performance is often quite 
poor if we do not start very close to the actual minimum 
point. For instance, if by any chance three of the 
function values f(a), f(b), and f(c) coincide, in which 
case the denominator is zero, the algorithm fails 
completely [18]. Thus, inverse quadratic interpolation is 
seldom used as a stand-alone algorithm. In this paper, 
                                                        
3 Engineering Equation Solver(EES) Software 
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Brent’s method is used to combine inverse parabolic 
interpolation and the Golden section method which is 
linear and stable than inverse parabolic interpolation 
method [19]. In Brent's method, the optimization began 
with the same interval of uncertainty is used with the 
golden section method, but some additional points are 
computed. A quadratic function is then fitted to these 
points and the minimum of the quadratic function is 
computed using Equation (16). 

If this minimum is within the appropriate interval of 
uncertainty, it is used in the next stage of the search and 
a new quadratic approximation is performed. If the 
minimum falls outside the known interval of 
uncertainty, then a step of the golden section search is 
performed. Hence, this algorithm uses both above 
methods advantages and it does not need computation of 
the derivatives. 

 
 

5. RESULTS AND DISCUSSION  
 
Variation of entropy generation number Ns versus the 
air Reynolds number Reair, for L=0.6 (m) is shown in 
Figure 3. Also, note that Reair is evaluated based on 
hydrodynamic diameter of double pipes. As it can be 
seen, by increasing in Reynolds number, entropy 
generation due to the pressure drop continuously grows. 
Pressure entropy generation will grow by increasing the 
Reynolds number which causes the pressure drop along 
the heat exchanger.  (see Equation (8)). This indicates 
that any increase in Reynolds number yields extra 
pumping power. On the other hand, entropy generation 
due to temperature differences decreases with increase 
of Reynolds number. Exergy losses due to heat transfer 
caused by temperature difference emerge on low 
Reynolds numbers, where it is associated with low 
pressure drop losses. Against this fact, at high Reynolds 
numbers it occurs vice versa. So, an optimum Reynolds 
number exists with lowest total entropy generation 
number.Variation of irreversibility distribution ratio and 

Bejan number for several lengths of heat exchanger are 
plotted in Figure 4. 

For further clarity, the results of the five different 
configurations are detailed in two separate figures. Note 
that the results for L=920 mm are presented in both 
figures to facilitate easy comparisons between the 
results of all cases. From Figure 4a, it can be seen that 
in the constant Reynolds number by increasing the 
length of heat exchanger the irreversibility distribution 
ratio will be increased. However, in Figure 4b the effect 
of length is reverse. In other words, in the low length of 
heat exchanger and constant Reynolds number, 
irreversibility distribution ratio decreases and the Bijan 
number increases by increasing heat exchanger length.  

And in lengths greater than a certain value, this 
behavior would be reversed. To elaborate this treatment, 
Figure 5 is presented. In this figure, entropy generation 
values of pressure and temperature are shown separately 
for different lengths. By connecting the intersection of 
each couple of irreversibility in the same length, the 
marginal curve will be obtained. Based on this diagram 
three regions can be considered: temperature dominant 
area, pressure dominant area and marginal curve. Points 
on the marginal curve represent a region with identical 

TgenS ∆,
&  and PgenS ∆,

& . Note that there is a critical Reynolds 

number, which for Re>Recr, PgenS ∆,
& always be greater 

than TgenS ∆,
& . This point confirms that after a certain 

value of Reynolds number and for each length of heat 
exchanger, pressure drop loss is the mainly 
irreversibility reason and temperature difference effect 
will be weak. Results of pin fin heat exchanger 
optimization for constant heat duty are reported in Table 
1. Entropy generation number decreases for all cases in 
this table. This means optimization of current heat 
exchanger leads to decrease in Reynolds number and 
total pin numbers in all heat exchanger’s length. Low 
Reynolds number means a reduction in pumping power 
and fewer number of fins leads to lower construction 
costs.  

  
 

  
Figure 2. Verification of current work with Sahiti et al. [14] Figure 3.Variation in NS as a function of Reair for L=0.6 (m) 
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a b 
Figure4. Variation of irreversibility distribution ratio and Bejan number for several lengths of heat exchanger 

 
 

 
Figure 5. Temperature dominant area, pressure dominant area and marginal curve  

 
 

TABLE1. Optimized values of SL and ST for the current heat exchange 
L 

[mm] 
Q 

[W] 
ST,opt 
[mm] 

SL,opt 

[mm] 
Npin  
[14] 

Npin,opt  current 
work 

Ns  
[14] 

Ns,opt  current 
work 

Reair 
[14] 

Reopt current 
work 

200 221 4.99 2.78 4563 3204 0.00497 0.004706 29046 19898 
400 447 5.22 2.63 9125 6476 0.00837 0.008257 27794 22282 
600 660 4.76 3.26 13688 8588 0.01091 0.010850 23621 17307 
920 998 4.98 2.63 20988 18617 0.01321 0.01320 14440 11703 

 
 

 

6. CONCLUSION  
 

In this paper, numerical optimization of pin fin heat 
exchanger has been studied by the Bejan Method, which 
is based on examining entropy generation number Ns as 
a function of Re number. In addition, Sahiti et al. stated 
that for all investigated flow length, there is an optimal 
Re, which ensures a minimal NS. In this work, it has 
been shown that for each length of heat exchanger, a 
Reynolds number exists with the identical TgenS ∆,

&  and 

PgenS ∆,
&  , and critical Reynolds number was found, which 

for Re>Recr, PgenS ∆,
&  will be greater than

TgenS ∆,
&  (Figure 

4). At the constant heat duty, for each lengths of heat 
exchanger, the optimum state was found and the results 
were reported in Table 1. In all cases, the entropy 
generation number and Reynolds number are lower than 
the results of [14]. This concludes reduction in pumping 
power. Besides reducing the Reynolds number, the 
number of pins used in the heat exchange also declined 
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that finally, this will results in reduced manufacturing 
costs. 
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  چکیده
  

 
منظور مبدل مورد  نیبد. باشد یم يا مبدل دولوله یسوزن يپره ها شیآرا يعدد يساز نهیمقاله به نیا یموضوع اصل

 ریو همکاران به تأث یتیدر کار ساه. مورد مطالعه قرار گرفته است هیو همکاران به عنوان هندسه اول یتیاستفاده توسط ساه
بر  هیها، با تک پره دمانیچ رییها بر اساس تغ رو اصالح مدل آن نیاز ا. نشده است يا شارهمبدالها در داخل  پره دمانینحوه چ

کن گرما  مبادله ریتأث بیعوامل موثر بر ضر. برنت انجام گرفته است تمیو استفاده از الگور یآنتروپ دینمودن تول نهیمفهوم کم
کار با ثابت نگه داشتن  نیدر ا. است يکار يو دما نولدزیعدد ر رینظ يو مشخصات عملکرد یسهند يها ریوابسته به متغ

بهتر  یجیبه نتا ،یآنتروپ دینمودن تول نهیبا کم توان یها، م آن انیم یو عرض  یگام طول رییو تغ Dها  و قطر پره یبار حرارت
 .است يو جار دیتول يها نهیآن کاهش هز جهیکه نت افتیو همکارانش دست  یتیساه جیاز نتا
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