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Abstract Shell and tube heat exchangers (STHE) are the most common type of
heat exchangers widely used in various kinds of industrial applications. Cost
minimization of these heat exchangers is of prime concern for designers as well as
for users. Heat exchanger design involves processes such as selection of geometric
and operating parameters. Generally, different exchangers geometries are rated to
identify those that satisfy a given heat duty and a set of geometric and operational
constraints. In the present study we have considered minimization of total annual
cost as an objective function. The different variables used include shell internal
diameter, outer tube diameter and baffle spacing for which two tube layout viz.
triangle and square are considered. The optimization tool used is differential
evolution (DE) algorithm, a nontraditional stochastic optimization technique.
Numerical results indicate that, DE can be used effectively for dealing with such
types of problems.
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1 Introduction

Heat exchangers are devices that facilitate heat transfer between two fluids at
different temperatures. They are used in industrial process to recover heat between
two process fluids. The shell-and-tube heat exchangers (STHE) are probably the
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most common type of heat exchangers applicable for a wide range of operating
temperatures and pressures.

The design of STHEs, including thermodynamic and fluid dynamic design, cost
estimation and optimization, represents a complex process containing an inte-
grated whole of design rules and empirical knowledge of various fields. There are
many previous studies on the optimization of heat exchanger. Investigators have
used different optimization techniques considering different objective functions
like minimum entropy generation and minimum cost of STHEs to optimize heat
exchanger design.

Some studies have focused on a single geometric parameter like optimal baffle
spacing while some have considered optimizing a variety of geometrical and
operational parameter of STHEs.

Strategies applied for solving such problems vary from traditional mathematical
methods to sophisticated non-traditional optimization methods such as genetic
algorithms (GA), differential evolution (DE), particle swarm optimization (PSO)
etc. Relevant literature can be found in [1–7].

In the present study we have considered the cost optimization of STHE and
have employed DE for solving the optimization model.

The remaining of the paper is divided into three sections. In Sect. 2, we discuss
the DE optimization technique, in Sect. 3, mathematical model considered is
discussed in brief. In Sect. 4, we give numerical results and finally in Sect. 5, the
conclusions based on the present study are given.

2 Differential Evolution (DE)

DE, an evolutionary algorithm, was proposed by Storn and Price [8, 9]. The main
operators of DE are mutation, crossover and selection to guide the search process.
The algorithm uses mutation operation as a search mechanism; crossover operation
is applied to induce diversity and selection operation is to direct the search toward
the potential regions in the search space.

DE starts with a set of solutions, which is randomly generated when no pre-
liminary knowledge about the solution space is available. This set of solution is
called population.

Let PG ¼ fXG
i ; i ¼ 1; 2; . . .NPg be the population at any generation G which

contain NP individuals where an individual can be defined as a D dimensional

vector such as XG
i ¼ xG

1;i; x
G
2;i. . .; xG

D;i

� �
:

For basic DE (DE/rand/1/bin) mutation, crossover and selection operations are
defined as below:

i. Mutation: For each target vector XG
i , mutant vector VGþ1

i is defined by:
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VG
i ¼ XG

r1 þ FðXG
r2 � XG

r3Þ ð1Þ

Where r1; r2; r3; r4; r5 2 1; 2; . . .NP are randomly chosen integers, distinct from
each other and also different from the running index i. F is a real and constant
factor having value between [0, 2] and controls the amplification of differential
variation XG

r2 � XG
r3

� �
.

ii. Crossover: Crossover is introduced to increase the diversity of perturbed

parameter vectors VG
i ¼ vG

1;i; v
G
2;i. . .vG

D;i

� �
.

Let UG
i ¼ uG

1;i; u
G
2;i. . .; uG

D;i

� �
as the trial vector then UG

i is defined as:

uG
j;i ¼

vG
j;i; if Cr \ randð0 1Þ8j ¼ jrand

xG
j;i otherwise

�
ð2Þ

rand(0, 1) is uniform random number between 0 and 1; Cr is the crossover con-
stant takes values in the range [0, 1] and jrand [ 1, 2,…, D; is the randomly
chosen index

iii. Selection: It decides which vector XG
i or UG

i

� �
should be a member of next

generation G ? 1. During the selection operation we generate a new popu-
lation PGþ1 ¼ XGþ1

i ; i ¼ 1; 2; . . .;NP
� �

for next generation G ? 1 by
choosing the best vector between trial vector and target vector.

XGþ1
i ¼ UG

i ; if f ðUG
i Þ\ f ðXG

i Þ
XG

i otherwise

�
ð3Þ

Thus the points obtained after selection are either better or at par with the points
of the previous generation.

3 Mathematical Model

A. Objective Function
Total cost Ct is taken as the objective function, which includes capital investment
(Ci), energy cost (Ce), annual operating cost (Co) and total discounted operating
cost (Ctod) [10]. This optimization function is subjected to design variables d0, Ds

and B.

Minimize Ct ¼ Ci þ Ctod
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(a) Capital investment includes cost of purchase, instalment and piping for heat
exchanger and shell side and tube side pumps multiplied by annualization
factor.

Ci ¼ Af Cps þ Cpt þ Che

� �

Capital cost is calculated by using halls correlation and it depends on exchanger
surface area (A).

Ci ¼ a1 þ a2 Aa3

Where a1 = 8000, a2 = 259.2 and a3 = 0.93 for stainless steel is used as
material of construction for both shell and tubes.

(b) Total operating cost is cost of energy required to operate pumps. This is given
by

Co ¼ PCeH

And total discounted total cost is given by

Cod ¼
Xny

x¼1

Co
ð1þ iÞx

B. Heat Transfer equations
Heat transfer between fluids in shell and tube is due to convection currents in
liquids and conduction in wall of tube. But as steal is highly conducting material
and thickness of tube walls is assumed to be very small, resistance offered to
conduction heat transfer in tube walls is ignored. Depending on flow pattern, tube
side heat transfer coefficient is calculated by following correlation.

ht ¼
kt

di
3:657þ

0:0677ðRetPrt
di

L

	 

Þ1:331=3

1þ 0:1PrtðRet
di

L

	 

Þ0:3

2
664

3
775

(if Ret \ 2,300 [10])

ht ¼
kt

di

ð ft
8
ÞðRet � 1000ÞPrt

1þ 12:7
ft
8

	 
1
2

ðPr
2
3
t � 1Þ

1þ di

L

	 
0:67

2
6664

3
7775

(if 2300 \ Ret \ 10,000 [10])
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ht ¼ 0:027
kt

d0
Re0:8

t Pr1=3
t

lt

lwt

	 
0:14

(If Ret [ 10,000 [10])
Where ft is Darcy friction factor given by

ft ¼ 1:82 log 10Ret � 1:64
� ��2

Ret is Reynolds number which is given by

Ret ¼
qtvtdi

lt

Flow velocity at tube side is given by

vt ¼
mt

p=4ð Þd2
t qt

n

Nt

	 


Nt is the number of tubes and n is the number of tube passes. Total number of tubes
(Nt) is depended on shell diameter and tube diameter. These can be approximated
by the equation

Nt ¼ C
Ds

d0

	 
n1

C and n1 are coefficients that take values according to flow arrangement and
number of passes. These coefficients are given Table 1 for different flow
arrangements.

Tube side prandtl number (Prt) is given by

Prt ¼
ltCpt

kt

Also di = 0.8 do

Kerns formulation [11] is used to find shell side heat transfer coefficient of
segmental baffle shell and tube heat exchanger

hs ¼ 0:36
kt

de
Re0:55

s Pr1=3
s

ls

lwts

	 
0:14

Where de is shell hydraulic diameter and computed as

de ¼
4 S2

t � pd2
0=4

� �� �
pd0

(for square pitch)
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de ¼
4 0:43S2

t � 0:5pd2
0=4

� �� �
0:5pd0

(for triangular pitch)
Cross sectional area normal to flow direction is determined by

As ¼ DsB 1� d0

St

	 


vs ¼
ms

qsAs

Reynolds number for shell side follows,

Res ¼
msde

Asls

Prandtl number for shell side follows,

Prs ¼
lsCps

ks

The overall heat transfer coefficient (U) depends on both the tube side and shell
side heat transfer coefficients and fouling resistances are given by

U ¼ 1

1=hsð Þ þ Rfs þ d0=dið Þ Rft þ 1=htð Þ
� �

Considering the cross flow between adjacent baffle, the logarithmic mean
temperature difference (LMTD) is determined by,

LMTD ¼ Thi � Tcoð Þ � Tho � Tcið Þ
log Thi � Tcoð Þ= Tho � Tcið Þð Þ

The correction factor F for the flow configuration involved is found as a
function of dimensionless temperature ratio for mostflow configuration of interest,
[12, 13]

Table 1 Value of C and n1 coefficients

No. of passes Triangle tube pitch St = 1.25 d0 Square tube pitch St = 1.25 d0

C (n1) C (n1)

1 0.319 2.142 0.215 2.207
2 0.249 2.207 0.156 2.291
4 0.175 2.285 0.158 2.263
6 0.0743 2.499 0.0402 2.617
8 0.0365 2.675 0.0331 2.643
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F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ 1
p

R� 1

� ln 1� Pð Þ= 1� PRð Þð Þ
ln 2� PR� Pþ P

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ 1
p� �

= 2� PR� P� P
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ 1
p� �� �

Where R is a coefficient given by,

R ¼ Thi � Thoð Þ
Tco � Tcið Þ

And P is the efficiency given by,

P ¼ Tco � Tcið Þ
Thi � Tcið Þ

Considering overall heat transfer coefficient, the heat exchanger surface area
(A) is computed by,

A ¼ Q

U � F � LMTD

For sensible heat transfer

Q ¼ mhCph Thi � Thoð Þ ¼ mcCpc Tco � Tcið Þ

Based on total heat exchanger surface area (A) the necessary tube length (L) is,

L ¼ A

pd0t

C. Pumping Power
The power required to pump the fluid into the shell and tube heat exchanger is a
function of the pressure drop allowance which is actually the static fluid pressure
which may be expended to drive the fluid through the exchanger. There is a very
close physical and economic affinity between pressure drop and heat transfer for
every type of heat exchanger. Increasing the flow velocity will result in rise of heat
transfer coefficient (for a constant heat capacity in a heat exchanger). This results
in a compact exchanger design and reduced investment cost. But we cannot
neglect the fact that increase in flow velocity will cause more pressure drop which
will result in additional running cost. For this reason pressure drop is considered
with heat transfer in order to find best solution for the system.

Tube side pressure drop includes distributed pressure drop along the tube length
and concentrated pressure losses in elbows and in the inlet and outlet nozzle [11]
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DPt ¼ DPtubelength þ DPtubeelbow

DPt ¼
qtv

2
t

2
L

di
ft þ p

	 

n

Different values of constant p are considered by different authors. Kern [13]
assumed p = 4, while Sinnot et al. [14] assume dp = 2.5.

The shell side pressure drop is,

DPs ¼ fs
qsv

2
s

2

	 

L

B

	 

Ds

De

	 

;

Where,

fs ¼ 2b0Re�0:15
s

And b0 = 0.72 [15] valid for Res \ 40,000
Considering pumping efficiency ðgÞ, pumping power computed by,

P ¼ 1
g

mt

rt
DPt �

ms

rs
DPs

	 


D. Design constraints for feasible design
Design of heat exchanger is constrained by various factors. Those can be classified
into geometric and operating constraints.

Operating constraints
Maximum allowed pressure drop on both shell and tube side of heat exchanger.
These pressure drops are directly proportional to maximum pump capacity
available. Upper bounds of pressure drops are given by

DPt� DPtmax

DPs� DPsmax

Velocity range allowed for both shell and tube sides. Velocity of fluid above
certain value can cause erosion or flow induced tube vibrations and lower
velocities can cause fowling. These bounds are given by

Vtmin� Vt�Vtmax

Vsmin� Vs�Vsmax

Recommended velocity by Sinnot on tube side are 1–2.5 m/s and 0.3–1 m/s on
shell side.
Geometric constraints
Length and diameter of shell and tube heat exchanger can be restricted due to
space constraints.
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Ds �Dsmax

Lt �Ltmax

In case of baffle spacing, higher spacing can cause bypassing, reduced cross
flow along with low heat transfer coefficient and lower spacing can lead to higher
heat transfer coefficient in expense of higher pressure drops in shell side fluid

Bmin�B�Bmax

4 Numerical Results and Discussions

A. Parameter settings of DE

DE has certain control parameters which are to be set by the user. In the present
study the following parameter setting is considered:

• Population size—50
• Scale factor F—0.5, 0.8
• crossover rate Cr—0.5, 0.9
• maximum number of iterations—100

B. Experimental settings

• We executed the algorithm 50 times and recorded the mean value.
• Programming language used is DEVC++.
• Random numbers are generated using rand() the inbuilt function of DEVC++.
• The effectiveness of the present approach using DE is assessed by analyzing the

following case study:1.44 (MW) duty, kerosene crude oil exchanger [16].

C. Results and comparison

In this section, numerical results are given in Tables 1 and 2. In Table 1 results are
given on the basis of different parameter settings (denoted as 1,2,3 in Table 2) of
DE. The values given by setting 2 (Cr = 0.9, F = 0.5) are optimum. Hence, we
can see that parameter setting 2 (Cr = 0.9, F = 0.5) perform better in the com-
parison of other settings.

We observed that the numerical results obtained using DE are either better or at
par with the results available in literature. It was observed that DE was able to
achieve the optimal design variables successfully (Table 3).
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5 Conclusion

Heat exchangers are an integral component of all thermal systems. Their designs
should be adapted well to the applications in which they are used; otherwise their
performances will be deceiving and their costs excessive. Heat exchanger design
can be a complex task, which requires a suitable optimization technique for a
proper solution. The present work shows the effectiveness of differential evolution
optimization algorithm. This technique can be easily modified to suit optimization
of various thermal systems.

Table 2 Results by DE with different parameter settings

1 Cr = 0.5, F = 0.5 2 Cr = 0.9, F = 0.5 3 Cr = 0.9, F = 0.8

L (m) 1.43 1.35 1.65
d0 (m) 0.0145 0.013 0.0137
B (m) 0.1032 0.1045 0.1082
Ds (m) 0.563 0.55 0.57
St (m) 0.172 0.0153 0.0149
cl (m) 0.0033 0.0031 0.0034
Nt 740 820 802
vt (m/s) 0.96 0.98 0.975
Ret 2870 2600 2785
Prt 55.2 55.2 55.2
ht (W/m2K) 1224 1240 1246
ft 0.0457 0.046 0.0449
DPt (Pa) 17,220 19,000 18,450
as (m2) 0.0123 0.0121 0.0129
de (m) 0.0137 0.012 0.0150
vs (m/s) 0.53 0.55 0.545
Res 13,744 12,247 12,720
Prs 7.5 7.5 7.5
hs (W/m2K) 1373 1402 1418
fs 0.432 0.345 0.335
DPs (Pa) 25,722 26,225 26,012
U (W/m2) 425.4 438.7 439.5
A(m2) 46.2 44.3 45.7

Table 3 Comparison of results with GA and PSO

GA [10] PSO [10] DE

Ci 17599 16707 15808
Co 440 523.3 528.5
Cod 2704 3215.6 3242.22
Ctot 20303 19922.6 18042.18
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