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ARTICLE INFO ABSTRACT

Keywords: This study presents the energy-economic analysis and optimization of a shell and tube heat exchanger. A water-
Energy-economic analysis water, segmental baffled shell and tube heat exchanger was designed using the Kern method and analysed by
Optimization

performing energy and economic modelling. The analysis is carried out considering the design variables on the
shell side i.e. baffle cut, baffle spacing, shell diameter and tube side variables i.e. tube layout, tube outside
diameter, number of tube passes and number of tubes. The multi-objective heat transfer search algorithm was
used to optimize the heat exchanger for minimum total cost and maximum heat exchanger efficiency. Multiple
optimal solutions were presented using the Pareto optimal curve. TOPSIS selection criteria was used to identify
the optimum operating condition. Within the given bounds of the variables, the shell and tube heat exchanger
can be operated at a minimum cost of 72,000 $/year resulting in 16.4 % efficiency, or, it can be operated at a
maximum efficiency of 81.6 % with a total cost of 275,000 $/year. The scattered distribution of shell diameter,
baffle spacing, number of tube passes and number of tubes between the lower and upper bound represent their
substantial role in optimizing the heat exchanger performance. The number of tubes and tube passes showed the
maximum variation in efficiency, while significantly less impact was observed when the tube layout was altered.

Shell and tube heat exchanger
Heat transfer search algorithm
Parametric analysis

Thus, the main objectives of the current work are to optimize the ther-
modynamic performance and to decrease the overall cost of an STHE by
optimizing the operational and geometrical parameters.

Many researchers have contributed to the optimization of heat ex-
changers with different methodologies and approaches. Mehdi et al. [7]
optimized STHEs by adding helical circular grooves of different depths
and then selected an optimum depth, increasing the heat transfer rate by
~5 % with a very minute variation in pressure drop. According to the
Bell-Delaware method, Medardo et al. [8] used a Genetic algorithm (GA)
to find the design parameter’s optimum value. Sadegzadeh et al. [9]
considered cost as the objective function and minimized it using the GA
and particle swarm optimization algorithm. Hajabdollahi et al. [10,11]
analysed STHEs and gasket-plate heat exchangers from an economic
standpoint. They reduced the total cost of STHEs by ~35 % and gasket-
plate heat exchangers by ~13 %. They used a multi-objective optimi-
zation through NSGA-II and performed the exergy analysis to observe
the performance parameters simultaneously. Mohanty [12] used a
gravitational search algorithm based on the law of gravity and mass
interactions to optimize the STHE from an economic perspective. Dhavle
et al. [13] performed a design and economic optimization of STHEs

1. Introduction

Heat exchangers are associated with almost every industry, primarily
in energy generation and heat exchange in general. It is observed that
energy demands are increasing at a rapid rate. Also, with growing in-
dustries and sustainable development required, it has become inevitable
to optimize such systems in a manner to increase output at a lower cost
and lower energy consumption [1-3]. Generally, according to the
application, an industry uses shell and tube heat exchangers (STHE),
gasketed plate heat exchangers (PHE), finned-surface heat exchangers,
and double-pipe heat exchangers [4]. However, the most widely used
heat exchanger is the shell and tube heat exchanger due to its simple
design, higher heat transfer, and reliability at high pressures [5,6]. It is
used when fluid quantities, fluid flow rates, and pressures are high.
Thus, optimizing STHEs will be very helpful to many industries. In an
STHE, several design parameters affect the system’s thermodynamic
performance. Thermodynamic performance refers to heat transfer rate,
heat losses, entropy generation, effectiveness, and pressure drop. Apart
from thermodynamic performance, we should also focus on economics.
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Nomenclature Re Reynolds number
Nu Nusselts number
A heat transfer area, m> b, Boiling number
Bc Baffle cut, %
Bg Baffle spacing Greek symbols .
Ds Shell Diameter NHE heat exchangers efficiency
D¢ Tube outside diameter Nex exergetic efficiency
Degq equivalent diameter s Pump efficiency
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ty Be'ifﬂe thickness, m Abbreviations
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Ef ouling resistance, m"K/W Cindex Cost index factor
X EXergy . EN Endogenous part of exergy destruction
h heat transfer coefficient .
. EX Exogeneous part of exergy destruction
U overall heat transfer coefficient . .
. a K GA Genetic Algorithm
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Fig. 1. Methodology of the design and optimization process of the STHE.



P. Prajapati et al.

Shell Side
Centrifugal Pump

Shell Side
Water In

Shell

Tube Sheet

Thermal Science and Engineering Progress 56 (2024) 103021

Tube Side
= Water Out

Shell

Tube Side

Shell Side Water In

Water Out

Tube Side
Centrifugal Pump

Fig. 2. Shell and tube heat exchanger arrangement.

using a cohort intelligence algorithm. The effect of parameters like tube
outside diameter, baffle space, pitch size, shell diameter and number of
tubes on the total cost of the heat exchanger was studied.

In a study carried out by Wang et al. [14], the influence of corru-
gation parameters on thermal-hydraulic performance of the STHE was
studied. It was observed that the maximum heat transfer efficiency was
obtained at a corrugation angle of f = 60°. Han et al. [15] used an
improved sparrow search algorithm to perform a thermal-economic
optimization design of STHE. The study focussed on constructing a
thermal-economical model using the Kern and Bell-Delaware method
and proposed a novel mechanism to obtain an optimized design of the
heat exchanger. Caputo at el. [16] identified a research gap wherein
concluded that the choice of an objective function strongly affects the
optimal design of the heat exchanger.

Bicer et al. [17] used computational fluid dynamics and the Taguchi
method to optimize the design of the STHE with a novel three-zonal
baffle. Thondiyil and Kizhakke [18] used the Taguchi method to carry
out the optimization of shell and tube heat exchangers with staggered
baffles. Computational fluid dynamics was used to simulate the system
and consider different parameters and geometries. A maximum heat
transfer rate of 141 kW could be achieved with the optimum combina-
tion. Khosravi et al. [19] used a Genetic algorithm (GA), firefly algo-
rithm (FA) and cuckoo search (CS) method to maximize the thermal
efficiency of the STHE. The effect of seven key variables on the efficiency
of the heat exchanger was studied and optimized. Saldanha et al. [20]
analysed the performance of different evolutionary algorithms like
Predator-Prey, Multiobjective particle swarm optimization and NSGA II
with the objective of of minization of heat transfer area and pumping
power in a shell and tube heat exchanger. In a study done by Mohapatra
et al. [21], an optimal plate-fin heat exchanger design optimization is
studied using opposition-based orthogonal learning kho-kho

optimization algorithm. The issues addressed during the optimization
study were total weight, number of entropy generation units and total
annual costs.

Along with costs, researchers also considered performance optimi-
zation based on exergy. Such a combination of optimization studies is
known as ’exergo-economic optimization’. Muhammad et al. [22] per-
formed an exergo-economic analysis of an STHE using the methods of
Kern, Bell-Delaware, and Wills-Johnston and compared the results of all
these methods. They also optimized the system using GA, and the results
showed that the Bell-Delaware and Will-Johnston methods gave similar
values. In contrast, results through the Kern method deviated signifi-
cantly. After optimization, the heat transfer area was reduced by 26.4 %,
capital cost by 20 %, and operational cost by 22 %. Li et al. [23] analysed
the thermal-hydraulic performance and determined the energy effi-
ciency of STHEs. The numerical investigation was conducted for heat
transfer enhancement.

The objectives of this study are: (i) To design an STHE using the
’Kern’ method, perform the energy analysis, and find the total amount of
exergy destruction (ii) to perform an economic analysis to find the
variation of the total cost associated with various parameters of STHE
(iii) Optimizing the system with the help of the Heat Transfer Search
Algorithm (HTSA) by obtaining the Pareto front of the total cost and
heat exchanger efficiency and then selecting the optimum point from the
Pareto front (iv) Perform the parametric analysis of different design
variables to observe the sensitivity/impact of that parameter against
heat exchanger efficiency and cost.

Section 2 describes the methodology for this work as shown in Fig. 1.
Section 3 describes the system configuration and various types of
modelling, i.e., thermal, exergy, and economic modelling, with their
essential correlations for the Kern method. At the end of the section, the
formulation of the objective function is given. Section 4 explains the
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Table 1 Table 2
Geometric configuration of the STHE [22,25]. Constraints for the design parameters [22].
Parameters Value No. Parameters Lower bound Upper bound
Mass flow rate shell, kg/s 27.80 1 Layout, degrees 30° 90°
Mass flow rate tube, kg/s 68.90 2 Shell diameter, mm 100 1500
Shell side temperature outlet, °C 40 3 Tube outside diameter, mm 15 51
Shell side temperature inlet, °C 95 4 Baffle cut, % 20 35
Tube side temperature inlet, °C 25 5 Baffle spacing, mm 50 500
Tube side temperature outlet, °C 40 6 Number of tube passes 1 8
Fouling resistance, Ry shell, m2K/W 0.00034 8 Number of tubes 900 2000
Fouling resistance, Ry /tube, m2.K/W 0.00020
Length of the tube (L), m 4.83
Number of pair of sealing strips, Nss 2 calculated for both pumps and the heat exchanger.
Diametral shell-to-baffle clearance, Ly, m 0.0051 It is important to note that an STHE is designed in two phases. The
Diametral tube-to-baffle clearance, Ly, m 0.0008 . . .. . . P
Baffle thickness, f;, m 0.005 first phase is designing the tube side, and the second is designing the
Bypass channel diametral gap, Ly, m 0.019 shell side. The calculations for the tube side variables are elementary. In
Allowable pressure drop of tube and shell side, P,, kPa 100 contrast, the shell side design is more complicated because it accounts

heat transfer search algorithm used to optimize the system. Section 5
shows the results after the optimization and parametric analysis. Section
6 showcases the important findings and the conclusion of the work.

2. Methodology

This study aims to design a shell and tube heat exchanger using the
’Kern Method’ with the help of the Matlab code and to generate results
as in [22], then performing various analyses: Energy, economic, heat
transfer analysis, and the optimization of the system with the help of the
HTS algorithm. The HTS algorithm provides multiple optimal solutions
represented on a Pareto front and selects the optimum value from those
set points of values. TOPSIS selection criteria which is one of the multi-
criteria decision-making techniques, is employed to select an optimal
point among multiple optimal solutions.

A parametric analysis is carried out on design variables on the shell
side that includes, shell diameter, baffle spacing and baffle cut. Simi-
larly, the design variables on the tube side are tube outside diameter,
tube layout, number of tubes, and number of tube passes. The steps
involved in the methodology of design and optimization of the STHE are
presented using a detailed flowchart in Fig. 1.

3. System description and thermo-economic modeling
3.1. System configuration

The system comprises one STHE and two centrifugal pumps at shell
and tube side inlets. The heat exchanger is liquid phase water-water with
segmental baffles. The flow in the shell side is cross-flow. The pumps are
used to counterbalance the pressure drops in the heat exchanger and
maintain the pressures inside the HEX as shown in Fig. 2. In the current
study, the required data for the analysis are chosen from [22] and given
in Table 1. The water pressures at the shell and tube side outlets are 1.5
bar and 1 bar, respectively. The heat transfer rate for the considered
design of shell and tube heat exchanger is 4.2 MJ. The other values of the
configuration are calculated according to the design method adopted.
There are many STHE design methods, however, for the current study,
the Kern method is used [24].

3.2. Thermo-economic modelling

The thermo-economic modelling of a shell and tube heat exchanger
involves calculating tube and shell side parameters separately. Some of
the parameters involved are Reynolds number (Re), Nusselt number
(Nu), heat transfer coefficient (h), pressure drop (AP), overall heat
transfer coefficient (U), and correction factors of shell side pressure
drop. The economic parameters such as pumping power (PP), cost index
factor (Cindex), Operational cost (OPC), and capital cost (CAPC) are

for different and variable geometric parameters like tube layout, baffle
spacing, baffle cut, number of baffles, bundle diameters, and various
clearances. Thus, for all the methods available for designing the STHE,
the tube side calculations remain the same, while only the shell side
calculations are changed in every technique. All the calculations were
made on MATLAB software. Apart from the specifications given above,
lower and upper bounds of the parameters were also required, as
mentioned in Table 2.
Various correlations for the Kern method are,
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L.D;

AP =P8 fiop
sLeq

(12)

where the value b, is considered to be 0.72, according to Peters and
Timmerhaus [26].

3.3. Exergy modeling

Exergy is the amount of energy released/transferred from a sub-
stance until it reaches thermal and chemical equilibrium with the sur-
roundings. For example, the temperature of a cup of tea is 80 °C, and it is
put open to the environment at 25 °C. The total amount of energy that is
transferred from tea to the environment until it reaches 25 °C is the
amount of exergy that hot tea possesses. A hot stream always enters
through the shell side inlet, and the temperature of the stream gradually
decreases and the density increases. This helps that stream move
downwards to be released from the shell side outlet at the bottom.

The cold stream is continuously pumped through the tubes that
absorb energy and its temperature increases, leading to a decrease in
density which facilitates upward movement [27].

The formula to find the exergy is:

Ex = [(hl — ho) — To(Sl 750)] (13)

Here, h and s represent the enthalpy and entropy of the substance/fluid.
h; represents enthalpy at temperature 1, i.e., the initial temperature of
the substance, and s; represents initial entropy at temperature 1. Ty is
the environment/ambient temperature at which the substance will
reach equilibrium. hy and sy are the enthalpy and entropy at the dead
state [28-30]. A system is said to be in thermal and chemical equilib-
rium with the surroundings, with no possibility of heat transfer [27]. For
the present case, the hot and cold streams possess the exergy. In addi-
tion, the energy provided to the streams by the pumps and the power
required by the pump are also considered for exergy calculations. The
exergy can be calculated as [31]

Expot = [(hy — ho) — To(s1 — So) Jms a4

Excoig = [(h2 — ho) — To(s2 — o) |, (15)

The power required by the pumps is,

pp, — AP 16)
Np

PP, = M AP a7
Np

PP = PP, + PP (18)

where np is pump efficiency, and both pumps have 70 % efficiency.
There is a term called “Exergy Destruction” for finding exergy losses.
It refers to the irreversibilities associated with the system, like surface
friction, fouling resistance, pressure drop, etc. The difference of exergies
at the inlet and exit of the HE gives exergy that has been destroyed [32].

Xpstie = Exci + Expi — Exco — Exmo (19)
Xpp = Exp; + W—Expo (20)
XD = Xp stue +Xpp (21

Here Xp, st is the total amount of exergy destruction by STHE and Xp, p
is the total exergy destruction by both pumps. Combining both of these
will result in total exergy destruction (XD).

3.4. Economic modelling

The system consists of two components: an STHE and two centrifugal
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pumps. The economic analysis of the system will include both compo-
nents. The cost of any component comprises capital cost (CAPC) and
operational cost (OPC) [9,33,34]. Capital cost is the total investment
cost for purchasing the component, and OPC is all the other costs laid
when the system works (such as the cost of electricity). The steps for
calculating all of these costs are explained in the subsequent section.

3.4.1. Capital cost

The capital cost of any component depends upon component mate-
rial, time of purchase, supplier, and product quality [35]. In our case, the
material of the HEX is SS-SS (Shell side — tube side). Many researchers
have developed direct correlations for finding the capital cost by
considering the principal design parameters for different types and
materials of the heat exchanger. As they are not considering every
dimension of the HE, we can only get a reasonable estimate of the cost
associated with the capital investment. The correlation in this study is
taken from [36].

CAPCyy = 8000 + 259.2A%°! (22)

where A is the heat transfer area (m?). Similarly, the capital cost of
centrifugal pumps can be calculated as [37],

1.05
CAPCpymp = 13.921i,, APOS (%) (23)
P

The Cingex is calculated by taking the value of CEPCI of the current
year and a reference year. The reference year is 1990, the current year is
2020, and their CEPCI values are 390 [21] and 650 [22].

CEPCleurrent

= - —eurrent 24
index CEPCI"C erence ( )
The cost index for the present study is,
650
Cindex = ﬁ ~1.7 (25)
Therefore, the current cost of any component can be given as,
CAP Ccurrent = Cindex x CAP Creference (26)

3.4.2. Operational cost

The OPC is the cost while the equipment is operating. It depends on
equipment life ny (in years), annual cost C, ($/year), price of unit
electricity Celectricity ($/kWh), operating hours availability A (hours),
annual inflation rate i (%), and pumping power. To calculate OPC,

ny C

OPC = e~ 27)
; 1+

Co =PP x Celecm'city x A (28)

The values of the other parameters considered are ny = 10 years, A =
7000 h/year, Celectricity = 0.12 $/kWh, and i = 10 % [34].

3.5. Objective function formulation and decision variables

The current study involves an energy economic analysis and opti-
mization of an STHE. The optimization is associated with the minimi-
zation of total cost and maximization of heat exchanger efficiency. The
thermo-economic optimization is performed with the help of a heat
transfer search algorithm. Thus, the objective function for optimization
can be formulated as,

Maximize/Minimizef (X) = f1 (X),f2(X) (29)
X = [_)('17_)('27 ...... 7xk] (30)

where f7(X) and f2(X) represent heat exchanger efficiency and total cost,
respectively, and X indicates the value of various decision variables,
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Fig. 3. Flow chart of heat transfer search algorithm.
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which decides the objective function values.

In the present work, there are a total of seven decision variables: tube
layout (@), shell diameter (Dg), tube outside diameter (Dr), baffle
spacing (Bg), baffle cut (Bc), number of tube passes (Np) and number of
tubes (Nt). The upper and lower bounds of all these variables are given
in Table 2. The optimization algorithm is explained in the next section.

4. Heat transfer search algorithm and TOPSIS selection criteria

Heat transfer search (HTS) is a metaheuristic optimization algorithm
developed in 2015 [38]. The algorithm is developed by taking the nat-
ural laws of thermodynamics and heat transfer as the base. According to
the fundamental laws of thermodynamics, any system always tries to be
in thermal equilibrium with its surroundings by absorbing or releasing
energy, which follows the laws of heat transfer. The heat can be trans-
ferred in three ways: conduction, convection, or radiation. Similarly, the
HTS algorithm comprises three phases, i.e., conduction, radiation, and
convection.

HTS is a population-based algorithm that starts by optimizing an
initial solution until the global optimum point is reached. In the process,
only better points are selected than the previous ones, i.e., incorporating
the greedy selection process. In nature, heat is transferred by the
interaction between the molecules of the system and the surroundings,
where the temperature of the molecules determines the amount of

energy present in them. The same analogy is observed in this algorithm.
The algorithm is composed of a population (like a system comprised of
molecules), where the value of decision variables determines the value
of the objective function (like temperatures of molecules determine the
amount of energy present in them). All three phases in this algorithm
have an equal probability of execution during the optimization, i.e.,
each phase has a probability of 33 %.

The algorithm starts with generating the initial values of the objec-
tive with function with the help of assigned decision variables (say i = 1,
2, 3,...,m). Then, a whole population (say j = 1, 2, 3,...,n) is generated for
the updated results through a predefined number of generations (Ng)
with the help of any of the 3 phases. The detailed process flowchart of
the optimization algorithm is presented in Fig. 3.

4.1. Conduction phase

The conduction heat transfer occurs between molecules with a
higher and lower magnitude of energy. It is imitated in the HTS algo-
rithm during the conduction phase. The energy levels are analogous to
the objective function values. The objective function value is calculated
based on the initial random population, and the solutions (objective
function value) are updated using Egs. (31) and (32).
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Lk (- Rova) () > )
P et (- R () < ) e = Moo/ Cal GD
wi= {7 (o) i) = 1000 {ifNy > Ny max/CaF (32)

yiat (=) i (3) < om0

where, y;; indicates the updated solution and C4F is the conduction
factor. R indicates the probability for this phase and is taken randomly
from O to 0.3333. rj is the random number between 0 and 1, which is
uniformly distributed. Ny e denotes the maximum number of genera-
tions. In this phase, a random solution is selected from the population,
and if the solution is better than the previous one, it is selected, or
another solution is found.

4.2. Convection phase

The convection phase represents the convection heat transfer be-
tween the system and surroundings using Newton’s law of cooling.
Similarly, the better point is selected while comparing it with the mean
solution of the population. Mathematically, it can be represented as,

yj.i, = )/j,i +R(ys - TcF‘L,Yms) (33)

abS(R — ri), lng < Ng,max/COF
TCF = 2 . (€2
round(1 +r;) + ( —-R yj,i),lng > Ngmax/CoF
where C,F is the convection factor, R denoting the probability ranging
from 0.6666 to 1. r; is the random number between 0-1 distributed
uniformly. ys indicates the best solution, y,s indicates the mean solu-
tion, and T.F is the temperature change factor.

4.3. Radiation phase

Stephan Boltzman’s law represents the heat transfer between the
surroundings and the system by thermal radiation. In the radiation
mode, the solutions are selected randomly from the population and are
updated according to the equations,

C i R (v =) () > o)

A_i: {ifNy < Nymax/RaF (35)
P\ s RO =i 7)< oy el

, Yiit+Ti (}'k.i —}'jl)lff<}'1> >fn) .

= ifNg > Ny mae/RaF (36)
‘ Yii + (i 7yk.i)7l:ff<.}/j) <fn) e e/ R

where Ry4F denotes the radiation mode, and R indicates the probability
varying from 0.3333 to 0.6666.

The multi-objective heat transfer search (MOHTS) algorithm con-
siders multiple objective functions simultaneously for optimizing and
generating the population. The non-dominated sorting heat transfer
search (NSHTS) algorithm stores the non-dominated solution generated
by MOHTS. The dominated solutions are checked by e-dominance and
are used to update the solutions and generate the Pareto points and
Pareto front. The details for the entire method are given in references
[39,40].

4.4. TOPSIS criteria

The TOPSIS (Technique for Order Preference by Similarity to Ideal
Solution) selection criteria is an efficient multi-criteria decision-making
technique developed by Hwang and Yoon [41] to select an ideal solution
among multiple optimal solutions. The selection criteria works on the
principle of selecting of ideal solution that has the shortest distance to
the positive ideal solution (A" and farthest distance from the negative
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Fig. 5. Pareto front for cost and heat exchanger efficiency.

ideal solution (A7) [42].

The stepwise procedure to select an ideal solution among the mul-
tiple optimal solutions is presented with the help of a flow-chart in Fig. 4
and explained below.

Step 1: Initially, an evaluation decision matrix is formed based on the
pre-collected numerical data that comprises of options and criteria.
Based on the desirability a variable is assigned as either a benefit cri-
terion or a cost criterion.

Step 2: In this step, the performance of each variable is assessed and
normalized. It is to ensure that the criteria considered for the selection
are on the same scale of comparison.

Step 3: In this step, the weights are assigned to the variables based on
their relative importance and it signifies their relevance/importance in
the decision making process. It is equally important to understand the
relative importance of criteria.

Step 4: Calculation of positive ideal solution (A") and negative ideal
solution (A7). The best performance is identified by the most positive
ideal solution and the worst performance is identified by the most ideal
negative solution. Based on the maximum and minimum values of each
criteria, the solutions are identified.

Step 5: Calculation of proximity ratio based on the Euclidean dis-
tance of each variable from the ideal solution (D;” and D;") is carried out
in this step.

Step 6: To consider all the variables on a common scale, relative
closeness (proximity ratio) between 0 and 1 is calculated towards the
ideal solution.

Step 7: Ranking the options in the decreasing order of relative
closeness. The variables with higher proximity ratios are more desirable
solutions and closer to the ideal solution. Whereas the variables with
lower proximity ratios are considered to be less desired solutions.

5. Case study and results-discussion

In this study, a water-water STHE was designed using the Kern
method, and based on the design parameters, an energy-economic
analysis was carried out using MATLAB. The system comprised a
segmental baffled shell and tube heat exchanger and two centrifugal
pumps. The parameters affecting the geometric configuration of the heat
exchanger are mentioned in Table 1, and the constraints for decision
variables of the shell and tube side are given in Table 2. Analysis was
carried out by calculating the heat exchanger efficiency, total cost and
exergy destruction associated with the system. The designed heat
exchanger was optimized for maximum efficiency and minimum total
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Table 3

Sample design points of decision variables for cost and HE efficiency.
Points A B C D E TOPSIS
Tube layout 45 30 30 30 30 30
Shell diameter, Dy (mm) 1500 719 754 979 1500 883
Tube diameter, D, (mm) 15 15.2 16.2 21.3 33 18.6
Baffle cut, B, (%) 20.0 20.4 20.9 20.7 20 20.2
Baffle spacing, B; (mm) 500 445 417 254 162 333
Number of tube pass, Np 1 2 4 7 8 5
Number of tubes, N; 900 115.5 2000 2000 2000 1957
Total cost (10° $) 72.1 37.4 158.5 207 275.6 175.1

Heat exchanger efficiency  16.4 1155 54.8 69.4 81.6 59.9
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Fig. 6. Pareto optimal curve for three objective functions.

cost using a heat transfer search optimization algorithm.

The two-objective and three-objective optimization was performed
for the total cost, heat exchanger efficiency and exergy destruction in the
shell and tube heat exchanger. A Pareto curve was generated with
multiple Pareto optimal points, each point representing a potential
optimal solution. The curve shows a direct relation between the total
cost and heat exchanger efficiency.

Fig. 5 shows the distribution of Pareto points for total cost per year
and heat exchanger efficiency. The Pareto points A and E marked on the
Pareto curve represent the condition of the minimum total cost of the
heat exchanger and the maximum heat exchanger efficiency respec-
tively. The maximum heat exchanger efficiency of 81.6 % was obtained
with a total cost of 275,000 $/year as represented by point E on the
Pareto curve. Similarly, point A represents the minimum cost of the heat
exchanger obtained as 72,000 $/year when the heat exchange efficiency
was just 16.4 %. Table 3 indicates the five-sample optimal points A-E as
presented on the Pareto curve and signifies the value of heat exchanger
efficiency and the total cost. The optimal operating condition was
determined using the TOPSIS criteria for which the heat exchanger ef-
ficiency and the total cost were 59.9 % and 175,100 $/year.

The distribution of three objective Pareto optimal points is shown in
Fig. 6 for the total cost, heat exchanger efficiency, and exergy destruc-
tion in the heat exchanger. Between the extremities, the heat exchanger
efficiency, total cost, and exergy destruction vary from 16.3 % to 81.6 %,
721,00 $/year to 273,800 $/year and 683.7 kW to 687.8 kW, respec-
tively. The variation in the total cost and the heat exchanger is sub-
stantial, however, the exergy destruction cost variation is marginal
owing to the lower operating temperature (95 °C) of water in the heat
exchanger. The exergy destruction rate is subject to vary substantially
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Table 4

Sample design points of decision variables for total cost, HE efficiency and
exergy destruction.

Points A B C D E TOPSIS
Tube layout 45 45 30 30 45 30
Shell diameter, D; (mm) 1500 1250 1230 1150 1.49 1170
Tube diameter, D; (mm) 15 17 20 20 33 23
Baffle cut, B, (%) 20 20 21 20 21 21
Baffle spacing, B; (mm) 500 430 300 260 150 240
Number of tube pass, Np 1 1 4 5 8 7
Number of tubes, N, 900 1711 1829 1966 2000 1991
Total cost (10° $) 72.1 127.1 166.4 187.1 273.8 210.3
Heat exchanger 16.3 29.6 54.1 62.2 81.6 70
efficiency
Exergy destruction, kW 684.1 683.9 686.2 687.7 687.8 688.8
Table 5
Validation of the results obtained using the proposed approach.
GA approach HTS approach
[19]
Tube side heat transfer co-efficient, (W/m?K) 3964 3753
Shell side heat transfer co-efficient, (W/m? K) 3110 1965
Overall heat transfer co-efficient, (W/m? K) 789 688
Tube side pressure drop, (Pa) 3426 3422
Shell side pressure drop, (Pa) 10,168 1813
Capital cost, ($) 69,582 69,958
Operating cost, ($) 3878 2126
Total cost, ($) 73,460 72,084

Table 6
Comparative results of the present approach with other optimization algorithms.
GA PSO BBO HTS

Tube layout 30 30 30 30
Shell diameter, D; (mm) 1500 1500 1500 1500
Tube diameter, D, (mm) 35 30 30 33
Number of tube pass, Np 8 8 8 8
Number of tubes, N, 1750 1845 1991 2000
Heat exchanger efficiency 79.1 80.3 81.6 81.6

high with the increase in the operating temperature and subsequent
change in the geometric design of the heat exchanger.

The magnitude of the objective function for five sample optimal
points A-E and the optimum operating condition as identified using the
TOPSIS criterion is tabulated in Table 4. At the optimum point, the heat
exchanger efficiency was 70 %, the total cost as 210,300 $/year and the
exergy destruction of 689 kW was obtained. In the subsequent section,
parametric analysis is presented for the design variables on the shell and
tube side.

The validation of the results obtained using the proposed approach is
carried out by comparing the results of the present case study obtained
using the GA and reported in the literature [22]. The comparative results
are presented in Table 5. It can be observed from the results that the
optimized heat exchanger design obtained using the proposed approach
results in lower operating costs as compared to the GA approach.
However, the capital cost of the heat exchanger design obtained using
the proposed approach is marginally higher than the GA approach.
Overall, the total cost of the optimized heat exchanger design obtained
using the proposed approach is 1.9 % lower as compared to the previ-
ously reported design.

In order to improve the visibility of the proposed investigation,
optimization algorithms such as Genetic Algorithm (GA), Particle
Swarm Optimization (PSO), and Biogeography Based Optimization
(BBO) are implemented in the presented case study. These algorithms
are implemented for the maximum heat exchanger efficiency consider-
ation of the presented case study. The comparative results of all these
algorithms with the proposed approach are presented in Table 6. It can
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Fig. 7. Results of parametric analysis for the variables of shell side.

be observed from the results that the optimized heat exchanger design
obtained using the BBO and HTS is identical in efficiency and better as
compared to the GA and PSO approaches.

5.1. Parametric analysis — shell side design variables

The parametric analysis is carried out for the shell side design vari-
ables to understand the effect of baffle cut, baffle spacing and shell
diameter on the heat exchanger efficiency and total cost of the system.
On the Pareto curve, five sample points A-E are selected arbitrarily and
for each point, the behaviour of the heat exchanger is studied and pre-
sented in Fig. 7.

With the increase in the baffle cut, baffle spacing and shell diameter,
the total cost of the heat exchanger increases because of the increase in
the size of the heat exchanger. At the same time, the heat exchanger
efficiency increases resulting from increased heat transfer rates and
lower pressure drops allowing the fluid to flow smoothly. The effect of
increasing the geometrical design variable on the shell side is most
profound for the shell diameter as shown in Fig. 7(c). The maximum heat
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exchanger efficiency of 93.4 % can be achieved with a total cost of
456,000 $/year. The increase in efficiency is greatly acknowledged by
the increase in the cost which becomes a challenge in the practical
application.

The result indicates that baffle cut and baffle spacing are important
parameters when the heat exchanger is subjected to cost minimization as
shown in Fig. 7(a) and (b). The total minimum cost of the system was
72,000 $/year and 75,400 $/year when the baffle cut and baffle spacing
was 0.2 m and 0.05 m; whereas the total cost was 275,000 $/year and
269,000 $/year when the geometrical variables were maximum as 0.35
and 0.5 m. The increase in the total cost of the system was subject to the
increase in the overall heat transfer area of the heat exchanger.

5.2. Parametric analysis — tube side design variables

The effect of tube side design variables, tube layout, tube outside
diameter, number of tube passes and number of tubes on the heat
exchanger efficiency and the total cost of the heat exchanger is pre-
sented in Fig. 8. The effect of tube layout on the total cost and heat
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Fig. 8. Results of parametric analysis for the variables of tube side.

exchanger efficiency is shown in Fig. 8(a). It can be observed from the
figure that with rise in tube layout for any design point (i.e. A-E) results
in a corresponding increase in both objectives. However, the percentage
increase in total cost is more as compared to the increase in heat
exchanger efficiency. In addition, the percentage increases in both ob-
jectives are elevated at higher tube layouts. Overall, the effect of tube
layout is profound in minimizing the total cost of the system and the
optimum tube layout was 30° as shown in Fig. 8(a). The tube outside
diameter was varied from 15 mm to 51 mm and the increase in the tube
outside diameter resulted in increased heat transfer area and corre-
spondingly reduced pressure drop in the tube flow. The total cost
increased from 72,000 $/year to 379,000 $/year with the increase in
tube outside diameter from 15 mm to 51 mm, whereas the heat
exchanger efficiency increased from 16.3 % to 80.7 %, as shown in Fig. 8
(b).

The variation in the number of tubes passes from 1 to 8 resembles an
increase in the total cost of the system at lower efficiency as represented
in Fig. 8(c). However, the change in the total cost is marginal when the
heat exchanger is operated for higher thermal efficiency. At the optimal
point E, the variation in the total cost is barely 1.6 % whereas the heat
exchanger efficiency varied from 32.8 % to 81.6 % between the mini-
mum and maximum limits. The effect of the number of tubes is profound
on the thermal efficiency and at the same time it impacts the total cost of
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the heat exchanger as shown in Fig. 8(d). The obvious reason for
increasing the heat transfer area directly influences the heat transfer and
subsequently the heat exchanger efficiency. For the minimum total cost,
at point A, the variation in the heat exchanger efficiency and the total
cost between the maximum and minimum limits is 84 % and 80 %,
respectively. However, for the maximum heat exchanger efficiency, at
the point E, the variation in the objective functions is 85 % and 65 %,
respectively.

5.3. Population distribution — shell side design variables

Fig. 9 shows the distribution of Pareto points for the decision vari-
ables of the shell side of the heat exchanger. The distribution of the
optimal points of baffle cut, baffle spacing and shell diameter is pre-
sented between the upper and lower bounds. The distribution of the
baffle cut between the bounds is congregated at around 20 % signifying
the monotonous effect on the objective functions presented in Fig. 9(a).
The results in Fig. 9(b) and (c) show that the effect of baffle spacing and
the shell diameter is profound and the distribution is scattered widely
between the bounds. It signifies that the effect of design variables in
obtaining the optimum value significant.
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5.4. Population distribution — tube side design variables

Fig. 10 shows the distribution of Pareto points for the decision var-
iables of the tube side of the heat exchanger. The distribution of the
optimal points of tube layout, tube outside diameter, number of tube
passes and the number of tubes in the heat exchanger is presented be-
tween the upper and lower bounds.

The distribution of tube layout across the lower and upper bound is
monotonous and it is evident from Fig. 10(a) that the optimum values of
the objective functions are obtained at 30° tube layout. The distribution
of the tube outside diameter as shown in Fig. 10(b) is scattered across the
bounds, however, 0.035 mm was the maximum limit of the tube diam-
eter to get the optimum values of the objective functions. The number of
tube passes and the number of tubes were scattered across the bounds to
get the optimum value of the objective functions as shown in Fig. 10(c)
and (d). The scattered distribution resembles the variation of the
objective function in achieving the minimum total cost and the
maximum thermal efficiency.

6. Conclusions

In this study, a water-water segmental baffle shell and tube
exchanger was modelled by the Kern method and analyzed from an
energy-economic point of view. The system consisted of two centrifugal
pumps and one shell and tube heat exchanger, whose application is to
heat cold water by a hot water flow. During the water-to-water heat
transfer, the exergy destruction, heat exchanger efficiency, capital cost,
and operational cost of various streams were calculated through energy-
economic analysis. System optimization was performed to minimize the
total cost per year and maximize the heat exchanger efficiency. A heat
transfer search algorithm was used to optimize the system and multiple
Pareto optimal points were obtained as the result. With the help of the
TOPSIS decision-making criteria, the optimum point was selected from
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the Pareto front, and the optimum point indicated the values of seven
decision variables, i.e., shell diameter, tube outside diameter, baffle cut,
baffle spacing, number of tube pass, number of tubes and tube layout.
Following are the important findings of the study.

The optimum geometric configuration for the heat exchanger as
selected by TOPSIS criteria can yield the heat exchanger efficiency of
59.9 % at a total cost of 175,000 $/year. Among the variables on the
shell side, shell diameter profoundly affects the objective functions
as a maximum efficiency of 93.4 % can be achieved with a total cost
of 456,000 $/year.

The result also indicates that baffle cut and baffle spacing are
important parameters when the heat exchanger is subjected to cost
minimization.

Similarly, the effect of tube layout is profound in minimizing the
total cost of the system and the optimum tube layout was 30°. A
triangular pitch is observed to be more effective than a square pitch
tube layout.

The effect of the number of tubes is profound on the thermal effi-
ciency and at the same time it impacts the total cost of the heat
exchanger

The scattered distribution of baffle spacing, shell diameter. tube
outside diameter, number of tube passes and number of tubes
represent profound effects on obtaining optimal heat exchanger ef-
ficiency and total cost. Whereas, the effect of tube layout and baffle
cut is monotonous on the system performance.
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