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List of symbols
a1	� Numerical constant
a2	� Numerical constant
a3	� Numerical constant
as	� Cross section area normal to flow direction (m2)
AS	� Heat transfer surface area (m2)
B	� Baffles spacing (m)
Cl	� Clearance (m)
Cp	� Specific heat (kJ/kg K)
Ci	� Capital investment (€)
CE	� Energy cost (€/kW h)
Co	� Annual operating cost (€/year)
CoD	� Total discounted operating cost (€)
Ctot	� Total annual cost (€)
d	� Tube diameter (m)
De	� Equivalent diameter (m)
Ds	� Shell diameter (m)
f	� Friction factor
F	� Correction factor
h	� Heat transfer coefficient (W/m2 K)
H	� Annual operating time (h/year)
i	� Annual discount rate (%)
k	� Thermal conductivity (W/m K)
K1	� Numerical constant
L	� Tube length (m)
m	� Mass flow rate (kg/s)
n	� Number of tubes passages
n1	� Numerical constant
ny	� Equipment life (year)
Nt	� Number of tubes
P	� Pumping power (W)
p	� Numerical constant
Pr	� Prandtl number
Pt	� Tube pitch (m)
PR	� Pitch ratio, PR = 1.25 do (m)

Abstract  This study proposes a new procedure for opti-
mal design of shell and tube heat exchangers. The elec-
tromagnetism-like algorithm is applied to save on heat 
exchanger capital cost and designing a compact, high per-
formance heat exchanger with effective use of the allow-
able pressure drop (cost of the pump). An optimization 
algorithm is then utilized to determine the optimal values 
of both geometric design parameters and maximum allow-
able pressure drop by pursuing the minimization of a total 
cost function. A computer code is developed for the opti-
mal shell and tube heat exchangers. Different test cases are 
solved to demonstrate the effectiveness and ability of the 
proposed algorithm. Results are also compared with those 
obtained by other approaches available in the literature. 
The comparisons indicate that a proposed design procedure 
can be successfully applied in the optimal design of shell 
and tube heat exchangers. In particular, in the examined 
cases a reduction of total costs up to 30, 29, and 56.15 % 
compared with the original design and up to 18, 5.5 and 
7.4 % compared with other approaches for case study 1, 2 
and 3 respectively, are observed. In this work, economic 
optimization resulting from the proposed design procedure 
are relevant especially when the size/volume is critical for 
high performance and compact unit, moderate volume and 
cost are needed.
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Q	� Heat duty (W)
Re	� Reynolds number
Rf	� Fouling resistance (m2 K/W)
T	� Temperature (K)
U	� Overall heat transfer coefficient (W/m2 K)
vt	� Fluid velocity (m/s)

Greek symbols
�P	� Pressure drop (Pa)
�TLM	� Logarithmic mean temperature difference (°C)
π	� Numerical constant
µ	� Dynamic viscosity (pa s)
ν	� Kinematic viscosity (m
ρ	� Density (kg/m3)
H	� Overall pumping efficiency

Subscripts
e	� Equivalent
i	� Inlet
o	� Outlet
s	� Belonging to shell
t	� Belonging to tube
w	� Tube wall
lm	� Logarithmic mean

1  Introduction

Heat exchangers are used for the effective heat transfer 
between two fluids (gas or liquid). Shell and tube heat 
exchangers are widely used in various industries, includ-
ing HVAC, plants, power and process industries, and many 
others. This widespread use can be justified by their effi-
cient, compact, and environment-friendly features. The tra-
ditional design of shell and tube heat exchangers involves 
rating a large number of exchanger geometries to identify 
those that satisfy a given heat duty and a set of geometric 
and operational constraints. This approach is time consum-
ing and does not guarantee an optimal solution [1]. Given 
the widespread use of shell and tube heat exchangers, a 
considerable number of papers that employ various tech-
niques have been devoted to the design optimization prob-
lem. For example, the exergetic analysis by [2] focuses on a 
device based on exergy transfer effectiveness, which is spe-
cifically defined for an isolated heat exchanger as a compo-
nent. Gupta and Das [3] evaluated the exergetic behaviour 
of a cross-flow heat exchanger. San [4] used the second law 
analysis in recovering waste heat in heat exchangers. Ery-
ener [5, 6] described in detail the thermoeconomic analysis 
and optimization of thermal systems. Caputo et  al. [7, 8] 
proposed a genetic algorithm to minimize the total cost of 
the shell and tube heat exchanger. It was observed a reduc-
tion of total costs up to more than 50  % compared with 

original design. Patel and Rao [9] used a non-traditional 
optimization technique called particle swarm optimization 
(PSO) for the design optimization of shell and tube heat 
exchangers from an economic perspective. They considered 
the sum of the capital investment related to the heat trans-
fer area and the energy-related costs related to overcom-
ing friction losses in the fluid flow (pumping losses). An 
approach based on the genetic algorithm (GA), such as the 
artificial bee colony(ABC) [10] and biogeography-based 
optimization(BBO) [11, 12] algorithms, for the optimal 
design of shell and tube heat exchangers was studied by 
[7, 8, 13–19]. Azad and Amidpour [20] used the GA based 
on constructal theory to optimize the objective function, 
mathematical model for the cost of the shell, and tube heat 
exchanger. Sharma et  al. [21] developed an excel-based 
multi-objective optimization (MOO) program on elitist 
non-dominated sorting GA and tested it against benchmark 
problems. The MOO program was applied in designing a 
falling film evaporator system that consists of a pre-heater, 
evaporator, vapor condenser, and steam jet ejector for milk 
concentration. Their results showed a reduction of up to 
50 % or more of the total costs. In recent years, methods of 
optimization technique have been increasingly emphasized 
to reduce cost and shorten the length of time required for 
computation in data mining.

Caputo et al. [22] Carried out in a comparison between 
the actual installed heat exchangers, designed resorting to 
a leading commercial software tool, and the correspond-
ing equipment configurations obtained by a genetic algo-
rithm-based software tool, developed by the authors for 
optimal heat exchangers design. Results show that a lower 
weight was reached due to the reduction of shell diameter 
and length, as well as tube diameter. Weight reductions 
between 8 and 58 % were obtained over a wide range of 
equipment sizes. Hultmann et al. [23] proposed population-
based metaheuristic algorithm, inspired from the animals’ 
behaviour. Results illustrate that multiobjective free search 
(FS) approach combined with differential evolution (MOF-
SDE) efficiently achieves two goals of multiobjective opti-
mization problems: to find the solutions that converge to an 
approximated Pareto-front which is well spread, having the 
advantage of no parameter tuning apart from the population 
size and the number of generations.

Birbil and Fang [24] and Birbil et al. [25] proposed an 
electromagnetism (EM)-like algorithm to solve optimi-
zation problems in continuous space. The EM-like algo-
rithm uses the attraction–repulsion mechanism of electro-
magnetism theory to ascertain the optimal solution. One 
of the most important and appealing characteristics of the 
EM-like algorithm is that it requires only a few param-
eters to be adjusted [26]. The solution obtained through 
this algorithm is not easily trapped in a local optimum. 
Jolai et  al. [27]. demonstrated that implementing the 



2623Heat Mass Transfer (2016) 52:2621–2634	

1 3

EM-like algorithm in this problem significantly improves 
the results relative to those obtained using GA. The per-
formance of the EM-like algorithm is compared with that 
of the proposed heuristic and GA. Some statistical tests 
are also conducted to determine the best performance of 
the GA and EM-like algorithm in terms of various param-
eters. Abed et  al. [28] compared the EM-like algorithm 
and GA in solving inverse kinematics. They showed that 
the former needs a smaller population size and number of 
generations than the latter to obtain the true solution. The 
EM-like algorithm differs from GA and SA in terms of 
the exchange of materials between their population mem-
bers. By contrast, the EM-like algorithm is similar to PSO 
and ACO in terms of the influence of all other particles 
in the population [29]. EM algorithm has been used for 
optimization problems in many practical applications 
for example; Golmohammdi and Ghodsi [30] developed 
an integrated EM-like algorithm for the CM scheduling 
problem. Lin and Sun [31] introduced an EM-like mecha-
nism algorithm to improve the performance of the PSO 
algorithm. The EM-like algorithm is also used to identify 
the typical transfer function of thermal processes and the 
transfer function between primary air and bed tempera-
ture in a CFB boiler. Guan et al. [32] proposed a revised 
EM-like mechanism in manufacturing a system design 
that solves the layout design problem. Khalili and Tavak-
koli-Moghaddam [33] developed a new multi-objective 
electromagnetism algorithm (MOEM) for a bi-objective 
flowshop scheduling problem. The motivation behind this 
algorithm has risen from the attraction–repulsion mecha-
nism of electromagnetic theories. The EM-like algorithm 
has been applied in optimization in continuous space and 
in a small number of studies on discrete problems, but it 
is yet to be applied in the optimization of shell and tube 
heat exchangers.

The main objectives of this study are: (1) to optimize the 
effect of the geometrical parameters of SHEs and estima-
tion of the minimum heat transfer area required for a given 
design configuration and (2) to demonstrate the effective-
ness of the EM-like algorithm as a wrapper approach in the 
design optimization of shell and tube heat exchangers from 
an economic point of view. The ability of the EM-like tech-
nique is demonstrated using different case studies.

2 � EM‑like algorithm

The EM-like algorithm is a heuristic method proposed by 
Birbil and Fang [24] in 2003 for global optimization. This 
algorithm employs the attraction–repulsion mechanism of 
electromagnetism theory to determine the optimal solution. 
The EM-like algorithm can approximate the solution more 
quickly and accurately [34].

Abed et al. [35–37] and Birbil and Fang [24] presented 
the main phases of the EM-like algorithm as follows. First, 
the algorithm is initialized and the m points are randomly 
chosen from a feasible region, which is an n-dimensional 
space. Each dimension of a point is assumed to be uni-
formly distributed in the corresponding upper and lower 
bounds. A search for the local optimum is conducted after 
the initial solutions are determined. Any method of local 
optimization, such as hill-climbing [38, 39] or gradient-
based methods, can be used in this stage. A random selec-
tion near the original solution is proposed in the primary 
algorithm. Finally, the total force exerted on each point 
is calculated. In this stage, the authors use the superposi-
tion principle of electromagnetism theory. The proportion 
of the charges of the points and the inverse proportion of 
the distance between the points are used to calculate the 
force exerted on the particle through other points [40]. For 
example, Fig.  1 shows that 

−→
F31 is the force exerted by q3 

on q1, that is, q1 is repulsed by q3 if the value of the objec-
tive function of q1 is better than that of q3. 

−→
F21 is the force 

exerted by q2 on q1; that is, q1 is attracted by q2 if the objec-
tive function value of q1 is worse than that of q2. Conse-
quently, the eventual force exerted on q1 is 

−→
F1 = −→

F21 +
−→
F31.

The main procedures for the algorithm which used in 
this paper are:

1.	 Initialization: An n-dimensional population with m 
points is randomly generated. Each dimension has an 
upper and lower bound [41]. The objective function 
of each sample is evaluated after the generation of the 
samples.

2.	 Total Force Calculations: The first step in the force 
calculation is the calculation of the charge for each 
sample point. The charge calculation for each sample 

Fig. 1   Superposition principle [19]
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point are performed for each generation and it depends 
on objective function of the this point and the objective 
function for the best point as shown in Eq. (1) [42]:

	

where f (qi) is the objective function value of sample 
point, qi and f (qbest) is objective function of current 
best solution. Observe that, no sign appeared on the 
charge of a sample point. In its place, the difference 
between the objectives functions of two points will 
decide the direction of the force between them, Hence,
	

where Fi is the total force exerted on sample point 
(qi) according to Eq.  (2), the point with better objec-
tive function attracts the other points. Even so, the 
point with worse objective function value will repel the 
others.

3.	 The Movement along the Total Force: The last step 
after force calculation is to calculate the movement 
according to the force. So, the point will move in the 
direction of the force by random step length. The flow 
chart of electromagnetism-like algorithm which con-
sists of three main parts is shown in Fig. 2.

3 � Heat exchanger design procedure

3.1 � Heat transfer

The heat transfer surface area through the mean logarithm 
temperature difference approach [43]:

and the log mean temperature difference [43],

For sensible heat transfer, the heat transfer rate is given 
by,

The overall heat transfer coefficient, U, under fouling 
conditions can be expressed as [43]:

(1)qi = exp

{

−n
f (qi)− f (qbest)

∑m
k=1

[

f (qk)− f (qbest)
]

}

, ∀i

(2)

Fi =
m
�

j �=i







�

qj − qi
�

qiqj

qj−qi2
if f

�

qj
�

< f
�

qi
�

(Attraction)

�

qi − qj
�

qiqj

qj−qi2
if f

�

qj
�

≥ f
�

qi
�

(Repulsion)







(3)AS =
Q

FUlm�Tlm

(4)�Tlm =
[(

Thot,i − Tcold,o

)

−
(

Thot,o − Tcold,i

)]

Ln
[(

Thot,i − Tcold,o

)

−
(

Thot,o − Tcold,i

)]

(5)Q = msCps(Tis − Tos) = mtCpt(Tot − Tit)

The shell side heat transfer coefficient hs is instead com-
puted resorting to Kern’s formulation referring to segmen-
tal baffled shell and tube exchangers [43].

The shell hydraulic diameter computed as [1, 44]:

(6)U =
1

1
hs

+ Rfs + do
di

(

Rft + 1
ht

)

(7)di = 0.8do

(8)hs =
k

De

0.36Re0.55s Prs
1/3

(

µs

µw

)0.14

(9)For square pitch De =
4
(

P2
t −

(

πd2o
/

4
))

πdo

End 

Initialize the population 
(Randomly selecting m particles) 

Start  

Computing the   value of each 
particle 

Force Calculating 
Calculating the attraction and repulsion 

force based on the objective function value  

Move the particle 

Select the best particle  

Max 
iteration? 

Select the design 
parameters 

Yes No 

Fig. 2   The flow chart of applying electromagnetism-like algorithm 
on optimization of SHE
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where, the Prandtl number for shell side follows,

The Reynolds number for shell side, Re, is determined 
as follows:

Where νs is flow velocity for the shell side and can obtained 
from [45],

In the above, as is the cross section area normal to flow 
direction and determined by,

And shell side clearance Cl is:

According to the flow regime, the tube side heat transfer 
coefficient (hi) is computed from following correlation, For 
laminar flow [46] 

(10)For triangular pitch De =
4
(

P2
t

√
3

4
− πd2o

8

)

πdo/2

(11)Prs =
µsCps

ks

(12)Res =
ρsνsDe

µs

(13)νs =
ṁs

as

(14)as =
DsBCl

Pt

(15)Cl = Pt − do

(16)

ht =
kt

di











3.657+
0.0677 ∗

�

ReiPri
di

L

�1.33

1+ 0.1

�

Rei
di

L

�0.3

Prt











(Rei < 2300)

Flow velocity for tube side is found by,

Nt is the number of tubs which can be found approximately 
from the following equation [37].

where constants k1 and n1 cofficients that are taking values 
accroding to flow arrangement and number of passes [43].

3.2 � Pressure drop

The effects of the fluid friction on the heat exchanger are 
equally important because they determine the pressure 
drop of the fluids flowing in the system and consequently 
the pumping power or fan work input necessary to main-
tain the flow. Adding pumps or fans increases the capital 
cost and becomes a major part of the operating cost of the 
exchanger. Thus, the final design and selection of a unit are 
therefore influenced by effectively using the permissible 
pressure drop and the cost of pump or fan power. The pres-
sure drop along the side of the tube is calculated in [7, 48].

The shell side pressure drop is calculated as [7, 43].

(22)vt =
mt

(

π
/

4
)

d2i ρi
∗
(

n

Nt

)

(23)Nt = K1

(

Ds

do

)n1

(24)�pt = �ps +�pelbow +�pbends

(25)�pt =
ρi

2
v2i

(

ft
L

di
+ p

)

· n

(17)ht =
kt

di

[

(ft/8)(Rei − 1000)Prt

(1+ 12.7(ft/8)
0.5
(

Pr0.67t − 1
)

[

1+
(

di

L

)0.67
]]

(2300 < Rei < 10000)

Where ft is the Darcy friction factor [47] given as,

Prt is the tube side Prandtl number, is given by:

Ret is the tube side Reynolds number and given by,

(18)

ht = 0.027
kt

di

(

Re0.8i Prt
1
3

)

(

µi

µw

)0.14

(Rei > 10000)

(19)ft = (1.58 ∗ ln (Rei)− 3.28)−2

(20)Prt =
µtCpt

kt

(21)Ret =
ρtνt

µt

di

where,

Considering pumping efficiency (η), pumping power 
computed by [10, 43],

(26)�ps = fs

(

L

do

)(

ρsv
2
s

2

)(

Ds

B

)

(27)
fs = 2boRe

−0.15
s [bo = 0.72 valid for (Re < 40, 000)]

(28)P =
1

η

(

mt

ρi
�pt +

ms

ρs
�ps

)
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3.3 � Objective function

The tube sheet patterns (triangle or square), pitch ratio, 
fouling resistances, and thermophysical properties of the 
fluids are accepted as the fixed parameters in optimizing 
the design of heat exchangers. The design specifications 
identify the heat duty of the heat exchanger and are given 
by the following parameters: the mass flow rate of the 
two fluids, inlet and outlet temperatures of the fluids in 
the shell and the tube, and energy balance. The optimi-
zation variables are the inner diameter of the shell (Ds), 
outer diameter of the tube (do), tube length (L), and baf-
fle (B). Based on the actual values of the design speci-
fications and fixed parameters and the current values of 
the optimization variables, the exchanger design routine 
determines the values of the heat transfer coefficients 
of the shell and tube, heat exchanger area, number of 
tubes, thickness of the tube, pitch, and flow velocities in 
the shell and tube. These factors define the constructive 
details of the exchanger and satisfy the assigned thermal 
duty specifications. Each time, the process changes the 
values of the design variables do, Ds, L, and B until the 
minimum objective function is found or a prescribed con-
vergence criterion is met.

The objective function has been assumed as the total 
present cost Ctot,

The capital investment Ci is computed as a function of 
the exchanger surface adopting Hall’s correlation [49], for 
heat exchanger made with stainless steel for both shells and 
tubes.

where a1 = 8000, a2 = 259.2, and a3 = 0.91.
The total discounted operating cost related to pumping 

power to overcome friction losses is computed from the 
following equation,

(29)Ctot = Ci + Cod

(30)Ci = a1 + a2 A
a3
s

4 � Results and observation

The present study investigates the application of the 
EM-like algorithm in the design and economic optimi-
zation of shell and tube heat exchangers. This method 
follows the same concepts governing the PSO method 
[9], wherein the goal is to direct the particles in a pop-
ulation toward the most promising area of the search 
space. In the EM-like algorithm, the position changes 
based on the total force that affects the particles in the 
search space.

(31)Co = PCeH

(32)Cod =
ny
∑

k=1

Co

(1+ i)k

Table 1   Case studies specification

Cases M (kg/s) Ti (°C) To (°C) ρ (kg/m3) Cp (kJ/kg K) μ (Pa s) K (W/m K) Rfouling (m
2 K/w)

Case 1

 Shell side: methanol 27.8 95 40 750 2.84 0.00034 0.19 0.00033

 Tube side: sea water 68.9 25 40 995 4.2 0.00080 0.59 0.00020

Case 2

 Shell side: kerosene 5.52 199 93.3 850 2.47 0.00040 0.13 0.00061

 Tube side: cruce oil 18.8 37.8 76.7 995 2.05 0.00358 0.13 0.00061

Case 3

 Shell side: distilled water 22.07 33.9 29.4 995 4.18 0.00080 0.62 0.00017

 Tube side: raw water 35.31 23.9 26.7 999 4.18 0.00092 0.62 0.00017

Number of generations

To
ta
lc

os
t(
£)

10 20 30 40 50
0

30000

60000

90000

120000

150000

180000

210000

240000
Case Study -1

Fig. 3   Convergence of EM for case study 1
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4.1 � Model validation

The efficiency and validity of the suggested approach was 
assessed by analyzing some relevant case studies taken 
from the literature. The reliability of the obtained results 
was used (Table 1). The original values from Ref [45], and 
those of the optimization algorithm were used as input val-
ues. Three sample case studies were analysed:

Case 1: 4.34 (MW) duty, methanol–brackish water 
exchanger [41]
Case 2: 1.44 (MW) duty, kerosene–crude oil exchanger [50]
Case 3: 0.46 (MW) duty, distilled water–raw water 
exchanger [50]

The upper and lower bounds of the optimization varia-
bles are followed in the EM-like approach: the inner diam-
eter of the shell (Ds) ranging between 0.1 and 1.5 m, the 
outer diameter of the tube (do) ranging between 0.015 and 

0.051 m, and the baffle spacing (B) ranging from 0.05 m 
to 0.5 m. The values of the discounted operating costs are 
computed using the following equation: ny  =  10  years, 
annual discount rate (i) = 10 %, energy cost (Ce) = 0.12 ₤/
kW h, and an annual amount of work hours H = 7000 yr/h.

To obtain the optimal solution using the EM-like algo-
rithm, the number of runs used to obtain the average is 50 
times, the number of generation 30–100, and the population 
size 100. However, convergence always occurred within 
about 50 generations during the tests, as shown in Fig. 3.

4.2 � Geometric design parameters analysis

The heat exchanger designs should contain all the neces-
sary detailed information on flow rates of the streams; 
operating pressures; pressure drop limitations for both 
streams; temperature; size; length; and other design con-
straints such as, fluid type and flow arrangements to obtain 
the reliability, availability and manufacturability of surface 

Table 2   Comparison of other results with the results of this study for Case study-1

Geometric design parameters Original Design [45] GA [7] PSO [9] ABC [10] BBO [11] Present study

Case study-1

Ds (m) 0.894 0.83 0.81 1.3905 0.801 1.3578

L (m) 4.830 3.379 3.115 3.963 2.040 1.7134

B (m) 0.356 0.5 0.1112 0.4669 0.500 0.2474

d0 (m) 0.02 0.016 0.015 0.0104 0.010 0.0337

Pt (m) 0.025 0.020 0.0187 – 0.0125 –

Cl (m) 0.005 0.004 0.0037 – 0.0025 0.0084

Nt 918 1567 1658 1528 889.8

vt (m/s) 0.75 0.69 0.67 0.36 0.77 0.3

Ret 14,925 10,936 10,503 – 7642.497 10099

Prt 5.7 5.7 5.7 – 5.7 5.7

ht (W/m2 K) 3812 3762 3721 3818 4314 1724

ft 0.028 0.031 0.0311 – 0.034 0.032

�Pt (Pa) 6251 4398 4171 3043 6156 2568

as (m
2) 0.0320 0.0831 0.0687 – 0.0801 0.0721

De (m) 0.014 0.011 0.0107 – 0.007 0.0243

vs (m/s) 0.58 0.44 0.53 0.118 0.46 0.6306

Res 18,381 11,075 12,678 – 7254.007 –

Prs 5.1 5.1 5.1 – 5.1 5.1

hs (W/m2K) 1573 1740 1950.8 3396 2197 2633

fs 0.330 0.357 0.349 – 0.379 0.3034

�Ps (Pa) 35,789 13,267 20,551 8390 13,799 37,843

U (W/m2 K) 615 660 713.9 832 775 560

AS (m2) 278.6 262.8 243.2 – 229.95 156.1

Ci (€) 51,507 49.259 46,453 44,559 44,536 33,651.6

Co (€) 2111 947 1038.7 1014.5 984 1842.4

CoD (€) 12,973 5818 6778.2 6233.8 6046 11320.6

Ctot (€) 64,480 55.077 53,231 50.793 50,582 44,972
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that will meet the performance requirement at a minimum 
cost. Different case studies have been chosen in order to 
apply the proposed algorithm that will meet design require-
ments. Moreover, the new approach has been compared 
with four approaches to check the plausibility of the pro-
posed algorithm.

4.2.1 � Case study‑1: (methanol–see water exchanger)

Case study- 1, taken from Sinnott [41]. The original design 
assumed the heat exchanger with two tube side passages 
and one shell side passage. The same structural design was 
studied in the other approaches.

Table 2 compares the results of the proposed algorithm 
for case study-1 with those of the original design solution 
and other approaches used in literature by the correspond-
ing cited author.

The results show that a significant increase in the diam-
eter of the tube reduces the flow velocity in the tube, which 

in turn reduces the heat transfer coefficient of the tube. An 
increase in the tube diameter increases the flow velocity 
in the shell, which in turn increases the heat transfer coef-
ficient of the shell by 19.84  %. However, a low number 
of tubes and an increase in the inner diameter of the tube 
reduce the flow velocity in the tube, which in turn increases 
the pressure losses. Therefore, the annual pumping cost 
increases markedly (87.2 %).

It can be also seen from Table 2 the heat transfer surface 
area in the proposed algorithm reduced by about 78.5, 68.4, 
55.8 and 47.3  % compared with the original design, GA, 
PSO, and BBO respectively. The overall surface area of 
the heat exchanger can usually be reduced if the heat trans-
fer coefficient of the tube side is reduced. It is also shown 
that the reduction both the number of tubes and tube length 
reduce the size of the heat exchanger. Moreover, to meet 
the design pressure drop constraints may require a reduc-
tion in tube length. However, for efficient conditions of 
heat transfer is to have maximum number of tubes possible 

Table 3   Comparison of other results with the results of this study for Case study-2

Geometric design parameters Original Design [45] GA [7] PSO [9] ABC [10] BBO [11] Present study

Case study-2

Ds (m) 0.539 0.63 0.59 0.3293 0.74 0.6259

L (m) 4.88 2.153 1.56 3.6468 1.99 3.3512

B (m) 0.127 0.12 0.1112 0.0924 0.1066 0.2583

d0 (m) 0.025 0.02 0.015 0.0105 0.015 0.0313

Pt (m) 0.031 0.025 0.0187 – 0.0188 0.03457

Cl (m) 0.006 0.005 0.0037 – 0.0038 0.0069

Nt 158 391 646 511 1061 169

vt (m/s) 1.44 0.87 0.93 0.43 0.69 1.1419

Ret 8227 4068 3283 – 2298 7855.77

Prt 55.2 55.2 55.2 – 55.2 55.2

ht (W/m2 K) 619 1168 1205 2186 1251 –

ft 0.033 0.041 0.044 – 0.05 0.0392

�Pt (Pa) 49,245 14,009 16,926 1696 5109 22,489

as (m
2) 0.0137 0.0148 0.0131 – 0.0158 0.03234

De (m) 0.025 0.019 0.0149 – 0.0149 0.0274

vs (m/s) 0.47 0.43 0.495 0.37 0.432 0.48

Res 25,281 18,327 15,844 – 13,689 17,179

Prs 7.5 7.5 7.5 – 7.5 7.5

hs (W/m2K) 920 1034 1288 868 1278 1501

fs 0.315 0.331 0.337 – 0.345 0.3697

�Ps (Pa) 24,909 15,717 21,745 10,667 15,275 24,995

U (W/m2 K) 317 376 409.3 323 317.75 365

AS (m2) 61.5 52.9 47.5 61.566 60.35 43

Ci (€) 19,007 17,599 16,707 19,014 18,799 15,891

Co (€) 1304 440 523.3 197.139 164.414 537.582

CoD (€) 8012 2704 3215.6 1211.3 1010.25 3303.21

Ctot (€) 27,020 20,303 19,992.6 20,225 19,810 19,195
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in the shell to maximise the turbulence, while long tube 
lengths with few tubes may give rise to shell side distri-
bution problems. It can be observed that the reduction in 
tube length from the proposed algorithm about 2.8 times 
less than that of the  original design and 1.25–2.25 times 
less than that of the other approaches. Therefore, a reduc-
tion in the heat exchanger area results in a decrease in the 
capital investment. Table 2 shows that the results obtained 
from the EM-like algorithm are better than those obtained 
in other studies.

4.2.2 � Case study‑2: (kerosene–crude oil exchanger)

This case study was taken from Kern [50]. The design 
parameters are assumed to solve this problem using the 
EM-like approach and are considered appropriate to the 
literature parameters with a square pitch pattern. Table  3 
compares the results obtained by other approaches used in 

literature with those obtained by the present study for case 
study 2. It can be seen from Table 3 that the reduction in 
the heat transfer area about 43 % compared with the origi-
nal design and 23, 10.5, 43.2, and 40.34 % compared with 
the GA, PSO, ABS, and BBO respectively. This reduction 
in the heat transfer area is due to significant decreases in 
the number of tubes compared with the other approaches. 
However, the low number of tubes enabled to increase the 
tube side flow velocity leading to a marked increase of 
pressure losses. The proposed algorithm has shown low 
heat exchange surface area with slightly increased in the 
pressure drop.

4.2.3 � Case study‑3: (distilled water–raw water exchanger)

The design parameters were taken from [50] to solve the 
present problem with the EM-like approach and are con-
sidered appropriate to the literature parameters with a 

Table 4   Comparison of other results with the results of this study for Case study-3

Geometric design parameters Original Design [45] GA [7] PSO [9] ABC [10] BBO [11] Present study

Case study-3

Ds (m) 0.387 0.62 – 1.0024 0.55798 0.7681

L (m) 4.881 1.548 1.45 2.4 1.133 2.1564

B (m) 0.305 0.44 0.423 0.354 0.5 0.3426

d0 (m) 0.019 0.016 0.0145 0.0103 0.01 0.034

Pt (m) 0.023 0.020 0.0187 – 0.0125 0.02229

Cl (m) 0.004 0.004 0.0036 – 0.0025 0.0085

Nt 160 803 894 704 1565 259.99

vt (m/s) 1.76 0.68 0.74 0.36 0.898 0.5244

Ret 36409 9487 9424 – 7804 15727.6

Prt 6.2 6.2 6.2 – 6.2 6.2

ht (W/m2 K) 6558 6043 5618 4438 9180 5181.55

ft 0.023 0.031 0.0314 – 0.0337 0.0284

�Pt (Pa) 62,812 3673 4474 2046 4176 5679.5

as (m
2) 0.0236 0.0541 0.059 – 0.0558 0.0526

De (m) 0.013 0.015 0.0103 – 0.0071 0.0245

vs (m/s) 0.94 0.41 0.375 0.12 0.398 0.4452

Res 16,200 8039 4814 – 3515 13795.8

Prs 5.4 5.4 5.4 – 5.4 5.4

hs (W/m2K) 5735 3476 4088.3 5608 4911 5211.9

fs 0.337 0.374 0.4030 – 0.423 0.3477

�Ps (Pa) 67,684 4365 4271 2716 5917 7336.0

U (W/m2 K) 1471 1121 1177 1187 1384 1204.2

AS (m2) 46.6 62.5 59.2 54.72 55.73 53.374

Ci (€) 16,549 19,193 18,614 17,893 18,059 17,667.2

Co (€) 4466 272 276 257.82 203.68 271.86

CoD (€) 27,440 1671 1696 1584.2 1251.5 1621.6

Ctot (€) 43,989 20,834 20,310 19,478 19,310 19,289
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triangular pitch pattern. Table  4 compares the results 
obtained by other approaches used in literature with the 
results obtained from the present study for case study 3. In 
this case study, the reduction in the heat transfer area about 
17, 10.92, 2.52, and 4.414 % compared with the GA, PSO, 
ABS, and BBO respectively. It can be shown that the reduc-
tion in tube length from the proposed algorithm about 2.25 
times less than that of the original design while the number 
of tubes about 1.6 times more than on the original design. 
Moreover, the other approaches have a shorter length of 
tubes and high number of tubes compared with the pro-
posed algorithm. The area may be increased by increasing 
the length of the tube. However, the tube length require-
ment may be impractical for a given situation. Thus, the 
number of tubes should be increasing without increased the 
tube length. As mentioned above, the low number of tubes 
enabled to increase the tube side flow velocity, resulting in 
the higher heat transfer coefficient. However, increase the 
heat transfer coefficient is desirable, but at the expense of 
high- pressure drop and correspondingly higher pumping 
costs.

4.3 � Cost estimation and optimization

The heat exchange surface area and the pressure drop play 
key role in the total cost of the heat exchangers. Therefore, 
savings in heat exchange capital cost should achieve by 
designing a compact unit with effective use of the accept-
able pressure drop (cost of the pump) as they are influenced 
by the temperature distribution and provision of adequate 
area for heat transfer. Figure  4 compares the investment, 
operational, and total cost of all the case studies. A reduc-
tion in the investment cost is more important than a reduc-
tion in the operating cost. The optimization process of the 
mathematical model of the heat exchanger design based 
on the EM-like algorithm leads to a significant decrease in 
the heat transfer area. It is observed for case study -1 that 
the optimized shell and tube heat exchanger has a signifi-
cant reduction of investment cost by about 35, 31.7, and 
27.5 % compared with the original design, GA, PSO, and 
24.5 % with ABS and BBO respectively, while the increas-
ing in the total discounted operating cost of 47 % compared 
with the other approaches. This decrease is attributed to 
the increase in the total heat transfer coefficient and reduc-
tion in the number of tubes of the heat exchanger. For case 
study-2 the reduction in the capital investment of about 9.7, 
4.88, 16.42, and 15.5 % compared with GA, PSO, ABS and 
BBO respectively, Conversely, a very high increase of flow 
velocities and pressure drops allowed to increase in the 
total discounted operating cost of 22, 2.7, 127, and 227 % 
respectively. This was caused by a significantly decreased 
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the number of tubes as well as increases the tube diameter. 
It is also observed in case study-3, reductions in the capi-
tal investment up to 8 % compared with other approaches. 
However, the increase annual operating expenses and 
slightly increase the heat transfer area, leading to slightly 
reduction of the total cost which decreased by about 7.5 % 
with respect to the other approach.

Figure 5 also compares total cost and results obtained by 
other approaches used in literature for all the case studies. 
Overall, it is found that the marked reduction in the total 
cost of about 30, 29, and 56.15 % compared with the origi-
nal design and up to 18, 5.5 and 7.4 % compared with other 
approach for case study 1, 2 and 3 respectively.

The selection criterion is that the size and the per-
formance of heat exchanger must fulfilment the process 
requirement with minimum capital cost. As a result, the 
proposed algorithm is found more efficient and flexible for 
constructing optimal heat exchangers design.

4.4 � Sensitivity analysis

For the sake of completeness, trials were also performed 
by parametrically changing the electricity cost in the total 
cost function to assess the sensitivity of the EM-like algo-
rithm to variations in the economic parameters. The results 

Table 5   Sensitivity to the 
energy price (Ce)

Geometric design parameters Ce = 0.06 ₤/kWh Ce = 0.12 ₤/kWh Ce = 0.18 ₤/kWh

Case study-1

Ds (m) 1.28 1.36 1.4

L (m) 2.2 1.7 1.6

d0 (m) 0.033 0.033 0.033

Cl (m) 0.008 0.008 0.008

Nt 855 890 895

vt (m/s) 0.288 0.298 0.33

Ret 13831.7 10099.4 9883.3

ht (W/m2 k) 2174 1724 1697.8

as (m2) 0.067 0.072 0.07

De (m) 0.023 0.023 0.023

U (W/m2 K) 580.34 559.9 548.8

AS (m2) 154.2 156.1 157.3

Ci (€) 33,352.3 33,651.57 33,834.75

Co (€) 1297.4 1842.4 2279.85

CoD (€) 7607.2 11,320.6 14,334.3

Ctot (€) 40,959.4 44,972.14 48,169.1

Total cost (£)
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shown in Table 5 demonstrate that the EM-like algorithm 
responds correctly by reducing the pressure losses when 
the energy price increases at the expense of an increase 
in the exchanger surface area, and the opposite when 
Ce decreases. In particular, when Ce increases by 50  %, 
Ci increases by 1  % and CoD by 27  %, but the total cost 
increases only by 7 %.

4.5 � Economic optimization of heat exchangers

For selection of the most economical unit (high effective-
ness, small volume and low cost), it is necessary to consider 
the effect of the special requirement of the unit on each 
of the component costs. For example, the same total heat 
transfer area may be put in a shell that is small diameter 
and relatively long, or in one that has a larger diameter and 
shorter length. The cost of a shell-often the largest single 
cost in the total exchanger cost—increases with the diame-
ter. Figure 6 shows the trade-off between the shell diameter 
and the tube length with total cost. It can be seen that the 
total cost of the heat exchanger increases with increase the 
shell diameter. It is found that with the increases the shell 
diameter the length of the tubes will be  reduced  and the 
number of tubes will be increased.

In some applications the pressure drop is not the most 
critical aspect. It might be that the gain/benefit of the opti-
mized performance is worthwhile even if a pressure drop 
penalty is needed. Figure  7 shows the trade-off between 
the heat transfer area and the pressure drop with energy 
prices. It can be seen that the heat transfer area of the heat 
exchanger increases rapidly with increase the energy price, 

while slightly losses in the pressure drop of the shell and 
tube with increases the energy price. It can be noticed how 
the economic scenario influences the resulting optimum 
design of the heat exchanger.

The important objective, is finding an optimum design 
that minimizes the yearly cost of the heat exchanger. In 
addition, in some practical applications, where the size/
volume is critical for low cost and compact unit, moderate 
volume and cost are needed to consider for the specified 
requirements, and usually the importance between them are 
not equal for considerations.

Figure  8 illustrates the relationship between the opti-
mal state, capital cost and power cost for optimum heat 
exchanger with variations of the velocity. In general, a 
higher flow velocity means a higher heat transfer coeffi-
cient, but lead to higher pressure drop and hence a higher 
pumping power and correspondingly a higher power cost 
[1, 51]. However, an attempt to limit fouling by acting on 
the flow velocity can also be pursued. An increase in stream 
velocity can be benefited from this point of view as the 
higher the fluid velocity, the lower the tendency to foul, 
even if an increase of pressure losses occurs [52].

Overall, setting a design value shell diameter, number, 
diameter and length of the tubes for determining a trade-off 
between heat exchanger size and capital investment, while 
setting a flow velocity impacts the trade-off between capital 
investment, and pumping costs.

5 � Conclusions

This study optimized shell and tube heat exchangers using 
a new method called the EM-like algorithm. The pre-
sented technique is simple in concept, has few parameters, 
and can easily be implemented. These features enhance 
the applicability of the EM-like technique to finding an 
optimum design that minimizes  the yearly cost of the 
heat exchanger. The results obtained from this study are 
compared with those obtained by other approaches used 
in literature and can be successfully applied in the opti-
mization of shell and tube heat exchangers. Referring to 
the literature test cases, a significant reduction in the heat 
transfer area up to 68.4, 23 and 17 % compared with the 
other approach for case 1, 2 and 3 respectively. The total 
cost decreased in all sample case studies under similar 
operating conditions. Overall,  thus  saving wholly offset 
the higher capital  investment, allowing  a marked reduc-
tion in the total costs of about 30, 29, and 56.15 % com-
pared with the original design and up to 18, 5.5 and 7.4 % 
compared with other approaches for case study 1, 2 and 3 
respectively.
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