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A general optimization design method motivated by constructal theory is proposed for heat exchanger
design in the present paper. The simplified version of this design approach is suggested and the optimi-
zation problem formulations are given. In this method, a global heat exchanger is divided into several sub
heat exchangers in series-and-parallel arrangement. The shell-and-tube heat exchanger is utilized for the
method application, and the Tubular Exchanger Manufacturers Association (TEMA) standards are
rigorously followed for all design parameters, e.g. tube diameter, arrangement, thickness and number.
The fitness function is the total cost of the shell-and-tube heat exchangers, including the investment cost
for initial manufacture and the operational cost involving the power consumption to overcome the fric-
tional pressure loss. A genetic algorithm is applied to minimize the objective function by adjusting
parameters. Three case studies are considered to demonstrate that the new design approach can signif-
icantly reduce the total cost compared to the methods of original design, traditional genetic algorithm
design, and old constructal design.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Shell-and-tube heat exchangers have been broadly utilized in
various industrial fields such as petrochemical engineering, manu-
facture business, and other energy generation, preservation and
conservation systems, due to their structural simplicity, design
flexibility and low cost. According to Master and co-workers, they
account for more than 35–40% of the heat exchangers used in glo-
bal heat transfer processes [1]. Therefore, it is of great importance
to improve the thermal–hydraulic performance, lower the eco-
nomic cost, and reduce the irreversible dissipation as much as pos-
sible. The goal of designing procedure is to determine the most
proper values for relevant variables, i.e. operating variables (e.g.
fluid allocation, temperature, and mass flow rate) and geometric
parameters (e.g. shell length, diameter, and tube arrangement).
The conventional design approach is an iterative procedure based
on past knowledge and the constraints of working conditions, such
as allowable fouling and pressure drops. The final design results
are chosen after a significant amount of trial-and-error design until
the heat transfer capacity, pressure drops, and working longevity
are within the allowable values. This traditional design approach
is not cost-effective due to the lack of evaluation criteria.

In the pursuit of improved designs, considerable efforts [2–42]
for various optimization methodologies have been devoted to opti-
mizing heat transfer processes. Apart from little work on graphical
tool [2,3], most of the research can be divided into two main cate-
gories: evolutionary algorithm optimization method [4–36] and
mathematical programming optimization method [38–42]. These
methods have been well developed and verified from different per-
spectives such as application and implementation of distinctive
evolutionary algorithms [4–11], single-geometric optimization
[12,13], economic cost optimization [14–20], the second law anal-
ysis of thermodynamics [21–25], practical application design [26–
28], and multi-objective optimization [29–35]. According to Rao
[43], the optimization design with respect to the practical engineer
industry can be classified into three main problems, the first of
which is the continuous non-linear programming (CNLP) problem
in which all variables have no restrictions except for value range,
the second of which is the discrete nonlinear programming (DNLP)
problem in which all variables are restricted to adopt only discrete
values, the last of which is the mixed-discrete nonlinear program-
ming problem (MDNLP) in which some variables are limited to
take discrete values only. It is understandable that among them
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Nomenclature

A hydraulic area (m2)
a1 numerical constant (–)
a2 numerical constant (–)
a3 numerical constant (–)
A heat transfer area (m2)
As cross flow area (m2)
B baffle spacing (m)
cp specific heat (kJ kg�1 K�1)
Ci capital cost (€)
CE energy cost (€ KW�1 h�1)
Cl clearance between adjacent tubes (m)
Co annual operating cost (€)
Cod total discounted operating cost (€)
Ctot total cost (€)
di inner heat transfer tube diameter (m)
d0 outer heat transfer tube diameter (m)
De shell-side hydraulic diameter (m)
f friction factor for tube-side (–)
h heat transfer coefficient (W m�2 K�1)
H annual operating time (h/year)
K overall heat transfer coefficient (W m�2 K�1)
K1 numerical constant (–)
L heat transfer tube length (m)
_m mass flow rate (kg s�1)

n tube quantity (–)
n1 numerical constant (–)
ny equipment life (year)
Np parallel heat exchanger number (–)

Ns series heat exchanger number (–)
P pumping power (W)
Pr Prandtl number (–)
Pt tube pitch (m)
Q heat duty (W)
Re Reynolds number (–)
R fouling coefficient (m2 K W�1)
T temperature (K)
vt tube-side fluid velocity (m s�1)

Greek symbols
DTlm log mean temperature difference (K)
DP pressure drop (Pa)
k thermal conductivity (W m�1 K�1)
l dynamic viscosity (Pa s)
q density (kg m�3)
p numerical constant (–)
g pump efficiency (–)

Subscripts
c cold-side
h hot-side
in inlet
out outlet
s shell-side
t tube-side
w tube wall
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MDNLP is the most commonly-encountered case since in real cir-
cumstance some variables can only have discrete values such as
pipe diameter increments (1/8 in), plate or tube bundle quantity
(integer value), and machine or laborer number (integer value).

The publications in the open literature demonstrate that for a
shell-and-tube heat exchanger either evolutionary algorithm opti-
mization method or mathematical programming optimization
method is qualified to resolve design problems. Selbas et al. [14]
utilized a genetic algorithm (GA) for the shell-and-tube heat
exchanger design and their results demonstrated that the approach
has advantages in finding the global minimum heat transfer area
(economic cost), obtaining multiple solutions of the same quality
and providing more flexibility over past design methods. Later,
the particle swarm optimization (PSO) [5], differential evolution
(DE) [6], global sensitivity analysis and harmony search algorithm
(GSA&HSA) [7], artificial bee colony algorithm (ABC) [16], imperial-
ist competitive algorithm (ICA) [17], biogeography-based optimi-
zation algorithm (BBO) [18], quantum particle swarm
optimization approach combining with Zaslavskii chaotic map
sequences (QPSOZ) [8] were used for designing shell-and-tube heat
exchangers. The conventional optimization design method using
evolutionary algorithm has been proved to demonstrate the fol-
lowing advantages: fast convergence with good quality and accu-
rate precision; easy implementation for different problems;
providing a good chance on finding the global optimal; giving the
designer more freedom in the final choice. However, a comparison
of all evolutionary algorithm methods demonstrated that although
the designs may vary from algorithm to algorithm, the differences
between results obtained by using different algorithms are gener-
ally not significant for most case studies [5–8,14–18]. Besides, the
overwhelming majority of the previous efforts on design optimiza-
tion adopted continuous values to determine the mechanical
parameters such as tube diameter, thickness and length. According
to Smith [44], this type of approach provides just a preliminary
specification for heat transfer equipment and the preliminary val-
ues must be corrected eventually to meet the industrial standard
requirements, such as the standards of Tubular Exchanger Manu-
facturers Association (TEMA) [45] for the case of shell-and-tube
heat exchangers. In other words, for the shell-and-tube heat
exchanger optimization design process, a CNLP problem is obliged
to convert into a MDNLP problem regarding to the real situation.

So far, replete of algorithms and programming formulations
have been developed to optimize shell-and-tube heat exchangers.
For the same problem, the optimized values obtained from differ-
ent algorithms or programming methods may differ, but the differ-
ences between those results are generally insignificant, as
demonstrated before. This statement is in full agreement with
the publications in open literature [5–8,14–18]. Both the
evolutionary and mathematical programming methods are capable
of finding the optimal value or approaching extremely close to the
optimal value. It is anticipated that the results and conclusions will
remain the same or only change slightly even though the most
advanced or superior algorithm or programming method is used.
Therefore, in order to reduce economic cost or energy consump-
tion, it is of great significance to explore new design approaches
rather than new algorithm or programming techniques. In this
paper, a general optimization design approach for heat exchangers
motivated by constructal theory is proposed. The problem
formulation is illustrated and rigorously followed by the TEMA
standards. A genetic algorithm is applied to find the optimal
values. Three cases are studied and they demonstrate that the
novel method have the advantages in design optimization and
broad applications on heat exchanger design in comparison to
the existing design methods in the open literature.



Fig. 2. The in-series shell-and-tube heat exchangers.
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2. A constructal theory based method and its application on
heat exchangers design

2.1. Constructal theory and optimization design of heat exchanger

Bejan proposed constructal theory with the statement as fol-
lows: for a finite-size system to persist in time (to live), it must
evolve in such a way that it provides easier access to the imposed
currents that flow through it [46]. It has been used to interpret
some natural phenomena, such as the geometric features of rivers,
clouds, veins and arteries, and trees [47–49]. Also it can be adopted
as an optimization design method for engineering applications,
such as fins of cooling devices, fuel cells, and plate heat exchangers
[50–52]. Replete of research has been conducted in open literature
[53–62]. Bejan [50] applied constructal theory on conducting paths
for cooling a heat generating volume. The results indicate that the
sequence of optimization design has a definite time direction,
which begins with the small element system and proceeds to large
assemblies. The application demonstrates that when the definite
time direction is reversed, i.e. from large elements to small ele-
ments, the tree-like network cannot be achieved.

For a bio or non-bio flow system, constructal theory indicates
that it will morph towards the direction that facilitates flow. Take
a shell-and-tube heat exchanger (an engineering system) as an
example, constructal theory implies that a design (configuration,
flow pattern, geometry) with higher stability, durability and con-
servation can be achieved by increasing the access level of ele-
ments (working fluid, energy) that flow through it. In order to
imitate a ‘‘tree-like network’’ configuration as shown in Fig. 1, Azad
[19] proposed a novel heat exchanger, so-called constructal shell-
and-tube heat exchanger, to maximize the access of the cold stream
to the heat flux of the hot stream and minimize the thermal resis-
tance. For the practical application, a constructal shell-and-tube
heat exchanger is defined as a heat exchanger with two or more
bundles in-series section, the tube quantity of the latter heat
exchanger being twice that of the former heat exchanger, as shown
in Fig. 2. Azad and co-workers used this methodology in optimiza-
tion design using a genetic algorithm, and the results demon-
strated a dramatic total cost reduction compared to the original
design. However, this design method arrays all the heat exchangers
in a series arrangement and requires that the tube number in the
second bundle must be twice that of the first bundle. The two
requirements need to be improved and modified due to the follow-
ing reasons. First, this method yields an impractical design of shel-
l-and-tube heat exchanger with shell length of 0.161 m, shell
diameter of 1.328 m and tube number of 3988. Second, it does
not provide a better solution than the conventional genetic algo-
rithm design method from the economic point of view (a conven-
tional genetic algorithm design method refers to that uses the
genetic algorithm to design a single heat exchanger).
Fig. 1. Tree-shaped structure for a heat ex
Motivated by the above applications of constructal theory, a
heat exchanger optimization design method is proposed. In order
to improve the design of heat exchanger, we utilized the concept
of a constructal shell-and-tube heat exchanger, that the heat
exchanger is split into a series of two shell-and-tube heat exchang-
ers. In this method, a shell-and-tube heat exchanger is divided into
Ns � Np heat exchangers. A certain number of heat exchangers
(quantity: Ns) are displayed in series arrangement, and a certain
number of heat exchanger (quantity: Np) are placed in parallel
arrangement as shown in Fig. 3. The energy is transferred from
hot stream to cold stream through the heat exchanger group. For
the convenience of analysis, the heat exchanger group, which is
restricted by the dotted lines in Figs. 3 and 4, is called global heat
exchanger or global-HE. A global heat exchanger functions as a real
heat exchanger, and each small heat exchanger is called sub heat
exchanger or sub-HE. Unlike the path design optimization for a
cooling volume based on constructal theory, the optimization
design in this method does not have a certain time direction (opti-
mize each sub-HE from small element to large element). By con-
trast, all sub-heat exchangers are optimized simultaneously.
Through this method, the feasible solution domain is expected to
increase since there are more combinations for Ns � Np sub-heat
exchangers rather than one heat exchanger. It should be noticed
that large sub-heat exchanger number accompanies by large local
pressure drop, which increases the pumping cost. The total cost
(investment cost and operational cost) minimization of the glo-
bal-HE which includes Ns � Np sub-HEs was taken as the objective
function. A genetic algorithm was used to optimize the objective
function by adjusting mechanical and flow parameters of each
sub-HE. During the design procedure, the TEMA standards are
changer based on constructal theory.



Fig. 3. The series-and-parallel arranged heat exchangers.
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rigorously followed for each-HE. In order to demonstrate the nov-
elty and improvement of this novel design method, the original
design approach, the traditional genetic algorithm approach, and
the simple constructal design approach proposed by our group
were taken as the reference groups.

2.2. Problem formulation

2.2.1. Series-and-parallel arranged heat exchangers
The sub-HEs are displayed in the series-and-parallel arrange-

ment, as demonstrated in Fig. 3. The optimization model presenta-
tion is illustrated as follows. The goal is to minimize or maximize
the fitness function, which is expressed as:

Minimize=maximize
XNs

i¼1

XNp

j¼1

fijðxÞ x ¼ ½xij;1; xij;2; . . . ; xij;k; . . . ; xij;M�

ð1Þ

The constraints of variables with continuous values are stated as
follows:

xij;kjmin 6 xij;k 6 xij;kjmax ð2Þ

The constraints of variables with discrete values are stated as
follows:

xij;1 2 ½C1;1;C1;2; . . . ;C1;L1 �
xij;2 2 ½C2;1;C2;2; . . . ;C2;L2 �
� � �
xij;k 2 ½Ck;1;Ck;2; . . . ;Ck;Lk

�
� � �
xij;M 2 ½CM;1;CM;2; . . . ;CM;LM �

8>>>>>>>><
>>>>>>>>:

ð3Þ
Other constraints for each sub-HE and the global-HE are stated as
follows:

gijðxÞ
��
min
6 gijðxÞ 6 gijðxÞ

��
max

XNs

i¼1

XNp

j¼1

gijðxÞ
�����
min

6

XNs

i¼1

XNp

j¼1

gijðxÞ 6
XNs

i¼1

XNp

j¼1

gijðxÞ
�����
max

x ¼ xij;1; xij;2; . . . ; xij;k; . . . ; xij;M
� �

8>>>>><
>>>>>:

ð4Þ

The fitness function is expressed as Eq. (1) and set as the total
cost of all sub-HEs in this paper; xij,k is the kth design variable (tube
diameter, fin frequency or plate number) for the ith � jth sub-HE.
For each sub-HE, the lower and upper bounds are expressed in
Eq. (2) for the continuous values and in Eq. (3) for the discrete val-
ues. The constraints of each sub-HE such as maximum pressure
drop, minimum heat transfer capacity and energy conservation,
and the constraints of global-HE such as volume restriction are
expressed in Eq. (4). Ns and Np are the quantities of sub-heat
exchangers in series and parallel respectively; M is the quantity
of input variables for every sub-section. From the above formula-
tion, it should be noticed that the series-and-parallel arranged
HEs design is time-consuming due to complex arrangement pat-
tern, large number of sub-HEs and variables. Therefore, it should
be simplified into two simple forms.

2.2.2. Series-arranged heat exchangers or parallel-arranged heat
exchangers

The previous optimization design method and problem formu-
lation can provide highly general applicability; however, it is extre-
mely time-consuming. From the perspective of resource-saving
and fast convergence, the optimization design method and
problem formulation can be simplified into two special cases:
the series-arranged heat exchangers (when Np = 1), and the



Fig. 4. The simplified heat exchangers design: (a) series-arranged heat exchanger;
(b) parallel-arranged heat exchanger.
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parallel-arranged heat exchangers (when Ns = 1) as shown in Fig. 4.
For a series-arranged or parallel-arranged heat exchangers optimi-
zation problem, the fitness function is stated as follows:

Minimize=maximize
XNs

i¼1

fiðxÞx ¼ xi1; xi2; . . . ; xik; . . . ; xiM
� �

ð5Þ

The constraints of variables with continuous values are stated as
follows:
xikjmin 6 xik 6 xikjmax ð6Þ
The constraints of variables with discrete values are stated as
follows:

xi1 2 ½C1;1;C1;2; . . . ;C1;L1 �
xi2 2 ½C2;1;C2;2; . . . ;C2;L2 �
� � �
xik 2 ½Ck;1;Ck;2; . . . ;Ck;Lk

�
� � �
xiM 2 ½CM;1;CM;2; . . . ;CM;LM �

8>>>>>>>><
>>>>>>>>:

ð7Þ

Other constraints for each sub-HE and the global-HE are stated as
follows:

giðxÞjmin 6 giðxÞ 6 giðxÞjmaxXN

i¼1

giðxÞ
�����

min

6

XN

i¼1

giðxÞ 6
XN

i¼1

giðxÞ
�����
max

x ¼ xi1; xi2; . . . ; xik; . . . ; xiM
� �

8>>>><
>>>>:

ð8Þ
The fitness function is expressed as Eq. (5) and set as the total cost
of all sub-HEs in this paper. xik is the kth design variable (tube diam-
eter, fin frequency or plate number) for the ith heat exchanger. For
each sub-HE, the lower and upper bounds are expressed in Eq. (6)
for the continuous values and in Eq. (7) for the discrete values.
The constraints of each sub-HE such as maximum pressure drop,
minimum heat transfer capacity and energy conservation, and the
constraints of global-HE such as volume restriction are expressed
in Eq. (8). N is the quantity of sub-heat exchangers, and M is the
quantity of input variables for every sub-section. It should be
noticed that although all sub-HEs in Figs. 3 and 4 are counter-flow
HEs, the proposed optimization design method is also applicable for
heat exchangers with other flow pattern.
3. Application

3.1. Optimization approach

Holland [63] first proposed the principles of GA conceived from
the mechanism of natural selection in a competitive environment.
The GA, as one of the family of evolutionary algorithms (EA), is rou-
tinely applied for optimization and search problems in engineering
design. The GA starts with an initial population of design candi-
dates that represents ‘‘parents’’ to generate ‘‘offspring’’ with shared
attributes from their parents. Then the most fit of the offspring par-
ent another generation. As this process is repeated, complex com-
binations in the design space arise, and the best designs are
retained. The process continues until the appearance of an individ-
ual with a predefined target fitness, or until a limiting generation is
reached. For the optimization design procedure, the operational
and geometric variables, objective function and each design solu-
tion are analogous to chromosomes, fitness values and individual.
The flow chart of optimization design for a heat exchanger based
on GA is presented in Fig. 5. For the readers’ convenience, more
information of GA utilization in heat transfer problems could be
found in [36]. The optimization was performed on a computer with
Intel Xeon CPU E5630 of 2.53 GHz and 14.00 GB of RAM using the
genetic algorithm optimization toolbox ga solver in MATLAB. For
Fig. 5. Flow chart of the genetic algorithm using the total cost as objective function.
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the genetic algorithm parameters setting, the initial population,
maximum generation and mutation probability were set to 50,
500 and 0.3265, respectively. It should be noticed that other evolu-
tionary algorithms (GA, PSO, ABC, BBO, QPSOZ and so on) could be
easily utilized in the novel design approach.

3.2. Heat transfer, pressure drop and economic calculations

The energy balance equation for a shell-and-tube heat exchan-
ger is shown in Eq. (9):

Q ¼ ð _mcpÞt Tt;i � Tt;o
� �

¼ ð _mcpÞsðTs;o � Ts;iÞ ð9Þ

where Q is the heat duty, _m is the mass flow rate, cp is the specific
heat capacity, T is the temperature, the subscripts t and s stand for
the tube-side and shell-side, respectively; and the subscripts i and o
stand for the inlet and outlet of tube or shell side, respectively. The
shell inner diameter is calculated as:

Ds ¼
n

K1

	 
1=n1

� do ð10Þ

where n is the tube number, do is the tube outer diameter, K1 and n1

are coefficients taken according to the arrangement and passes
number of the tubes, which can be found in [54]. The tube pitch
and inner diameter are calculated as follows [64]:

Pt ¼ 1:25do ð11Þ
di ¼ do � 2t ð12Þ

where t is the tube-wall thickness. The heat transfer area is calcu-
lated as:

A ¼ Q
KDTlmF

ð13Þ

where A is the heat transfer area based on the outer diameter of the
tube, DTlm is the logarithmic mean temperature difference (LMTD),
F is the correction factor for LMTD according to the equipment
architecture [65], and K is the overall heat transfer coefficient based
on the outer diameter of the tube. The LMTD and F are computed
through Eqs. (14) and (15), respectively [66]:

DTlm ¼
ðTs;i � Tt;oÞ � ðTs;o � Tt;iÞ

lnððTs;i � Tt;oÞ=ðTs;o � Tt;iÞÞ
ð14Þ

F ¼

1 tube pass ¼ 1ffiffiffiffiffiffiffiffi
R2þ1
p

R�1 �
ln 1�p

1�PRð Þ

ln
2�PðRþ1�

ffiffiffiffiffiffiffi
R2þ1
p

Þ

2�PðRþ1þ
ffiffiffiffiffiffiffi
R2þ1
p

Þ

� 
 tube pass ¼ even number

8>><
>>:

ð15Þ

where

R ¼ Ts;i � Ts;o

Tt;o � Tt;i
ð16Þ

and

P ¼ Tt;o � Tt;i

Ts;i � Tt;i
ð17Þ

The overall heat transfer coefficient is calculated using [65]:

K ¼ 1
ht

do

di

	 

þ Rt

do

di

	 

þ do lnðdo=diÞ

2kw
þ Rs þ

1
ho

� 
�1

ð18Þ

where ht and hs are the heat transfer coefficients, while Rt and Rs are
fouling coefficients. kw is the thermal conductivity for tube wall at
the bulk mean temperature of fluid. The tube number is calculated
as:

n ¼ A
pdoL

ð19Þ
where L is the tube length. The tube side heat transfer coefficient,
based on an assumption of turbulent, fully developed flow, is calcu-
lated using Eq. (20) [65]:

ht ¼ 0:023
kt

di
Re0:8

t Pr
1
3
t

lt

ltw

	 
0:14

ð20Þ

where lt is the fluid dynamic viscosity at the bulk temperature of
tube-side Tb,t, and ltw is fluid dynamic viscosity at the inner tube
wall temperature Ttw, which can be estimated through Eq. (21) [64]:

htðTtw � Tb;tÞ ¼ KðTb;s � Tb;tÞ ð21Þ

where Tb,s is the fluid bulk temperature of shell-side flow. The Rey-
nolds number for the tube-side flow is calculated using:

Ret ¼
qtmtdi

lt
ð22Þ

The tube-side fluid velocity is calculated as:

mt ¼
Npass

n
¼

_mt

pðd2
i =4Þqt

ð23Þ

where Npass is the tube pass number. Kern’s method is utilized to
calculate the shell-side heat transfer coefficient expressed in Eq.
(24) [66]:

hs ¼ 0:36
ks

De
Re0:55

s Pr
1
3
s

ls

lsw

	 
0:14

ð24Þ

where De is the shell-side hydraulic diameter, ls is the dynamic vis-
cosity coefficient at the bulk temperature of shell-side fluid, while
lsw is the dynamic viscosity coefficient at outer tube wall tempera-
ture, which can be estimated through Eq. (25) [64]:

hsðTb;s � TtwÞ ¼ KðTb;s � Tb;tÞ ð25Þ

The shell-side hydraulic diameter and Reynolds number are cal-
culated by Eqs. (26) and (27), respectively [64,66]:

F ¼
4 P2

t �pd2
o=4ð Þ

pdo
for square arrangement

4 P2
t =2�0:87Pt� 0:5pd2

o=4ð Þð Þ
pdo

for triangle arrangement

8><
>: ð26Þ

Res ¼
_ms � De

ls � As
ð27Þ

where B is the baffle spacing, As is the cross area of fluid flow which
is calculated as below [64,66]:

As ¼
Ds � BðPt � doÞ

Pt
ð28Þ

The tube-side pressure drop can be obtained through Eq. (29)
[64]:

DPt ¼ Npass 4f t
L
di
þ 2:5

	 

qtm2

t

2
ð29Þ

Here, ft is the friction factor for turbulent tube flow that is
expressed in Eq. (30):

Ft ¼ 0:046ðRetÞ�0:2 ð30Þ

The shell-side pressure drop is calculated by Eq. (31) [67]:

DPs ¼ fs �
qsm2

s

2

	 

� L

B

	 

� Ds

De

	 

ð31Þ

where fs is the friction factor for shell-side which is expressed in Eq.
(32):

fs ¼ 2boRe�0:15
s ð32Þ

where bo = 0.72 [67] is valid for Res < 40,000. The total power con-
sumption is calculated through Eq. (33) [68]:



Fig. 6. Comparisons of investment cost, pumping cost and total cost for different
design values: (a) the first case study; (b) the second case study; (c) the third case
study.
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Table 1
Case studies specifications [64,66].

Fluid allocation Case study #1 Case s

Shell Tube Shell

Methanol Sea water Kerose

Mass flow (kg/s) 27.80 68.90 5.52
T input (�C) 95.0 25.0 199.0
T output (�C) 40.0 40.0 93.3
q (kg/m3) 750 995 850
Cp (kJ/kg K) 2.84 4.20 2.47
l (Pa s) 0.00034 0.00080 0.0004
k (W/m K) 0.19 0.59 0.13
Rfouling (m2 K/W) 0.00033 0.00020 0.0006
P ¼ 1
g

_ms

qs
DPs þ

_mt

qt
DPt

	 

ð33Þ

Here g is the pump efficiency and we give it a constant of 0.7.
The total cost is obtained through Eq. (34) [65]:

Ctot ¼ Ci þ Cod ð34Þ

where Ci and Cod are the capital investment cost and the total dis-
counted operating cost [69] which can be calculated through Eqs.
(35) and (36), respectively.

Ci ¼ a1 þ a2Aa3 ð35Þ

Cod ¼
Xmy

k¼1

Co

ð1þ iÞk
ð36Þ

Here, a1 = 8000, a2 = 259.2 and a3 = 0.91 for shell-and-tube heat
exchangers made of stainless steel [69]. i is the fractional interest
rate per year which is set as 10% and ny is set as 10 years. Co is
the annual operating cost that can be calculated through Eq. (37):

Co ¼ P � CE � H ð37Þ

where CE is the energy cost which is set as 0.12 €/KW h, and H is the
amount of working hours which is set as 7000 h per year.

3.3. Design parameters, constraint conditions and objective function

The objective function for the case studies is the minimization
of total cost including initial investment cost and power consump-
tion cost. The allowable maximum pressure drops for shell-side
and tube-side are both 70,000 Pa. All sub-HEs meet energy conser-
vation, i.e. the energy between hot stream and cold stream is in
balance for each sub-HE. The input parameters (discrete values)
are illustrated as follows according to the TEMA design standards:

1. The tube layout adopts two arrangements (ARR): triangular
arrangement (30�) or square arrangement (90�).

2. The tube passes number (Npass) adopts four discrete values: 1, 2,
4, or 8.

3. The baffle spacing (B) varies from the minimum baffle spacing
of 0.0508 m to the maximum unsupported tube span of
29.5 � d0:75

o where do is in meters.
4. The tube length (L) adopts ten discrete values: 2.438 m,

3.048 m, 3.658 m, 4.877 m, 6.096 m, 7.32 m, 8.53 m, 9.75 m,
10.7 m or 11.58 m.

5. The tube outer diameter (do) adopts seven values: 0.01588 m,
0.01905 m, 0.02223 m, 0.0254 m, 0.03175 m, 0.0381 m or
0.0508 m.

6. The tube wall thickness (t) adopts discrete values based on the
Birmingham Wire Gauge (BWG) according to the recommenda-
tions of TEMA [20]. The optimization problem is written in
another form as follows.
tudy #2 Case study #3

Tube Shell Tube

ne Crude oil Distilled water Raw water

18.80 22.07 35.31
37.8 33.9 23.9
76.7 29.4 26.7
995 995 999
2.05 4.18 4.18

0 0.000358 0.00080 0.00092
0.13 0.62 0.62

1 0.00061 0.00017 0.00017
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7. The sub-HE numbers Ns and Np are larger than 1 and only take
integer values.

The shell-and-tube heat exchanger design optimization prob-
lem formulation is given as follows:

The objective function :
XNs

i¼1

XNp

j¼1

Ctot;ij ARRij;Npassij;Bij;Lij;doij;tij

� �
ð38Þ

Variables constraints :

ARRij 2½30�;90��
Npassij 2 ½1;2;4;8�

0:05086Bij629:5�d0:75
o

Lij¼2
2:438;3:048;3:658;4:877;6:096;
7:32;8:53;9:75;10:7;11:58

� 


Do;ij 2
0:01588;0:01905;0:02223;
0:0254;0:03175;0:0508

� 


tij 2BW G

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

ð39Þ

Other constraints :

DPt;ijðARRij;Npassij;Bij;Lij;doij;tijÞ670;000

DPs;ijðARRij;Npassij;Bij;Lij;doij;tijÞ670;000
mc;in¼mc;out ; mh;in¼mh;out

xh;1þxh;2þ���xh;N p¼1
xc;1þxc;2þ���xc;N p¼1

xh;jmh;in �cph � Th;i�1;j�Th;i;j

� �
¼xc;jmc;in �cpc

�ðTc;i�1;j�Tc;i;jÞ
i¼1;2; . . . ;Ns j¼1;2; . . . ;Np

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

ð40Þ
Table 2
Case study #1: optimal parameters of using three design approaches.

Original values [64] GA values [20] Yang et al. [2

1st part

Sub-units – – 2 Sub-heat e
HEs Series arrang
Intermediate Ts1 = 343 K
Pattern Triangular Triangular Triangular
Tube passes 2 2 1
Shell passes 1 1 1
Ds (m) 0.894 0.8229 0.6519
L (m) 4.748 3.658 3.658
B (m) 0.356 0.5 0.777
do (m) 0.020 0.01588 0.01588
Pt (m) 0.025 0.01985 0.01985
t (m) 0.002 0.001651 0.001651
Cl (m) 0.005 0.00397 0.00397
Nt 918 1514 911
vt (m/s) 0.7507 0.7366 0.612
Ret 14939 11523 9575
Prt 5.7 5.7 5.7
ht (W/m2 K) 3878 4008 3456
ft 0.006728 0.007087 0.007354
DPt (Pa) 5880 5800 2060
as (m2) 0.05883 0.08229 0.1013
De (m) 0.0142 0.01128 0.01128
vs (m/s) 0.6301 0.4504 0.3659
Res 19739 11203 9101
Prs 5.082 5.082 5.082
hs (W/m2 K) 1903 1755 1565
fs 0.3266 0.3556 0.3669
DPs (Pa) 37733 14445 5013
U (W/m2 K) 634.3 628.6 584.8
A (m2) 273.7 276.1 166.1
Ci (€) 50,812 51,159 44,839
Co (€) 2167 1124 917.2
Cod (€) 13,315 6909 5636
Ctotal (€) 64,127 58,069 50,475
4. Results and discussion

Three case studies [64,66] were undertaken to further explore
the relative advantages and disadvantages of the design
approaches. The characteristics of three shell-and-tube heat
exchangers are given in Table 1. Four different design values are
compared, which are original design values, conventional GA
design values, conventional constructal design values, and novel
constructal design values. It should be noted that the conventional
constructal design values [19] were obtained by using one of the
simplified optimization design methods in this work.

Case study #1: methanol-brackish water heat exchanger. This
case study was taken from [64]. The original design is a heat
exchanger with two tube-side passes (triangular arrangement)
and one shell-side pass. The same architecture was used in the
conventional GA approach. Different designs are compared in
Fig. 6 and Table 2. Quantitatively, the total cost for the four various
results is 64127 €, 58069 €, 50475 €, and 49297 €, respectively. The
heat exchanger number Ns is 1 and Np is 2. The constructal design
method proposed previously in the work, solved the design process
with a dramatic economic cost reduction up to 23% compared to
the original design. For the new design method, the global
optimum (the minimum cost) is achieved using two sub-heat
exchangers in parallel arrangement, instead of series arrangement
which is obtained from the traditional constructal method pro-
posed in [19].

Case study #2: kerosene-crude oil heat exchanger. This case
study was taken from [66]. The original design assumed a heat
exchanger with four tube-side passes (square arrangement) and
one shell-side pass. The four different methods are compared in
0] Present values

2nd part 1st part 2nd part

xchangers 2 Sub-heat exchangers
ement Parallel arrangement

xs1 = 0.3948 xs2 = 0.6052
Triangular Triangular Triangular
1 1 1
1 1 1
0.5115 0.3863 0.4719
2.438 6.096 6.096
0.768 0.466 0.5892
0.01588 0.1588 0.1588
0.01985 0.1985 0.1985
0.001651 0.001651 0.001651
0.00397 0.00397 0.00397
542 297 456
1.029 0.7412 0.74
16093 11595 11577
5.7 5.7 5.7
5236 4028 4023
0.006629 0.007078 0.00708
4022 4432 4420
0.07857 0.036 0.05561
0.01128 0.01128 0.01128
0.4717 0.4065 0.4034
11734 10110 10034
5.082 5.082 5.082
1800 1663 1656
0.3531 0.3611 0.3615
4245 10024 9552
665.5 617 615.9
65.9 90.25 138.6

44,377
800.9
4921
49,297



Table 3
Case study #2: optimal parameters of using three design approaches.

Original values [66] GA values [20] Yang et al. [20] Present values

1st part 2nd part 1st part 2nd part

Sub-units – – 2 Sub-heat exchangers 2 Sub-heat exchangers
HEs Series arrangement Series arrangement
Intermediate Ts1 = 436.4 K Ts1 = 436.6 K
Pattern Square Square Triangular Triangular Triangular Triangular
Tube passes 4 4 1 1 1 1
Shell passes 1 1 1 1 1 1
Ds (m) 0.539 0.765 0.2901 0.2932 0.2924 0.2881
L (m) 5.983 2.438 6.096 3.048 6.096 3.048
B (m) 0.127 0.138 0.304 0.367 0.3321 0.3069
do (m) 0.025 0.01905 0.01588 0.01905 0.01588 0.01905
Pt (m) 0.031 0.0238125 0.01985 0.0238125 0.01985 0.0238125
t (m) 0.0025 0.001651 0.001651 0.001651 0.001651 0.001651
Cl (m) 0.006 0.0047625 0.00397 0.0047625 0.00397 0.0047625
Nt 158 673 161 111 164 107
vt (m/s) 1.523 0.5768 0.9461 0.9120 0.9299 0.9468
Ret 8468 2525 3308 3901 3251 4051
Prt 56.45 56.45 56.45 56.45 56.45 56.45
ht (W/m2 K) 1086 524.1 814.4 759.5 803.2 782.6
ft 0.007537 0.009601 0.009096 0.008801 0.009128 0.008735
DPt (Pa) 53,195 5594 8965 3920 8686 4202
as (m2) 0.01344 0.02111 0.01764 0.02152 0.01942 0.01768
De (m) 0.02469 0.01881 0.01128 0.01353 0.01128 0.01353
vs (m/s) 0.4831 0.3076 0.3682 0.3018 0.3344 0.3672
Res 25344 12294 8823 8674 8011 10556
Prs 7.6 7.6 7.6 7.6 7.6 7.6
hs (W/m2 K) 978.9 862.9 1199 990.6 1137 1104
fs 0.3146 0.3507 0.3686 0.3695 0.3739 0.3588
DPs (Pa) 25344 10134 10954 2575 8455 4352
U (W/m2 K) 268.1 202.6 257.2 241.6 252.9 250.7
A (m2) 74.21 98.18 48.87 20.31 49.71 19.57
Ci (€) 21,054 24,842 20,247 20,263
Co (€) 1452 205.8 397.6 392
Cod (€) 8920 1265 2443 2409
Ctotal (€) 29,974 26,106 22,690 22,672
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Fig. 6 and Table 3. Quantitatively, the total cost for different design
methods is 29974 €, 26106 €, 22690 €, and 22672 €, respectively.
The heat exchanger number Ns is 2 and Np is 1. For the novel design
approach, the total cost is decreased by 24.4% compared to the ori-
ginal values. The minimum total cost is obtained by the case of two
sub-heat exchangers in series arrangement, the same with the
results obtained from the old constructal method.

Case study #3: distilled water-raw water heat exchanger. This
case study was also taken from [66]. The original design assumed
a heat exchanger with two tube-side passes (triangular arrange-
ment) and one shell-side pass. As shown in Fig. 6 and Table 4,
the total cost of shell-and-tube heat exchanger for the original
design, traditional GA design, simplified constructal design, and
the global constructal design is 49751 €, 23386 €, 23353 €, and
22950 €, respectively. The heat exchanger number Ns is 1 and Np

is 2. The global constructal design method proposed in the present
work can achieve a dramatic economic cost reduction up to 53.9%
compared to the original design method. The minimum economic
cost is 22950 € in the case of two sub-HEs in parallel, not in series
obtained from [19].

For the three case studies of shell-and-tube heat exchange opti-
mization design in the present work, there are five variables to
decide according to the TEMA standards: two tube arrangements,
four tube pass numbers, ten tube lengths, seven outer tube diam-
eters and several tube wall thicknesses for different diameters.
The five variables consist of 1360 design solutions. However, by
the utilization of the constructal design method in this paper, the
combination adds up to 1360Ns�Np (Ns P 1, Np P 1) solutions as
the number of heat exchangers in series arrangement and parallel
arrangement is Ns and Np, respectively. On the other hand, when
the simplified constructal design method is applied, the solution
number is either 1360Ns or 1360Np . Although part of solution
domain is invalid due to the constraint conditions, i.e. maximum
pressure allowance, minimum heat transfer capacity, local energy
conservation of each sub-HE and global energy conservation, the
feasible domain is still extended compared to the traditional meth-
ods. It should be noted that either the old or the new constructal
method has a higher possibility on finding the global optimum
than the other. In fact, both methods are capable of finding or
approaching the global optimum by using the genetic algorithm
or other evolutionary algorithms. It is the various solution domains
of the two optimization methods that cause the difference between
the values of the two design methods. From the analyses of the
above three cases, it is concluded the constructal theory-based
optimization design method proposed in the work has an obvious
advantage in solving the MDNLP problems. It achieves a dramatic
cost reduction compared to the past design methods by expanding
the feasible solution domain. In addition, it can be converted to the
simplified versions according to real design circumstance. More
importantly, the present design methodology can be easily imple-
mented in many other engineering fields such as plate-fin heat
exchangers, tube-fin heat exchangers, and brazed plate heat
exchangers as they contain large discrete variables (e.g. herring-
bone angle, tube diameter increment, and plate quantity).
5. Conclusion

In this paper, an optimization design method based on con-
structal theory is proposed for heat exchanger application. The
novel design adopts the perception that divides a whole heat
exchanger into several sub heat exchangers, arranges sub-HEs in



Table 4
Case study #3: optimal parameters of using three design approaches.

Original values [66] GA values [20] Yang et al. [20] Present values

1st part 2nd part 1st part 2nd part

Sub-units – – 2 Sub-heat exchangers 2 Sub-heat exchangers
HEs Series arrangement Parallel arrangement
Intermediate Ts1 = 305.5 K xs1 = 0.5353 xs2 = 0.4647
Pattern Triangular Triangular Triangular Triangular Triangular Triangular
Tube passes 2 2 1 1 1 1
Shell passes 1 1 1 1 1 1
Ds (m) 0.387 0.5368 0.4576 0.3203 0.3273 0.2727
L (m) 5.904 2.438 2.438 2.438 4.877 8.53
B (m) 0.305 0.580 0.807 0.817 0.6095 0.5924
do (m) 0.019 0.01588 0.01588 0.01905 0.01905 0.02540
Pt (m) 0.023 0.01985 0.01985 0.0238125 0.0238125 0.03175
t (m) 0.0019 0.001651 0.001651 0.001651 0.001829 0.001829
Cl (m) 0.004 0.00397 0.00397 0.0047625 0.0047625 0.00635
Nt 160 590 427 135 141 52
vt (m/s) 2.436 0.9651 0.6665 1.349 0.7248 0.8550
Ret 40207 13181 9103 23066 12114 20185
Prt 6.2 6.2 6.2 6.2 6.2 6.2
ht (W/m2 K) 9799 4852 3608 6063 3706 3947
ft 0.005519 0.006899 0.007429 0.006168 0.007016 0.006335
DPt (Pa) 65657 7303 1832 5740 2990 4540
as (m2) 0.0217 0.06227 0.07386 0.05233 0.0399 0.03231
De (m) 0.01349 0.01128 0.01128 0.01353 0.01353 0.01804
vs (m/s) 1.022 0.3562 0.3003 0.4239 0.2976 0.3190
Res 17155 4995 4211 7131 0.00017 0.00017
Prs 5.4 5.4 5.4 5.4 5.4 5.4
hs (W/m2 K) 6186 3755 3418 3807 3136 2863
fs 0.3336 0.4014 0.4118 0.3805 0.4013 0.3803
DPs (Pa) 88520 5071 2264 2401 3423 4190
U (W/m2 K) 1230 966.6 869.2 1043 855.7 873
A (m2) 56.35 71.71 51.87 19.61 76.16 41.14
Ci (€) 18,162 20,653 20,617 21,365
Co (€) 5141 444.7 445.3 257.9
Cod (€) 31,589 2733 2736 1585
Ctotal (€) 49,751 23,386 23,353 22,950
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a certain pattern, and then optimizes sub-HEs simultaneously. A
genetic algorithm is used to optimize the parameters of each
sub-HE. The total cost minimization of all sub shell-and-tube
exchangers is set as the objective function. The main conclusions
are as follows:

1. A heat exchanger design approach motivated by constructal
theory is proposed and simplified. The problem formulations
for both non-simplified and simplified methods are given. The
successful applications of shell-and-tube heat exchangers dem-
onstrate potential applicability in other engineering fields.

2. Three cases studies with the TEMA standards imposing a dis-
crete parameter space were considered to compare the results
obtained by the original, the conventional GA, the old construc-
tal, and the new constructal values. The results demonstrated
that the novel design approach has a great advantage in solving
the MDNLP problem and reduces total cost compared to the
other methods.

Conflict of Interest

We wish to draw the attention of the Editor to the following
facts which may be considered as potential conflicts of interest
and to significant financial contributions to this work.

We confirm that the manuscript has been read and approved by
all named authors and that there are no other persons who satis-
fied the criteria for authorship but are not listed. We further con-
firm that the order of authors listed in the manuscript has been
approved by all of us.

We confirm that we have given due consideration to the protec-
tion of intellectual property associated with this work and that
there are no impediments to publication, including the timing of
publication, with respect to intellectual property. In so doing we
confirm that we have followed the regulations of our institutions
concerning intellectual property.

We understand that the Corresponding Author is the sole con-
tact for the Editorial process (Including Editorial Manager and
direct communications with the office). He is responsible for com-
municating with the other authors about progress, submissions of
revisions and final approval of proofs. We confirm that we have
provided a current, correct email address which is accessible by
the Corresponding Author and which has been configured to accept
email from w_liu@hust.edu.cn.
Acknowledgments

This work is supported by the National Natural Science Founda-
tion of China (No. 51036003) and the National Key Basic Research
Development Program of China (No. 2013CB228302) and the China
Scholarship Council.
References

[1] B.I. Master, K.S. Chunangad, V. Pushpanathan, Fouling mitigation using
helixchanger heat exchangers, in: Proceedings of the ECI Conference on Heat
Exchanger Fouling and Cleaning: Fundamentals and Applications, Santa Fe,
USA, 2003, pp. 317–322.

[2] K. Muralikrishna, U.V. Shenoy, Heat exchanger design targets for minimum
area and cost, Trans. IChemE A Chem. Eng. Res. Des. 78 (2000) 161–167.

[3] M. Picón-Núñez, G.T. Polley, G. Martínez-Rodríguez, Graphical tool for the
preliminary design of compact heat exchangers, Appl. Therm. Eng. 61 (2013)
36–43.

[4] P.D. Chaudhuri, U.M. Diwekar, An automated approach for the optimal design
of heat exchangers, Ind. Eng. Chem. Res. 36 (1997) 3685–3693.

http://refhub.elsevier.com/S0017-9310(14)00518-3/h0010
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0010
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0015
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0015
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0015
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0020
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0020


1154 J. Yang et al. / International Journal of Heat and Mass Transfer 77 (2014) 1144–1154
[5] V.K. Patel, R.V. Rao, Design optimization of shell-and-tube heat exchanger
using particle swarm optimization technique, Appl. Therm. Eng. 30 (2010)
1417–1425.

[6] B.V. Babu, S.A. Munawar, Differential evolution strategies for optimal design of
shell-and-tube heat exchangers, Chem. Eng. Sci. 62 (2007) 3720–3739.

[7] M. Fesanghary, E. Damangir, I. Soleimani, Design optimization of shell and tube
heat exchangers using global sensitivity analysis and harmony search
algorithm, Appl. Therm. Eng. 29 (2009) 1026–1031.

[8] V.C. Mariani, A.R.K. Duck, F.A. Guerra, L.S. Coelho, R.V. Rao, A chaotic quantum-
behaved particle swarm approach applied to optimization of heat exchangers,
Appl. Therm. Eng. 42 (2012) 119–128.

[9] M.A.S.S. Ravagnani, A.P. Silva, E.C. Biscaia, J.A. Caballero, Optimal design of
shell-and-tube heat exchangers using particle swarm optimization, Ind. Eng.
Chem. Res. 48 (2009) 2927–2935.

[10] J.M. Ponce-Ortega, M. Serna-González, A. Jiménez-Gutiérrez, Use of genetic
algorithms for the optimal design of shell-and-tube heat exchangers, Appl.
Therm. Eng. 29 (2009) 203–209.

[11] M. Ghazi, P. Ahmadi, A.F. Sotoodeh, A. Taherkhani, Modeling and thermo-
economic optimization of heat recovery heat exchangers using a multimodal
genetic algorithm, Energy Convers. Manage. 58 (2012) 149–156.

[12] B.K. Soltan, M.S. Avval, E. Damangir, Minimizing capital and operating costs of
shell and tube heat condensers using optimum baffle spacing, Appl. Therm.
Eng. 24 (2004) 2801–2810.

[13] D. Eryener, Thermoeconomic optimization of baffle spacing for shell and tube
heat exchangers, Energy Convers. Manage. 47 (2006) 1478–1489.

[14] R. Selbas, O. Kizilkan, M. Reppich, A new design approach for shell-and-tube
heat exchangers using genetic algorithms from economic point of view, Chem.
Eng. Process. 45 (2006) 268–275.

[15] A.C. Caputo, P.M. Pelagagge, P. Salini, Heat exchanger design based on
economic optimization, Appl. Therm. Eng. 28 (2008) 1151–1159.

[16] A.S. Sahin, B. Kilic, U. Kilic, Design and economic optimization of shell and tube
heat exchangers using artificial bee colony (ABC) algorithm, Energy Convers.
Manage. 52 (2011) 3356–3362.

[17] A. Hadidi, M. Hadidi, A. Nazari, A new design approach for shell-and-tube heat
exchangers using imperialist competitive algorithm (ICA) from economic point
of view, Energy Convers. Manage. 67 (2013) 66–74.

[18] A. Hadidi, A. Nazari, Design and economic optimization of shell-and-tube heat
exchangers using biogeography-based (BBO) algorithm, Appl. Therm. Eng. 51
(2013) 1263–1272.

[19] A.V. Azad, M. Amidpour, Economic optimization of shell and tube heat
exchanger based on constructal theory, Energy 36 (2011) 1087–1096.

[20] J. Yang, A.W. Fan, W. Liu, A.M. Jacobi, Optimization of shell-and-tube heat
exchangers conforming to TEMA standards with designs motivated by
constructal theory, Energy Convers. Manage. 78 (2014) 468–476.

[21] Y. Özçelik, Exergetic optimization of shell and tube heat exchangers using a
genetic based algorithm, Appl. Therm. Eng. 27 (2007) 1849–1856.

[22] J.F. Guo, L. Cheng, M.T. Xu, Optimization design of shell-and-tube heat
exchanger by entropy generation minimization and genetic algorithm, Appl.
Therm. Eng. 29 (2009) 2954–2960.

[23] J.F. Guo, M.T. Xu, L. Cheng, The application of field synergy number in shell-and-
tube heat exchanger optimization design, Appl. Energy 86 (2009) 2079–2087.

[24] J.F. Guo, M.T. Xu, The application of entransy dissipation theory in
optimization design of heat exchanger, Appl. Therm. Eng. 36 (2012) 227–235.

[25] Q. Chen, Enstrasy dissipation-based thermal resistance method for heat
exchanger performance design and optimization, Int. J. Heat Mass Transfer
60 (2013) 156–162.

[26] P. Wildi-Tremblay, L. Gosselin, Minimizing shell-and-tube heat exchanger cost
with genetic algorithms and considering maintenance, Int. J. Energy Res. 31
(2007) 867–885.

[27] B. Allen, L. Gosselin, Optimal geometry and flow arrangement for minimizing
the cost of shell-and-tube condensers, Int. J. Energy Res. 32 (2008) 958–969.

[28] Y. Li, X.M. Jiang, X.Y. Huang, J.G. Jia, J.H. Tong, Optimization of high-pressure
shell-and-tube heat exchanger for syngas cooling in an IGCC, Int. J. Heat Mass
Transfer 53 (2010) 4543–4551.

[29] A. Agarwal, S.K. Gupta, Jumping gene adaptations of NSGA-II and their use in
multi-objective optimal design of shell and tube heat exchangers, Chem. Eng.
Res. Des. 86 (2008) 123–139.

[30] S. Sanaye, H. Hajabdollahi, Multi-objective optimization of shell and tube heat
exchangers, Appl. Therm. Eng. 30 (2010) 1937–1945.

[31] S. Fettaka, J. Thibault, Y. Gupta, Design of shell-and-tube heat exchangers using
multiobjective optimization, Int. J. Heat Mass Transfer 60 (2013) 343–354.

[32] R.V. Rao, V. Patel, Multi-objective optimization of heat exchangers using a
modified teaching–learning-based optimization algorithm, Appl. Math. Model.
37 (2013) 1147–1162.

[33] A. Gomez, L. Pibouleau, C. Azzaro-Pantel, S. Domenech, C. Latge, D.
Haubensack, Multiobjective genetic algorithm strategies for electricity
production from generation IV nuclear technology, Energy Convers. Manage.
51 (2010) 859–871.

[34] S. Belanger, L. Gosselin, Multi-objective genetic algorithm optimization of
thermoelectric heat exchanger for waste heat recovery, Int. J. Energy Res. 36
(2012) 632–642.
[35] R. Hilbert, G. Janiga, R. Baron, D. Thévenin, Multi-objective shape optimization
of a heat exchanger using parallel genetic algorithms, Int. J. Heat Mass Transfer
49 (2006) 2567–2577.

[36] L. Gosselin, M. Tye-Gingras, F. Mathieu-Potvin, Review of utilization of genetic
algorithms in heat transfer problems, Int. J. Heat Mass Transfer 52 (2009)
2169–2188.

[37] A.L.H. Costa, E.M. Queiroz, Design optimization of shell-and-tube heat
exchangers, Appl. Therm. Eng. 28 (2008) 1798–1805.

[38] F.T. Mizutani, F.L.P. Pessoa, E.M. Queiroz, Mathematical programming model
for heat-exchanger network synthesis including detailed heat-exchanger
designs. 1. Shell-and-tube heat-exchanger design, Ind. Eng. Chem. Res. 42
(2003) 4009–4018.

[39] M.A.S.S. Ravagnani, J.A. Caballero, A MINLP model for the rigorous design of
shell and tube heat exchangers using the TEMA standards, Trans. IChemE A
Chem. Eng. Res. Des. 85 (2007) 1423–1435.

[40] V.C. Onishi, M.A.S.S. Ravagnani, J.A. Caballero, Mathematical programming
model for heat exchanger design through optimization of partial objectives,
Energy Convers. Manage. 74 (2013) 60–69.

[41] J.M. Ponce-Ortega, M. Serna-Gonzalez, L.I. Salcedo-Estrada, A. Jimenez-
Gutierrez, Minimum-investment design of multiple shell and tube heat
exchangers using a MINLP formulation, Trans. IChemE A Chem. Eng. Res.
Des. 84 (2006) 905–910.

[42] L. Lu, W.J. Cai, Y.S. Chai, L.H. Xie, Global optimization for overall HVAC
systems-Part I problem formulation and analysis, Energy Convers. Manage. 46
(2005) 999–1014.

[43] S.S. Rao, Engineering Optimization, third ed., Wiley, New York, 1996. pp. 687–
706.

[44] R. Smith, Chemical Process Design and Integration, first ed., Wiley, UK, 2005.
[45] TEMA, Standards of The Tubular Exchanger Manufacturers Association, ninth

ed., Tubular Exchanger Manufacturers Association, New York, 2007.
[46] A. Bejan, Advanced Engineering Thermodynamics, second ed., Wiley, New

York, 1997.
[47] A. Bejan, Shape and Structure, from Engineering to Nature, first ed., Cambridge

University Press, Cambridge, 2000.
[48] C.J. Pennycuick, Animal Flight, first ed., Edward Arnold, London, 1976.
[49] H. Tennekes, The Simple Science of Flight, first ed., The MIT Press, Cambridge,

1996.
[50] A. Bejan, Constructal-theory network of conducing paths for cooling a

heat generation volume, Int. J. Heat Mass Transfer 44 (799–811) (1997)
813–816.

[51] J.V.C. Vargas, J.C. Ordonez, A. Bejan, Constructal flow structure for a PEM fuel
cell, Int. J. Heat Mass Transfer 47 (2004) 4177–4193.

[52] V.A.P. Raja, T. Basak, S.K. Das, Heat transfer and fluid flow in a constructal heat
exchanger, in: Proceedings of Fifth International Conference on Enhanced,
Compact and Ultra-Compact Heat Exchangers: Science, Engineering and
Technology, Hoboken, New Jersey, USA, 2005, pp. 147–153.

[53] A. Bejan, S. Lorente, Constructal theory of generation of configuration in nature
and engineering, J. Appl. Phys. 100 (2006) 041301.

[54] A.H. Reis, Constructal theory: from engineering to physics, and how flow
systems develop shape and structure, Appl. Mech. Rev. 59 (2006) 269–282.

[55] A. Bejan, S. Lorente, Design with Constructal Theory, first ed., Wiley, New
Jersey, 2008.

[56] A. Bejan, J.H. Marden, The constructal unification of biological and geophysical
design, Phys. Life Rev. 6 (2009) 85–102.

[57] A. Bejan, S. Lorente, A.F. Miguel, A.H. Reis, Constructal Human Dynamics,
Security and Sustainability, first ed., IOS Press, Amsterdam, 2009.

[58] A. Bejan, S. Lorente, The constructal law and the evolution of design in nature,
Phys. Life Rev. 8 (2011) 209–240.

[59] L.G. Chen, Progress in study on constructal theory and its applications, Sci.
China Ser. E 55 (2012) 802–820.

[60] L.A.O. Rocha, S. Lorente, A. Bejan, Constructal Law and the Unifying Principle of
Design, first ed., Springer, New York, 2013.

[61] A. Bejan, S. Lorente, Constructal law of design and evolution: physics, biology,
technology, and society, J. Appl. Phys. 113 (2013) 151301.

[62] A. Bejan, S. Lorente, D.H. Kang, Constructal design of regenerators, Int. J. Energy
Res. 37 (2013) 1509–1518.

[63] J.H. Holland, Adaptation in Natural and Artificial Systems, second ed.,
University of Michigan Press, Ann Arbor, 1975.

[64] R.K. Sinnot, J.M. Coulson, J.F. Richardson, Coulson and Richardson’s Chemical
Engineering: Chemical Engineering Design, vol. 6, Elsevier, Oxford, 2005.
fourth ed.

[65] R.K. Shah, D.P. Sekulic, Fundamentals of Heat Exchanger Design, Wiley, New
Jersey, 2003.

[66] D.Q. Kern, Process Heat Transfer, first ed., McGraw-Hill, New York, 1950.
[67] M.S. Peters, K.D. Timmerhaus, Plant Design and Economics for Chemical

Engineers, fourth ed., McGraw-Hill, New York, 1991.
[68] G. Towler, R. Sinnott, Chemical Engineering Design: Principle, Practice and

Economics of Plant and Process Design, first ed., Elsevier, Amsterdam, 2008.
[69] M. Taal, I. Bulatov, J. Klemes, P. Stehlik, Cost estimation and energy price

forecast for economic evaluation of retrofit projects, Appl. Therm. Eng. 23
(2003) 1819–1835.

http://refhub.elsevier.com/S0017-9310(14)00518-3/h0025
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0025
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0025
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0030
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0030
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0035
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0035
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0035
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0040
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0040
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0040
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0045
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0045
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0045
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0050
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0050
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0050
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0055
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0055
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0055
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0060
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0060
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0060
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0065
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0065
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0070
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0070
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0070
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0075
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0075
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0080
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0080
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0080
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0085
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0085
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0085
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0090
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0090
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0090
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0095
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0095
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0100
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0100
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0100
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0105
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0105
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0110
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0110
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0110
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0115
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0115
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0120
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0120
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0125
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0125
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0125
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0130
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0130
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0130
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0135
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0135
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0140
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0140
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0140
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0145
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0145
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0145
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0150
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0150
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0155
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0155
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0160
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0160
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0160
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0165
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0165
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0165
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0165
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0170
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0170
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0170
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0175
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0175
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0175
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0180
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0180
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0180
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0185
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0185
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0190
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0190
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0190
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0190
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0195
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0195
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0195
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0200
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0200
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0200
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0205
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0205
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0205
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0205
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0210
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0210
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0210
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0215
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0215
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0215
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0220
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0220
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0230
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0230
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0230
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0235
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0235
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0235
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0240
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0240
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0245
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0245
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0245
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0250
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0250
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0250
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0255
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0255
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0265
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0265
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0270
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0270
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0275
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0275
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0275
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0280
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0280
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0285
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0285
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0285
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0290
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0290
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0295
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0295
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0300
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0300
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0300
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0305
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0305
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0310
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0310
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0315
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0315
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0315
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0350
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0350
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0350
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0350
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0325
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0325
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0325
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0330
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0330
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0335
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0335
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0335
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0340
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0340
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0340
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0345
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0345
http://refhub.elsevier.com/S0017-9310(14)00518-3/h0345

	Optimization of shell-and-tube heat exchangers using a general design approach motivated by constructal theory
	1 Introduction
	2 A constructal theory based method and its application on heat exchangers design
	2.1 Constructal theory and optimization design of heat exchanger
	2.2 Problem formulation
	2.2.1 Series-and-parallel arranged heat exchangers
	2.2.2 Series-arranged heat exchangers or parallel-arranged heat exchangers


	3 Application
	3.1 Optimization approach
	3.2 Heat transfer, pressure drop and economic calculations
	3.3 Design parameters, constraint conditions and objective function

	4 Results and discussion
	5 Conclusion
	Conflict of Interest
	Acknowledgments
	References


