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Abstract

In this study, the optimum design of shell and tube heat exchangers is investigated by applying the entransy dissipation theory and
genetic algorithm method. In fact, this article presents solutions to increase performance of heat exchanger with changes in
geometry, such as the number of tubes, tube diameter, and baffle geometries. According to the second law of thermodynamics,
the most irreversibilities of convective heat transfer processes are due to fluid friction and heat transfer via finite temperature
difference. Entransy dissipations are due to the irreversibilities of convective heat transfer. Therefore, the minimization of them
has been chosen as objective function, and the corresponding problem optimized under the conditions of the constant heat
transfer rate and constant thermal surface. The results show that the single-objective optimization at constant heat transfer rate,
can be improve the performance of heat exchanger significantly and in constant heat transfer area increases the effectiveness, but
it leads to increase of pump power consumption. It is found that, the fluid friction impact is not fully considered when the working
fluid of heat exchanger is liquid in single-objective optimization approach. In order to solving this problem, a multi-objective
optimization approach to heat exchanger design is established.

Nomenclature gar  Number of entransy dissipation caused by thermal
General conduction; (—)
A Surface area; (m*) Gap  Entransy dissipation caused by fluid friction; (J. K)
¢ Specific heat at constant pressure; (J/kg. K) gap  Number of entransy dissipation caused by fluid fric-
c, Specific heat at constant volume; (J/kg. K) tion; (—)
D, Inner diameter of shell; (m) g" Total number of entransy dissipation; (—)
d, Outer diameter of tube; (m) h, Heat transfer coefficient of tube side; (W/m?. K)
E, Entransy; (J. K) hy Heat transfer coefficient of shell side; (W/m?. K)
f Friction factor; (—) K Thermal conduction coefficient; (W/mz. K)
GAor  Entransy dissipation caused by thermal conduction; (J. L, Heat exchanger length; (m)

K) m Mass flow rate; (kg/s)

n Number of tubes; (-)

Nu Nusselt number; (—)
Highlights + The entransy method is used to performance evaluation of 7, Number of baffles; (—)
shell and tube heat exchanger. . NTU Number of transfer units; (—)

* The number of entransy dissipations caused by thermal conduction and S

fluid friction were considered as objectives. Pressure drop of tube side; (kPa)

AP,

« The GA optimization method have been presented to minimization of ~ AP, Pressure drop of shell side; (kPa)
0
U

the total entransy dissipations. Heat transfer rate; (W)
* The optimum performence was happen at minimum thermal entransy Overall heat transfer coefficient; (W, 'm K)

dissipation. )
* The effectiveness of heat exchanger increases about 42% at optimum Pr Prandtl number; (-)
condition. P Pressure; (Pa)
T Temperature; (K)
0< Mahmood Chahartaghi W Pump power consumption; (W)
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0, Central angle of the cutting of the baffles; (rad)
1 Dynamic viscosity; (kg/m. s)

Subscripts

b Dbaffle

¢ (Cold)

h  (Hot)

i (Inlet)

o (Outlet)

s Shell side
t  Tube side
! (Leakage)

1 Introduction

Due to the increase of energy demand and the intense reduc-
tion of fossil fuels such as oil and coal, use energy more
efficiently, leads to saving the resources. Because heat ex-
changers are one of the most important devices in thermal
systems and are widely used in the chemical industry, oil
refineries, power engineering, etc., reducing unnecessary en-
ergy losses and improving the performance of the heat ex-
changer is important.

The performance evaluation criteria of the heat ex-
changer are generally classified into two categories: one
based on the first law of thermodynamics and the other,
based on the combination of the first and second laws of
thermodynamics. In a heat exchanging process through a
heat exchanger usually heat transfer via a limited temper-
ature difference, fluid friction under pressure drop and
mixing of two fluids can be happen. These processes are
considered as irreversible thermodynamic processes.
Thus, in the last decades, the study on the second catego-
ry has attracted a lot of attention. In the following a few
of them have been investigated.

Bejen [1] developed the method of minimizing entropy
generation for the optimal design of heat exchangers. Also,
by identifying the factors of entropy generation, it attempted
to minimize entropy generation. He calculated and evaluated
two types of irreversibilities in heat exchangers as follows:

One is the thermal conduction due to the limited tem-
perature difference and the other is the frictional pressure
drop due to fluid circulation in the system. Therefore, the
overall rate of entropy generation is due to the total en-
tropy generated by the heat conduction and fluid friction.
However, among the various principles in thermodynam-
ics, most investigations are still underway on the principle
of minimizing entropy generation. Accordingly, the meth-
od of minimizing entropy generation is widely used in the
modeling and optimization of thermal systems due to ther-
modynamic defects in heat transfer, mass transfer and ir-
reversible flow of fluids. This shows some contradictions
in the design of heat exchangers [2], because in the design

@ Springer

of heat exchangers, efficiency is very important.
Therefore, the method of entropy generation minimization
is more useful in the processes of conversion heat to
work.

Guo et al. [3] introduced a new concept, by comparing
the electrical and thermal conductivity and establishing a
one-to-one correspondence between thermal and electrical
concepts called “entransy” that describes the ability of
heat transfer of body. On the basis of entransy, the heat
transfer efficiency is defined, and according to the effi-
ciency, the optimal design of the heat exchanger is
discussed. They found that in the irreversible processes,
the entransy is wasted and ability of heat transfer is re-
duced [4]. It means that, the higher entransy losses or
dissipations, implying a higher degree of irreversibility
in the heat transfer processes. Therefore, it can be used
as a benchmark for performance evaluation of heat
exchanger.

Wang et al. [5] extracted the entransy transfer equations,
and studied the entransy transmission processes for multimod-
al viscous fluids that exposed heat transfer, mass transfer, and
chemical reactions. They proposed the entransy and entransy
transfer equation to study heat transfer optimization in engi-
neering applications. In addition, they showed that in combi-
nation with mass, momentum, and energy transfer equations,
by solving the entransy transfer equation, the entransy flux
and entransy dissipation could be illustrated. They used the
entransy transfer equations for convection and conduction
heat transfer mechanisms at steady state condition.

Chen and Ren [6], by considering the ratio of the temper-
ature difference to heat flow, defined a concept called general
thermal resistance for convection heat transfer processes and
developed a theory for minimizing the thermal resistance in
order to optimize the convection heat transfer processes. In
addition, in order to illustrate the applicability of the general-
ized thermal resistance a two-dimensional convective heat
transfer process with constant wall temperature was consid-
ered for analysis and optimization of the convective heat trans-
fer process. They also expressed that the principle of minimiz-
ing thermal resistance can be equivalent to the principle of
minimizing entransy dissipation.

Xia et al. [7], by considering the minimum entransy dissi-
pations as the objective function, investigated the optimal pa-
rameters for a heat exchanger with two fluids at conditions of
constant heat transfer rate. The heat transferbetween the hot
and cold fluids was modeled based on the Newton’s heat
transfer law and the heat transfer coefficient was assumed to
be constant. In addition, the results for entransy dissipation
minimization were also compared with those for entropy gen-
eration minimization.

Guo et al. [8] showed that the overall entransy dissipation
rate is minimized when the local entransy loss rate is distrib-
uted uniformly throughout the heat exchanger. They also
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found that the results of the optimization of the principle of
uniformity of the field of temperature difference and the prin-
ciple of uniformity of the distribution of entransy dissipations
are compatible with each other, when the heat transfer rate, the
heat transfer surface and the heat transfer coefficient between
the fluids are known.

Wei et al. [9] presented an optimal design approach for the
dry cooling system of a power plant by entransy method. The
entransy dissipation equations including that the ambient air
heated by heat exchangers and circulating water heated by the
exhausted steam of turbine, were derived. Combined with the
force balance equation of natural draft dry cooling tower, the
effective parameters on performance and annual cost of the
cooling system were considered. Finally, the entransy based
optimization model was performed to minimization of annual
cost of the system.

Yuan and Chen [10] presented an optimization method
based on the entransy theory in order to improve the energy
efficiency of indirect evaporative cooling systems with
coupled heat and mass transfer processes. They studied the
irreversible heat and mass transfer processes and presented
the entransy dissipation of each irreversible process and the
total entransy dissipation in the system. They illustrated the
theoretical and mathematical relations for the thermal conduc-
tance of each heat exchanger and the mass flow rates of water
in each branch to estimation of the optimal system perfor-
mance. The system was analyzed at conditions of fixed total
circulating water flow rate and fixed total thermal
conductance.

Xu et al. [11] presented entransy and entransy dissipation
theory for simplification of analysis of heat exchanger net-
works. In their work the entransy balance equation was con-
sidered as a constraint to replace the conventional constraints
of the heat transfer and energy balance for the heat ex-
changers, to simplify the calculation of Lagrange multiplier
method for the optimization of heat exchanger networks. They
showed that, the number constraints and variables were de-
creased and the solution method was simplified and also they
studied about the calculation time of their method.

Abed et al. [12] presented an optimization method for de-
sign of shell and tube heat exchangers. An electromagnetism-
like algorithm was used to optimize the capital cost of the heat
exchanger and designing a high operating performance for it.
The optimization algorithm was proposed by consideration of
geometric parameters and maximum allowable pressure drop.
A mathematical model of the heat exchanger design with
using of a computer code was developed for the optimal con-
ditions of the heat exchanger. The results showed that the
optimization method lead to a significant decrease in the heat
transfer area.

Liu et al. [13] investigated the principles of extremum en-
tropy and entransy generation for the optimization of heat
exchanger and concluded that the principle of minimizing

entropy generation for those heat exchangers that work in
the Brayton cycle is better than principles of extremum
entransy dissipation, while for principles of extremum
entransy dissipations, the results will be better for those heat
exchangers that are used for heating and cooling.

In order to reach a maximum value of heat transfer, Jia et al.
[14] proposed the minimum entransy dissipation as objective
function with constraint of power consumption for developing
the optimization method. In addition, they performed a numer-
ical analysis for convective heat transfer in a straight circular
tube based on optimized governing equations. Furthermore,
they showed that the entransy dissipation optimization method
could be useful for designing the low resistance and high
efficiency heat transfer units of heat exchangers.

Xuetal. [15, 16] extracted the term of entransy dissipation
due to thermal conduction and fluid friction in heat ex-
changers. They found that in performance evaluation and op-
timal design of heat exchangers, it is essential that the entransy
dissipation be dimensionless. Then, the dimensionless method
was introduced for the entransy dissipations in the heat ex-
changers and used to evaluation of the performance of the heat
exchangers. Therefore, by changing entransy dissipations in
dimensionless form and considering it as the objective func-
tion, they changed the geometry of heat exchanger and opti-
mize it.

Li et al. [17] used the entransy dissipation minimization
method for optimal design of a water to water counter flow
heat exchanger. They presented the overall entransy dissipa-
tion number as an objective function according to flow friction
under finite pressure drops and heat conduction under finite
temperature differences. In addition, they expressed analytical
relations for the optimal duct aspect ratio and mass velocity of
the heat exchanger that were useful for design optimization.
Their results showed that in order to decrease of the irrevers-
ible dissipations in heat exchangers, the largest heat transfer
areas and lowest mass velocities should be chosen if possible.

Qian et al. [18] for design optimization of two phase heat
exchangers, presented the applicability of entransy dissipation
based thermal resistance. They used the optimization method
for maximizing the heat exchanger capacity and minimizing
the cost in heating, ventilation, air conditioning and refrigera-
tion applications. In their study, based on a heat exchanger
modeling tool, the two phase entransy was presented by opti-
mizing two different types of tube-fin and micro-channel heat
exchangers. They illustrated that the entransy dissipation was
an effective method to optimize heat exchangers with air flow
rate as one design variable but was limited for optimizing heat
exchangers with fixed flow rate.

Although different studies have been conducted on the use
of entransy method to improve the performance of thermal
systems and some types of heat exchangers, but present of a
research which performs a comprehensive study in order to
modeling and optimization of shell and tube heat exchangers
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with consideration of different operating and geometric pa-
rameters can be useful in addition to the previous works.

In this research, the performance of shell and tube heat
exchangers at constant heat transfer rate and constant heat
transfer surface area have been investigated. According to
the theory of entransy dissipations, the irreversibilities of heat
transfer and fluid friction, which are considered as two impor-
tant factors in decreaseing the performance of the heat ex-
changers, have been introduced by a dimensionless parameter
that called the number of entransy dissipation.

In addition, by changing the entransy dissipations based on
thermal conduction and fluid friction in dimensionless forms
and considering the total entransy dissipation as an objective
function, the optimization of the shell and tube heat ex-
changers in both single and multi-objective modes, at condi-
tions of constant heat transfer rate and constant area have been
carried out. The optimization has been performed using the
Genetic Algorithm method by MATLAB software [19].
Furthermore, different effective parameters such as size and
number of tubes, the number of baffles in the shell side, the
geometry and positions of baffles, and the mass flow rates
have been used for model performing. In addition, effect of
main decision variables including the number of tubes, the
length of the tubes, the number of baffles, and the central angle
of the cutting of the baffles on objective functions have been
analyzed and the pump power consumption, the heat exchang-
er effectiveness, and the entransy dissipations number have
been illustrated at different conditions.

A summary of some main contributions of this paper rela-
tive to previous studies are:

— Presenting an comprehensive model for analyzing the
performance of shell and tube heat exchangers at constant
heat transfer rate and constant heat transfer surface area
according to the theory of entransy dissipations with con-
sideration of thermal and geometrical operating
parameters

—  Considering the irreversibilities of heat transfer and fluid
friction as two important factors in decreasing the perfor-
mance of the heat exchangers by introducing a dimen-
sionless parameter that called the number of entransy
dissipation

— Presenting the entransy dissipations based on thermal
conduction and fluid friction in dimensionless forms
and considering the total entransy dissipation as an objec-
tive function

— Performing the optimization process with using the
Genetic Algorithm method in both single and multi-
objective modes, at conditions of constant heat transfer
rate and constant surface area

—  Estimation of optimum values of decision variables and
presenting the appropriate values for system perormance
parameters
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Considering that such an extensive research has not been
carried out in the previous works and the effects of different
parameters on entransy have not been investigated in this way,
this study can be useful.

2 Heat calculations of shell and tube heat
exchanger

In this section, the basic calculations of heat transfer and pres-
sure drop in shell and tube heat exchanger are discussed.
Considering that this type of heat exchanger is one of the most
common type of heat exchanger used in thermal cycles, fol-
lowing the optimal design discussion of these type of heat
exchangers and the application of the theory of entransy dis-
sipations in them have been presented. In illustrated heat ex-
changer in Fig. 1, the hot fluid is on the side of the tubes and
the cold fluid on the shell side.

2.1 Heat transfer calculations

Regarding the usual assumptions such as the absence of
any longitudinal thermal conductivity, and negligible ki-
netic and potential energy variations, and without heat loss
between the heat exchanger and its surroundings [20], the
equilibrium equation for the heat exchanger can be calcu-
lated as.

0= (mC,), (TurTho) = (nCy), (TesTe) (1

In Eq. (1), Q is the actual heat transfer rate, m is the
mass flow rate of the fluid, C, is the specific heat of the
fluid at constant pressure, and 7 represents the temperature.
The indices of h and c, indicate a hot and cold fluid, re-
spectively, and the indices i and o, refer to the input and
output of the heat exchanger, respectively. The effective-
ness of the heat exchanger is also obtained as the ratio of
the actual heat transfer rate to the maximum heat transfer
rate from Eq. (2) [21].

Q
c Qmax (2)

The inner diameter of the shell is also calculated from Eq.
3) [22]:

(Pr2A,) [CL

D, = 0.637¢/~— 2L | ——
(dy.Lyc) V CTP

(3)

In Eq. (3), Pris the pipe step, CL is tube layout constant,
and its value for 30 degree layout is 0.87. CTP is also pro-
posed 0.9, based on the choice of shell and fixed tube plate, for
two pipe passes. The s index also points to the shell.
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Fig. 1 Shell and tube heat exchanger with one shell pass and two tube
passes [3]

According to the Bell-Delaware method, the convective
heat transfer coefficient on the shell side is given by Eq. (4):

hs = hidjcjljbjsjr (4)

In Eq. 4, /. is the correction factor for baffle cut and spacing
between them. j; is a correction factor for baffle leakage ef-
fects, including the leakage between baffle and tubes, and the
leakage between internal surface of the shell and baffle. j,, is
the correction factor for bundle bypassing effects due to the
clearance between the exterior tubes in the tube bundle and
shell from one side and channel formed in the tube bundle, on
the other hand. j; is the correction factor for variable baffle
spacing at the inlet and outlet of shell. The factor j,. is the
correction factor for shell-side Reynolds number and used
when the Reynolds number of the shell side is less than 100.
If Reynolds is greater than 100, this factor will be equal to 1
[23]. A4 is also the ideal value of the heat transfer coefficient
for a completely cross-flow with an ideal tube bundle, and can
be calculated from Eq. (5) [21].

0.14
my K 2/3 :
hld_]zdcps( )(Cp Sﬂ) (:) (5)

In Eq. 5, jis is the heat transfer coefficient for an ideal
tube set, Ay is the area of the cross-sectional flow through
the shell, in the center of shell, m; is the mass flow rate of
the shell side, Kj is the conductivity coefficient on the shell
side, p is the fluid dynamics viscosity on the shell side,
and p,, ,, are is the fluid dynamics viscosity of the shell
side at the wall temperature.

The heat transfer coefficient of tube side 4, can be calcu-
lated from the Petukhov- Kirillov relation for Nusselt number,
which is given by Egs. (6) and (7) [21].

K
h, :NubZt (6)
)\ Re, P,
2 | ReULT
Nup = ( /) tost 2 (7)
1.07 + 12.7(/45)" (Pr,?—l)

f: = (1.58InRe~3.28) (8)

In Egs. (6) and (7), Nu Re,and Pr, represent the Nusselt,
Reynolds, and Prantel numbers, respectively. d; represents the
internal diameter of the tube and f'represents the friction co-
efficient. The index ¢ also points to tube.

According to the heat transfer coefficient on the shell side
and the tube, the total heat transfer coefficient U, can be cal-
culated from the Eq. (9).

-1

U 1 <d0> + <d0> PR .
=[—(— rl — — s+
’ he \ d; d; 2K ]n( ) Yk

©)

In Eq. (9), r, and r indicate the resistance of the fouling on
the tube and shell side, respectively. K,,, represents the coeffi-
cient of thermal conductivity of the baffles.

2.2 Pressure drop calculation

The pressure drop at the tube side is due to the longitudinal
pressure drop, the pressure drop in the bends, and the pressure
loss is in the inlet and outlet areas. With neglecting of the
second section, the total pressure drop on the tube side is
obtained from Eq. (10) [24].

LN V2
(4f, h P+4N>p,7’ (10)

In Eq. 10, N,, is the number of tube passes, L, is the heat
exchanger’s length, f; is the friction coefficient of the tube
side, and p, and V, indicate the density and velocity of the
fluid in the tube side, respectively.

The pressure drops on the shell side are due to the inlet and
outlet areas, and baffle effects. By considering the cross flow
this pressure drop can be calculated over the entire length of
the shell Eq. (11).

AP, = APy ;a(Np—1)RpR; (11)

R;, and R, are the correction factor for bypass flow and the
correction factor for baffle leakage effects, respectively [24, 25].
Nj, is the number of baffels and APj,_;4 is the pressure drop
in an equivalent ideal tube bank in one baffle compartment of

@ Springer



3776

Heat Mass Transfer (2018) 54:3771-3784

central baffle spacing based on the Bell-Delaware theory and
can be calculated from Eq. (12) [24, 25].

5 -0.14

mg

APb,ld = zfz 5 Nr.cc (12)
¢ PSASZ Hs ’

Where N, .. is the number of tube rows crossed during
flow through one cross flow in the heat exchanger and can
be expressed as:

D21,
X

N ree — (13)

Where X; is the pitch of the tubes parallel with the flow
direction, and /. is the cutting height of the baffles and are
expressed by Egs. (14) and (15), respectively [23].

V3
X =— 14
' ap; (14)
1 9,
ZU = 5 (1 COST)DX (15)

Where 6, is the central angle of the cutting of the baffles.

The pressure drop in the window is due to the leakage
current but is not affected by the outflow current. The com-
bined pressure drop in the windows is calculated from the Eq.
(16).

AP,, = NpAP,, iaR; (16)

In Eq. (16), AP,, ;4 is the pressure drop in an equivalent
ideal tube bank in the window section and is obtained from
Eq. (17) [25].

m* (24 0.6N, )

Re;>100 AP, 14 = Reg < 100 AP, ;4 (17)

szASAb
— 26:“’5ms < Nr,cw Lb‘u ) my
\/ pSASA}, PTido Dwz prsAb

In Eq. (17), V. o 1s the number of tube rows crossed in
each baffle window, D,, is the equivalent diameter of window,
and A, is the area of the surface flow through the window [25].

The combined pressure drop in the entrance and exit sec-
tions is calculated from the Eq. (18).

Nr,cc + Nr,cw

AP, = 2APy i Nyoe

RyR, (18)

In Eq. (18), Ry is the correction factor for the entrance and
exit sections [24].

So, the overall pressure drop on the shell side for the shell
and tube heat exchanger is obtained from Eq. (19).

AP, = AP, + AP,, + AP, (19)

@ Springer

From Egs. (10) and (16), the total power of the pumps is
expressed as Eq. (20) [26]. In Eq. (20), 1) is the total efficiency
of the pump.

o
Wz—(ﬂAPt

; - %APS> (20)

Py Ps

3 The optimum design of shell and tube heat
exchanger

3.1 Objective function

Entransy is a physical quantity to describe the ability of
heat transfer. In fact, its physical meaning can be under-
stood by considering the reversible heat process for a
body with a temperature 7 and a constant volume heat
capacity (c,).For a reversible process, the temperature dif-
ference between the body and the thermal source, is ex-
tremely small and the heat added to the body is extremely
small, too. By giving a very small amount of heat to any
source, the temperature of these heat sources increases
very small. The temperature represents a thermal potential
because at different temperatures, the availability of the
heat is changed. When a very small amount of heat is
added to the body, like the evacuation of electrical energy
in a capacitor, we see an increase in the energy of the
thermal energy potential resulting from the thermal load
and the potential of the partial temperature. If absolute
zero is considered as the potential of zero temperature,
then the potential of thermal energy for an object at tem-
perature T or entransy of the object can be calculated from

Eq. (21) [3].
f 1

E, =[0,dT = =mc,T? (21)
0 2

Thermal energy is stored in the heat transfer process, while
entransy is wasted by irreversible heat transfer processes [27].
In heat transfer processes, the higher degree of reversibility,
make a lower entransy dissipations or losses. Therefore, it is
important to minimize the entransy dissipations in the heat
exchangers in order to achieve its optimal performance. In
heat exchangers, heat transfer via the limited temperature dif-
ference and fluid friction are two main irreversible processes
that lead to entransy dissipations. Accordingly, at first, the
entransy dissipations associated with these irreversible factors
are calculated and then the optimal design of the heat exchang-
er is performed by minimizing the number of entransy
dissipations.
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According to the entransy definition, the entransy dissipa-
tions due to the thermal conduction in the heat exchanger are
expressed by Eq. (22) [28].

Gar =1} (mC,TdT),, . =5 (mCy), (Thi*=Tno)

N —

o) AT @)

Number of entransy dissipations caused by thermal con-
duction can be defined as the ratio of the actual entransy dis-
sipations to the maximum entransy dissipations in the heat
exchanger. Therefore, it can be obtained by dividing the Eq.
(22) to XT),, i~ I, ) [28].

Gar

8AT = m (23)

Entransy dissipations due to fluid friction, for an incom-
pressible fluid, can be calculated from Eq. (24) [15, 16].

»mT mAP  T,—T;
Gap = 0T gy [mAP
")
! h,c
- AP ToiTi 'APs TcoiTci
P Deo T AP Teo T 24)

T o N s /7 N
Pe g, (h) Ps 1 (h)
Th, Tei
The number of entransy dissipations due to fluid friction is
also given by Eq. (25).

Gap
ap = (25)
A Q(Th,i_Tc,i)
Threfore, the entransy dissipations caused by thermal con-
duction and fluid friction are converted to the entransy dissi-
pations number, by dimensionless method.

3.2 Single-objective optimization
3.2.1 Optimal design of constant heat transfer rate

The total number of entransy dissipations is derived from sum
of numbers of entransy dissipations due to thermal conduction
and fluid friction, which is defined in the form of Eq. (26).

g =gar +8ar (26)

Now g* is considered as the objective function for optimal
design. The given data for the design of the heat exchanger at
constant heat rate is given in Table 1. The fluid that used on the
shell and tube sides is water.

The decision variables according to the objective func-
tion contains the number of tubes, the length of the tubes,

Table 1 The input data for design of heat exchanger with constant heat
transfer rate

Characteristic Condition of Condition of
shell side tube side

Working fluid Water Water

Inlet flow pressure (bar) 50 65

Inlet flow temperature (K) 283.15 368.15

Outlet flow temperature (K) - 343.15

Mass flow rate (kg/s) - 50

Flow density (kg/m®) 991.15 970

Specific heat at constant 4174 4200
pressure (J/kg K)

Kinematic viscosity of 6.96 3.36
flow 1077 (m%s),

Fouling resistance ’“"K/w) 0.00017 0.000086

Prandtl number 4.5878 2.015

the number of baffles and the central angle of the cutting of
the baffles.

The design variables and their range are selected according
to the following conditions.

1. A sample of several outer diameter of the tubes)d,(and
step of each diameter are given in Table 2. The total num-
ber of heat exchanger tubes are between 50 and 550.

2. The ratio of the distance of the intermediate baffles to
inner diameter of the shell is between 0.2 up to 1.

3. The central angle of the baffle’s cut is between 1.8546 up
to 2.9413 rad.

4. The coolant outlet temperature is between 313.15 up to
343.15 K.

The related constraints for design of the heat exchanger are
given as [29]:

1. The tube length ratio to the inner diameter of the shell is
between 6 up to 10.

2. The distance between the intermediate baffles should be
greater than 50 mm.

3. The tube pressure drop should be less than 50 kPa.

4. The shell pressure drop should be less than 50 kPa.

Due to the non-convexity of the problem, intelligent algo-
rithms that based on population are used. One of these

Table 2 The external tube diameters and related steps

d,(mm) 19 20 22 25 30 32 35 38 45
Prmm) 25 26 28 32 38 40 44 48 57

@ Springer



3778

Heat Mass Transfer (2018) 54:3771-3784

Fig. 2 The flowchart of genetic
algorithm
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algorithm ?

|
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for the genetic algorithm

i

Crossover and mutation

Replacing the new
generation instead of the old
generation

methods is the direct search algorithm. Although this method
does not require information regarding to the gradient of the
objective function, but it is strongly dependent on the selection
of the initial population [30]. Therefore, for solving the prob-
lem the genetic algorithm method is used in the MATLAB
software [19]. The genetic algorithm starts the search from a
set of points. It also provides a high level of capability by
simulating nature-compatible in an evolutionary process
[30]. More importantly, the genetic algorithm has a great abil-
ity to achieve optimal points [31, 32]. For the reasons given, a
genetic algorithm [33] has been used to search for optimal
solution for heat exchangers. The primary population that sat-
isfies the constraints is generated randomly. In the method of
genetic algorithm, according to the objective function, each

Table3  The input data for an optimal exchanger with constant thermal
surface

Characteristic Condition of Condition of
tube side shell side

Working fluid water water

Inlet flow pressure (bar) 65 50

Inlet flow temperature (K) 386.15 283.15

Mass flow rate (kg/s) 50 20

flow density (kg/m®) 970 991.15

Specific heat capacity at 4200 4174
constant pressure (J/kg K)

Kinematic viscosity of 3.36 6.96
flow 1077, (m?/s)

Fouling resistance (m’K/W) 0.000086 0.00017

Prandtl number 2.015 4.5878

potential solution is evaluated quantitatively. So from a ran-
dom initial population in the range of design variables, the
algorithm creates a sequence of new generations and repeats
until the stop criterion is met. In this process, by integrating
two parents from the current generation, by the action of cross-
over, or by changing a chromosome by the action of muta-
tions, new children are produced. The new generation is
formed by some parents and the children on the basis of fitness
function. Also, the population size is kept constant by elimi-
nating children who are less value on the fitness function.
Those chromosomes that have a higher value on the fitness
function have a greater chance of survival. Finally, this guar-
antee of convergence to the best person, after a certain number
of generations (repetitions), indicates optimal solution for the

Table 4 Comparison of the results of validation

Performance parameters Present Results of Error %
study Guo et al. [36]

Outlet flow temperature 321.27 321.26 0.003
of shell (K)

Heat exchenger 0.449 0.448 0.223
effectiveness

Number of transfer units 0.716 0.717 0.140

Heat capacity ratio 0.6559 0.656 0.015

Pump power (W) 1404.4 1403 0.099

The number of entransy 0.6287 0.63 0.207
dissipations caused
by thermal conduction

The number of entransy 0.0009373 0.000814 13.154

dissipations caused
by fluid friction
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Fig. 3 Variations of total entransy dissipation number with fluid mass
flow rate

problem [34]. The size of the primary population and the
maximum number of generations are 40 and 200, respectively.
The flowchart of the genetic algorithm is shown in Fig. 2. The
condition for stopping the algorithm, which is the same as the
change in the objective function in two successive genera-
tions, is 1078,

3.2.2 Optimal design at constant heat transfer surface area

At this condition, the data for the design of the heat exchanger
is given in Table 3.

In this case, the total entransy dissipations number are con-
sidered as the objective function. Except the cold flow tem-
perature, the other design parameters and their range are the
same as the given table. The heat transfer surface is considered

0.53

0.51

0.49

Total entransy dissipation number

0.47
5 11 17 23

Number of Baffles

Fig.4 Variations of total entransy dissipation number with the number of
baffles

0.55 T T T 20
—6— 0,1

’\ —— 9

*1e4
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L RONEE X RETIRE SRS 0
20 40 60 80 100
Generation

0.5
0

Fig. 5 The variations of number of entransy dissipations due to the
thermal conduction and fluid friction versus the number of generations
towards the final optimum value

equal to 70 square meters, and the size of the initial population
and the maximum number of generations is 40 and 200, re-
spectively. To solve of this optimization problem, the genetic
algorithm method is used.

3.3 Multi-objective optimization

From the mathematical point of view, multi-objective optimi-
zation with respect to equal and unequal constraints, mini-
mizes several object simultaneously and is shown in Eq. (27).

minf (x) = [f1(x), [5(x), ..., [ (x) ] x€X g;(x)
=0 ,j=12,....Mh(x)<0 ,k

=1,2,...,.K (27)
0.72
0.66
2
5
Z 06
Q
2
m
0.54
0.48
0.49 0.53 0.57 0.61

Total number of entransy dissipations

Fig. 6 Variation of effectiveness based on the total number of entransy
dissipations
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Fig. 7 Variation of pump power consumption based on the total number
of entransy dissipations

x is the independent parameters of the objective function.

X is a parameter space set, if and only if, f;(x) <fi(y) fori =
1,2, ..., kand f(x) < fi(y) for at least one objective function j, x
the answer overcomes to all y ‘s answers. If an answer does
not overcome other answers in the possible range, then the
answer set is called the optimal solution of the Pareto. The
sets of all non-dominant solutions in X are called optimal
Pareto sets (P*) . The values of the objective function for the
optimal Pareto set are called the Pareto front (PF™) and can be
represented as Eq. (28) [35].

PF={f(x)|xeP"} (28)

In particular, according to Eq. (26), the entransy dissipa-
tions number due to thermal conduction and fluid friction are
considered as two separate objective functions, respectively.
The input parameters and their ranges are same as that indi-
cated in the optimization of the single-objective with the con-
stant heat transfer surface areca. The given data for the heat
exchanger is shown in Table 3.

An effective method for solving these problems is a differ-
ent algorithm called Pareto optimization [36]. In this method,
instead of an optimal response, a set of several optimal an-
swers are obtained for the multi-objective optimization prob-
lem, that each of them is equivalent to adopting a special
combination of weighted values for different objective

functions. In other words, each pareto answer assigns a par-
ticular importance to different functions and provides an opti-
mal response to it. Therefore, the result set of the Pareto meth-
od allows the optimal selection to be made according to the
importance given to the various objective functions.
Therefore, due to the advantages of this method, in this study,
the problem of optimization is performed by combination of
genetic algorithm with Pareto optimization method which
called multi-objective non-dominated Sorting Genetic
Algorithm (NSGAII) [35]. This algorithm is one of the most
popular and applicable algorithms in the field of multi-
objective optimization. In this method, each of the genetic
algorithm chromosomes contains a series of proposed values
for the variables optimized problem. In each iteration of the
genetic algorithm, after calculating the values of the two ob-
jective functions for each proposed chromosome, the selection
step in the genetic algorithm is performed using the Pareto
algorithm and the concept of dominance. According to the
Pareto optimization algorithm, in each iteration, in the selec-
tion stage of the genetic algorithm, all chromosomes are ex-
amined pairwise, and the dominant chromosomes are selected,
and they form the first front of the Pareto. Then, the chromo-
somes related to the first front of the Pareto are discarded from
the population and the process is repeated. With the repetition
of the process, the second and third and so on, fronts of the
Pareto are identified. In other words, the population is
partitioned into different fronts. Then, from the resulting
fronts, a certain number of chromosomes are selected as par-
ents, so that first the chromosomes of the first front of the
Pareto, then the second front, and so on, are selected until
the desired number for parental chromosomes are selected.
The number of generations of a set is considered 200, which
acts as a stopping point to end the repeat process.

4 Results and discussion
4.1 Validation of results

In order to validate the calculations, for a shell and tube heat
exchanger, with one pass of shell and one tube pass in the
mode of constant heat transfer rate, the conditions of Table 1
were chosen from the study of Guo et al. [36], and subsequent-
ly the results of this study were compared with the results of
Ref. [36] and presented in Table 4.

Table 5 Comparison between primary and optimal design in terms of constant heat transfer rate

Specifications  n dm)  Le/p, g aap GAT € WW) c NTU T oK) Oy(rad)
Primary 400  0.019  0.699 0.6086  0.0010068 0.6076  0.4909 1882.7 0599  0.815 324.8 2.453
Optimum 550  0.02 0.921 0.5030  0.000465 0.5025 0.7009 837.8 0.419 1.479 342.7 2.887

@ Springer



Heat Mass Transfer (2018) 54:3771-3784

3781

Table 6 Single-objective optimal design at constant heat transfer surface area

Specifications d,(m) n g

€

WwW) NTU O,(rad) /b,

Optimized 0.035 50 0.4789

0.7008

820.09 2.767 2.1064 0.2258

As can be seen, the comparison shows that the results are
very close to each other. The results of Table 4 are for condi-
tions of the tubes with 0.019 m internal diameter, the number
of tubes is 243. In addition, the ratio of the distance between
the two intermediate baffles to the inner diameter of the shell is
0.977, and the central angle of baffle’s cut is 2.038 rad.

4.2 The effect of parameters on entransy dissipations

Figure 3 shows the fluid mass flow rate variations of the shell
side on the total number of entransy dissipations in terms of
the constant heat transfer rate. Due to the fact that the fluid
mass flow rate of shell side has a direct relation to the entransy
dissipations, by decreasing this parameter the number of
entransy dissipations decreases.

Figure 4 shows the variation in the number of baffles in the
shell on the total entransy dissipations number in the condi-
tions of the constant heat transfer surface. Physically, the heat
transfer rate increases as the number of baffle increases. By
increasing the heat transfer rate and increasing the effective-
ness, the entransy dissipations decrease.

4.3 Single-objective optimization results
under constant heat transfer rate conditions

Figure 5 shows the variations in the best values for entransy
dissipations versus the number of generations towards the
optimum value (minimum value). The value of objective func-
tion was calculated at each iteration and the minimum value at

0.75

0.7

0.65

o
o

Effectiveness

0.55

0.5

0.44 0.48 0.52 0.56

Total number of entransy dissipations

Fig. 8 Variation of effectiveness based on the total number of entransy
dissipations

each iteration is selected. As is evident from this figure, ini-
tially the number of entransy dissipations caused by the ther-
mal conduction and fluid friction decreases and be constant
after almost sixty times repetition. Considering the unchanged
value of the objective function in the next iteration, the opti-
mization computation was terminated. It can also be find from
this figure that the genetic algorithm has a very high applica-
tion in finding an optimal overall solution.

Figures 6 and 7 show, the changes in the effectiveness of
the heat exchanger and the power of the pump in terms of the
total number of entransy dissipations, respectively. As can be
seen from these figures, by increase of the total number of
entransy dissipations, the effectiveness of the heat exchanger
decreases and the pump power consumption rises sharply.

Thus, through the process of optimization by selecting the
decision variables in order of minimizing the total number of
entransy dissipations, the performance of the heat exchanger
is considerably improved and pump power consumption is
reduced. In order to illustrate the advantages of the optimized
objective function under the constant heat transfer rate, the
comparison between the randomized primary design of the
generation and its optimized is presented show in Table 5. In
this paper, Table 5 shows that the effectiveness of the heat
exchanger is changed from 0.4909 up to 0.7009. That means,
the effectiveness of the heat exchanger increases near 42%,
whereas, the power consumption of the pump from 1882.7
watts is reduced to 837.8 watts. Therefore, with the reduction
of entransy dissipations, the performance of heat exchanger
will be improved. Also, the number of transfer units increases
1.8 times larger than initial state. As the number of transfer

0.8 T T 40

g\P‘1e4

0.4 : : o
0 50 100 150
Generation
Fig. 9 Variation of the number of entransy dissipations caused by the

thermal conduction and fluid friction with the number of generations
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Fig. 10 Variation of pump power consumption with the total number of
entransy dissipation

units increases, the performance of the heat exchanger im-
proves with increase of the heat transfer surface. With regard
to Table 5, it can be concluded that the number of entransy
dissipations due to fluid friction is about three order lower
than the entransy dissipations due to thermal conduction. In
fact, often, the irreversibility due to fluid friction is far less
than the irreversibility due to heat conduction for liquids [37].

Therefore, the optimal single-objective design of the heat
exchanger for the desired shell and tube heat exchanger is
time-consuming. Since the number of entransy dissipations
caused by thermal conduction and fluid friction is not co-or-
dinate, considering these two parameters as objective function
may lead to some unintended consequences. This can be clear-
ly seen in the design of the heat exchanger in the state of
constant heat transfer surface area.

4.4 Single-objective optimization results at constant
heat transfer surface area

The results of single-objective optimization for diameter of
0.035 m can be seen in Table 6.

The relationship between the effectiveness of the heat ex-
changer and the total number of entransy dissipations is

shown in Fig. 8. From Fig. &, it can be seen that by reducing
the number of entransy dissipations, the effectiveness of the
heat exchanger is significantly improved due to the increase in
the number of transfer units. Also in Fig. 9, the variations of
objective functions which are the number of entransy dissipa-
tions caused by the thermal conduction and fluid friction with
the number of generations have been shown at optimization
procedure.

As shown in Fig. 9, with increasing number of generations,
the number of entransy dissipations caused by thermal con-
duction decreases considerably, while the number of entransy
dissipations caused by fluid friction increases, although the
order of magnitude of entransy dissipations caused by fluid
friction is less than it based on thermal conduction.

Figure 10 shows the relationship between the pump
power consumption and the total entransy dissipations.
From the Figs. 8 and 10, it can be concluded that by
reducing the total number of entransy dissipations, the
effectiveness of the heat exchanger is significantly im-
proved, whereas the power consumption of the pump is
dramatically increased. Since the heat transfer surface area
is constant, in this case, improving the effectiveness of the
heat exchanger leads to the higher cost of the pump power
consumption. From Figs. 8 and 10 it can be seen that
considering the minimum of total number of entransy dis-
sipations as an objective function is almost equivalent to
minimizing the entransy dissipatins due to thermal con-
duction, whereas the impact of number of entransy dissi-
pations caused by fluid friction can be almost ignored
because it is much smaller than the number of entransy
dissipations caused by thermal conduction. In order to
solve this problem, a multi-objective optimal design for
shell and tube heat exchangers is presented in the next
section.

4.5 Multi-objective optimization results
under constant surface heat transfer conditions

Some of the solutions obtained from multi-objective optimi-
zation are shown in Table 7. From this table, it can be seen that
the higher effectiveness can be obtained at lower pump power
consumption. According to Tables 6 and 7, it can be

Table 7 Pareto front results using multi-objective optimization method at constant heat transfer surface area

dm) —n /p Op(rad) g N gar € W(W) Uy(kW/m>. K)  Re, i Nu
0.030 78 0.3787 2.862 0.5 0.0003 0.4997 0.6790 337.74 1.4709 35,360 0.0050 136.1
0.030 78 0.2523 2.934 0.489 0.0003 0.4896 0.6925 459.86 1.5589 35,360 0.0050 136.1
0.030 78 0.2523 2.934 0.488 0.0004 0.4881 0.6947 461.46 1.5738 35,360 0.0050 136.1
0.030 55 0.3005 2.934 0.475 0.0005 0.4753 0.7119 770.084 1.7115 50,148 0.0052 180.9
0.030 55 0.3005 2.934 0474 0.0006 0.4743 0.7134 773.04 1.7243 50,148 0.0052 180.9
0.030 55 0.3005 2.934 0474 0.0007 0.4738 0.7141 774.24 1.7305 50,148 0.0052 180.9
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Fig. 11 Pareto front for constant surface heat transfer area

concluded that the optimal solution in Table 7 requires lower
pump power consumption with an almost equal effectiveness
compared to Table 6. The Pareto front, which includes multi-
objective optimization results, has been shown in Fig. 11.

Figure 11 shows the variation in the number of entransy
dissipations caused by thermal conductin and fluid friction
for different optimal solutions in the pareto optimization
set. There are several optimum solution in this method. In
addition, the power consumption of the pump and the ef-
fectiveness of the heat exchanger for optimal solutions are
shown in Fig. 12.

Also, due to the fact that there are a several optimal solu-
tions from multi-objective optimization, for design of the heat
exchanger there are more alternatives rather than single-
objective solving and each optimum solution can be chosen
based on users’ needs.

2000

1630

1260

890

Pump power (W)

520

150
0.6 0.65 0.7 0.75
Effectiveness

Fig. 12 Pump power consumption in terms of the effectiveness of the
heat exchanger at optimum conditions based on Pareto front method

5 Conclusion

In this research, the performance of shell and tube heat ex-
changers at conditions of constant heat transfer rate and con-
stant heat transfer surface area were investigated. According
to the theory of entransy dissipations, the irreversibilities of
heat transfer and fluid friction, which are considered as two
important factors in decreaseing the performance of the heat
exchanger, have been introduced by a non-dimensional pa-
rameter that called the number of entransy dissipation.
Therefore, the present research was based on the theory of
entransy dissipations.

Two optimization methods have been investigated for op-
timal design of heat exchangers. In the first method, a single-
objective optimization approach has been developed in which
the total entransy dissipation has been considered as a objec-
tive function. The main results of this study can be summa-
rized as below:

—  When the heat transfer rate is constant, optimal single-
objective design can significantly improve the perfor-
mance of the heat exchanger.

— Inthe case where the heat transfer surface area is constant,
improving the effectiveness of the heat exchanger with
the optimization process leads to increase of the cost of
pump power consumption. In order to solve this problem,
a multi-objective optimization method for heat exchanger
was created. In which the number of entransy dissipations
caused by thermal conduction and fluid friction were con-
sidered as two separate objectives.

— In contrast to the single-objective optimization approach,
with the optimal design of the multi-objective for the heat
exchangers, it can be achieved approximately the same
effectiveness, but with less pump power consumption.

—  The minimum of total number of entransy dissipations as
an objective function is almost equivalent to minimizing
the entransy dissipatins due to thermal conduction,
whereas the impact of number of entransy dissipations
caused by fluid friction can be almost ignored.

—  The multi-objective optimization leads to non-unique op-
timal solutions, which reflects more flexibility for the
optimal design of heat exchangers and allows to select
more options.

— In most engineering problems, the targets for optimiza-
tion are in contrast with each other. As one of the targets
improves, the other one goes towards undesirable
conditioon. So, depending on which target is preferable,
the optimal answer can be different. Therefore, instead of
one answer, there is a set of solutions. This is another
reason to demonstrate the more flexibility of multi-
objective optimization that used in this study. In addition,
the set of answers in the curve is not superior to each other
and so-called non-dominant.
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