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a b s t r a c t

The effectiveness and cost are two important parameters in heat exchanger design. The total cost
includes the capital investment for equipment (heat exchanger surface area) and operating cost (for
energy expenditures related to pumping). Tube arrangement, tube diameter, tube pitch ratio, tube
length, tube number, baffle spacing ratio as well as baffle cut ratio were considered as seven design
parameters. For optimal design of a shell and tube heat exchanger, it was first thermally modeled using
eeNTU method while BelleDelaware procedure was applied to estimate its shell side heat transfer
coefficient and pressure drop. Fast and elitist non-dominated sorting genetic algorithm (NSGA-II) with
continuous and discrete variables were applied to obtain the maximum effectiveness (heat recovery) and
the minimum total cost as two objective functions. The results of optimal designs were a set of multiple
optimum solutions, called ‘Pareto optimal solutions’. The sensitivity analysis of change in optimum
effectiveness and total cost with change in design parameters of the shell and tube heat exchanger was
also performed and the results are reported.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction as well as minimizing the total cost. Genetic algorithm optimization
Shell and tube heat exchanger is widely used in many industrial
power generation plants as well as chemical, petrochemical, and
petroleum industries. There are effective parameters in shell and
tube heat exchanger design such as tube diameter, tube arrange-
ment, baffle spacing and baffle cut ratio. Some authors considered
the cost of heat transfer surface area or capital investment as an
objective function to be minimized [1,2]. While others considered
the sum of investment (related to the heat transfer surface area)
and operational (fluid head losses) costs as an objective function for
optimizing a shell and tube heat exchanger [3e8]. The sum of
entropy generation of streams as an objective function was also
reported in [9e11]. Multi-objective optimization of total annualized
cost and the amount of cooling water required for shell and tube
heat exchanger was studied in reference [12]. Hilbert et al. [13] also,
used a multi-objective optimization technique to maximize the
heat transfer rate and to minimize the pressure drop in a tube bank
heat exchanger. Liu and Cheng [14], optimized a recuperator for the
maximum heat transfer effectiveness as well as minimum
exchanger weight and pressure loss.

In thispaperafter thermalmodelingofan industrial shell andtube
heat exchanger (using eeNTUmethod and BelleDelaware approach
for estimating the shell side heat transfer coefficient and pressure
drop), the exchangerwas optimized bymaximizing the effectiveness
All rights reserved.
technique was applied to provide a set of Pareto multiple optimum
solutions. The sensitivity analysis of change in optimum values of
effectiveness and total cost with change in design parameters was
performed and the results are reported.

As a summary, the followings are the contribution of this paper
into the subject:

� Multi-objective optimization of shell and tube heat recovery
heat exchanger was performed with effectiveness and total
cost as two objectives (not selected in other available litera-
ture) using genetic algorithm.

� The tube arrangement, tube diameter, tube pitch ratio, tube
length, tube number, baffle spacing ratio as well as baffle cut
ratio were selected as design parameters (not selected as
a group of variables in other available literature).

� A closed form equation for the total cost in term of effective-
ness at the optimal design point was proposed. This equation
can bemodified without change in its procedure of deriving for
any new input values.

� Sensitivity analysis of change in objective functions when the
optimum design parameters vary was performed.
2. Thermal modeling

The heat exchanger effectiveness for our selected E type TEMA
shell and tube heat exchanger was estimated from [15]:
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Nomenclature

Ao,t tube side flow area per pass (m2)
At total tube outside heat transfer area (m2)
As cross flow area at or near the shell centerline
BC baffle cut (m)
cp specific heat in constant pressure (j/kg K)
Cmin minimum of Ch and Cc (W/K)
Cmax maximum of Ch and Cc (W/K)
C* heat capacity rate ratio (Ch/Cmax)
Cin Total investment cost ($)
Cop Total operating cost ($)
Co annual operating cost ($/yr)
Ctotal total cost ($)
CL tube layout constant (�)
CTP tube count calculation constant (e)
di tube side inside diameter (m)
do tube side outside diameter (m)
Ds shell diameter (m)
f friction factor (e)
hi tube side heat transfer coefficient (W/m2 K)
ho shell side heat transfer coefficient (W/m2 K)
i annual discount rate (%)
j Culburn number (e)
Kc entrance pressure loss coefficient (e)
Ke exit pressure loss coefficient (e)
kel price of electrical energy ($/kWh)
k thermal conductivity (W/m k)
L tube length (m)

Lbc baffle spacing (m)
m mass flow rate (kg/s)
ny equipment life (yr)
np number of tube pass (e)
Nt number of tube (e)
NTU number of transfer units (e)
pt tube pitch (m)
P pumping power (W)
Pr Prandtl number (e)
Ro,f fouling resistance shell side (m2 K/W)
Ri,f fouling resistance tube side (m2 K/W)
Re Reynolds number (e)
T temperature (�C)
U overall heat transfer coefficient (W/m2 K)

Greek abbreviation
e thermal effectiveness (e)
Dp pressure drop (pa)
m viscosity (pa s)
h pump efficiency (e)
s hours of operation per year (h/yr)
s ratio of minimum free flow area to frontal area (e)

Subscripts
s shell-side
t tube side
w tube wall
i inner or inlet
o outer or outlet
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where the heat capacity ratio (C*), and the number of transfer units
(NTU), are defined as:
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where At is the total tube outside heat transfer surface area and
Uo is the overall heat transfer coefficient which are computed
from:

At ¼ pLdoNt (4)

Uo ¼ 1
1
ho

þ Ro;f þ
dolnðdo=diÞ

2 kw
þ Ri;f

do
di

þ 1
hi

do
di

(5)

where L, Nt, di, do, Ri,f, Ro,f, kw are tube length, tube number, tube
inside and outside diameter, tube and shell side fouling resistances
and thermal conductivity of tube wall respectively.

2.1. Tube side

The tube side heat transfer coefficient (hi) was estimated
from [15]:
hi ¼ ht ¼ ðkt=diÞ0:024Re0:8t Pr0:4t for 2500 < Ret

< 1:24� 105 (6)

where kt and Prt are tube side fluid thermal conductivity and
Prandtl number, also Ret is tube flow Reynolds number which is
defined as:

Ret ¼ mtdi
mtAo;t

(7)

where mt is the mass flow rate and Ao,t is the tube side flow cross
section area per pass estimated as:

Ao;t ¼ 0:25 p d2i Nt=np (8)

and np is the number of tube passes.
Furthermore, the tube side pressure drop was also estimated

from [15]:

Dpt ¼ G2

2ri

��
1� s2 þ Kc

�
þ 2ðri=ro � 1Þ

þ 4ftL
di

rið1=rÞm�
�
1� s2 � Ke

�
ri=ro

	
(9)

where Dpt included the pressure drop due to flow contraction,
acceleration, friction, and expansion, four terms in Eq. (9). Kc and Ke
are tube entrance and exit pressure loss coefficients. Furthermore ft
is the tube side friction factor estimated as:



Table 1
Geometrical properties of tube banks common in shell and tube exchangers [15].

TLA ¼ 30�

(Triangle)
TLA ¼ 45�

(Rotated Square)
TLA ¼ 90�
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ft ¼ 0:00128þ 0:1143ðRetÞ�0:311 (10)

That is accurate in range of 4000 < Ret < 107 within �2%.
2.2. Shell side

The shell diameter was estimated from [16]:

Ds ¼ 0:637 pt
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpNtÞCL=CTP

p
(11)

where pt is tube pitch and CL is tube layout constant that has a unit
value for 45� and 90� tube arrangement and 0.87 for 30� and 60�

tube arrangement. Also CTP is tube count constant which is 0.93,
0.9, 0.85 for single pass, two passes and three passes of tubes,
respectively [17].

BelleDelaware method was used in this paper to compute the
shell side heat transfer coefficient and pressure drop in form of:

ho ¼ hs ¼ hidJcJlJb Js Jr (12)

where hid is the heat transfer coefficient for the ideal exchanger
with pure cross flow stream over tube bundle evaluated at a Rey-
nolds number at or near the centerline of the shell in form of
reference [17].

hid ¼ jscp;s

�
ms

As

��
ks

cp;sms

�2=3
 

ms
ms;w

!0:14

(13)

where js is ideal tube bank Culburn factor, As is the cross flow area at
or near the shell centerline (Table 1), ms/ms,w is viscosity ratio at bulk
to wall temperature in the shell side.

The total shell side pressure drop was computed as the sum of
three terms including crossflow pressure drop (Dpcr), inlet and
outlet pressure drop (Dpi�o) and window section pressure drop
(Dpw) as follow:

Dps ¼ Dpcr þ Dpi�o þ Dpw (14)

Details of computing pressure drop, Culburn factor, friction
factor and cross flow area at or near the shell centerline are referred
in reference [17]. The above defined coefficient factors depend on
the tube arrangement and Reynolds number. Jc is the correction
factor for baffle configuration (baffle cut and spacing) and takes
into account the heat transfer in the window. Jl is the correction
factor for baffle leakage effects and takes into account both the
shell-to-baffle and tube-to-baffle hole leakages. Jb is the correction
factor for bundle and pass partition bypass streams and depends on
the flow bypass area and number of sealing strips. Js is the
correction factor for bigger baffle spacing at the shell inlet and
outlet sections. Jr is the correction factor for the adverse tempera-
ture gradient in laminar flows (at low Reynolds numbers) [15].
3. Genetic algorithms for multi-objective optimization

3.1. Multi-objective optimization

A multi-objective problem consists of optimizing (i.e., mini-
mizing or maximizing) several objectives simultaneously, with
a number of inequality or equality constraints. The problem can be
formally written as follows:

Find x ¼ ðxiÞci ¼ 1;2;.;Nparam (15)

such as fi(x) is a minimum(respectively maximum)
ci ¼ 1;2;.;Nobj

Subject to:

gðxÞ � 0 cj ¼ 1;2;.;M; (16)

hkðxÞ ¼ 0 ck ¼ 1;2;.;K; (17)
where x is a vector containing the Nparam design parameters,
ðfiÞi¼1;.:;Nobj

the objective functions and Nobj the number of objec-
tives. The objective function ðfiÞi¼1;.:;Nobj

returns a vector contain-
ing the set of Nobj values associated with the elementary objectives
to be optimized simultaneously. The GAs are semi-stochastic
methods, based on an analogy with Darwin’s laws of natural
selection [18]. The first multi-objective GA, called vector evaluated
GA (or VEGA), was proposed by Schaffer [19]. An algorithm based
on non-dominated sorting was proposed by Srinivas and Deb [20]
and called non-dominated sorting genetic algorithm (NSGA). This
was later modified by Deb et al. [21] which eliminated higher
computational complexity, lack of elitism and the need for speci-
fying the sharing parameter. This algorithm is called NSGA-II which
is coupled with the objective functions developed in this study for
optimization.

3.2. Tournament selection

Each individual competes in exactly two tournaments with
randomly selected individuals, a procedure which imitates survival
of the fittest in nature.

3.3. Controlled elitism sort

To preserve diversity, the influence of elitism is controlled by
choosing the number of individuals from each subpopulation,
according to the geometric distribution [22],

Sq ¼ S
1� c
1� cw

cq�1; (18)

to form a parent search population, Ptþ1 (tdenote the generation),
of size S, where 0 < c < 1. w is the total number of ranked non-
dominated and q is the total number of new parent sections.

3.4. Crowding distance

The crowding distance metric proposed by Deb [23] is utilized,
where the crowding distance of an individual is the perimeter of
the rectangle with its nearest neighbors at diagonally opposite
corners. So, if individual X(a) and individual X(b) have same rank,
each one has a larger crowding distance is better.

3.5. Crossover and mutation

Uniform crossover and random uniformmutation are employed
to obtain the offspring population, Qtþ1.The integer-based uniform
crossover operator takes two distinct parent individuals and
interchanges each corresponding binary bits with a probability,
0< pc� 1. Following crossover, themutation operator changes each
of the binary bits with a mutation probability, 0 < pm < 0.5.



Table 2
The operating conditions of the shell and tube heat exchanger (input data for the
model).

Thermophysical and
process data

Shell side
(hot stream) (oil)

Tube side
(cold stream) (water)

Density (kg/m3) 860 995
Specific heat (j/kg K) 2115 4120
Viscosity 0.0643 0.000695
Thermal conductivity (W/m K) 0.14 0.634
Fouling factor m2 W/K 0.00015 0.000074

Table 4
Comparison of modeling output and the corresponding results from reference [15].

Variables Unit Reference [15] Present paper Difference(%)

e e 0.1555 0.1599 2.83
Ctotal $ 74,598 74,112 0.65
Dpt kPa 17.58 17.660 0.45
Dps kPa 112 111.02 �0.875
q kW 393.6 404.63 2.78
ht W/m2 K 7837 7838.2 0.0153
hs W/m2 K 698.8 730.226 4.497
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4. Objective functions, design parameters and constraints

In this study the effectiveness and total cost were considered as
two objective functions. Total cost included the investment cost of
heat transfer surface area as well as the operating cost for the
pumping power.

Ctotal ¼ Cin þ Cop (19)

The total investment cost for both shell and tube (stainless steel)
was [24]:

Cin ¼ 8500þ 409A0:85
t (20)

where At is the total tube outside heat transfer surface area.
The total operating cost related to pumping power to overcome

friction losses of both hot and cold streamswas computed from [7]:

Cop ¼
Xny
k¼1

Co
ð1þ iÞk

(21)

Co ¼ P kel s (22)

P ¼ 1
h

�
mt

rt
Dpt þms

rs
Dps

�
(23)

where ny is the equipment life time in year, i is annual discount
rate, kel, s and h are price of electrical energy, hours of operation per
year and the pump efficiency, respectively. In this study tube
arrangement, tube diameter, tube pitch ratio pt/do, tube length,
tube number, baffle spacing ratio (Lbc/Ds,i) as well as baffle cut ratio
(BC/Ds,i) were considered as seven design parameters. The
following constraint was introduced to insure that the ratio of tube
length (in one pass) to the shell diameter, changes in the following
range of:

ðL=DsÞmin< L=Ds < ðL=DsÞmax (24)

Typical values are considered 3 and 12 for lower and upper
limits, respectively.
Table 5
5. Case study

The optimum design parameters were obtained for an oil cooler
shell and tube heat recovery heat exchanger in Sarcheshmeh cup-
per production power plant located in south of Kerman city. The
Table 3
Inner and outer diameters (di, do) in inches for 20 standard tubes.

(0.444, 1/2) (0.407, 5/8) (0.435, 5/8) (0.481, 5/8)
(0.495, 5/8) (0.509, 5/8) (0.527, 5/8) (0.541, 5/8)
(0.555, 5/8) (0.482, 3/4) (0.510, 3/4) 0.532, 3/4)
(0.560, 3/4) (0.584, 3/4) (0.606, 3/4) (0.620, 3/4)
(0.634, 3/4) (0.352, 3/4) (0.680, 3/4) (0.607, 7/8)
goals in this study were to maximize effectiveness while mini-
mizing the total cost. The oil (hot stream, cp ¼ 2115 j/kg K) mass
flow rate was 8.1 kg/s with 78.3 �C inlet temperature entered the
shell side. The fresh water (cold stream, cp ¼ 4120 j/kg K) with
12.5 kg/s mass flow rate at 30 �C entered the tube side. The oper-
ating conditions are listed in Table 2. In this study the equipment
life period was ny ¼ 10 yr, the rate of annual discount was i ¼ 10%,
the price of electricity was kel ¼ 0.15 $/kWh and hours of operation
and pump efficiency were s ¼ 7500 h/yr and h ¼ 0.6 respectively.
Three tube arrangements (30�, 45�, 90�) and 20 various standard
tube diameters (with definite inner and outer diameter listed in
Table 3) were considered as discrete design variables [25].

6. Discussion and results

6.1. Verification of modeling and optimization results

To verify the modeling results, the simulation output was
compared with the corresponding reported results given in litera-
ture. The comparison of our modeling results and the corre-
sponding values from reference [15], for the same input values is
shown in Table 4. Results show that the difference percent points of
modeling output results obtained in this paper and that given in
reference [15] are acceptable for both objective functions (effec-
tiveness and total cost).

6.2. Optimization results

To maximize the effectiveness value and to minimize the total
cost, seven design parameters including, tube arrangement, tube
diameter, tube pitch ratio, tube length, tube number, baffle spacing
ratio as well as baffle cut ratio were selected. Design parameters
(decision variables) and the range of their variations are listed in
Table 5. The number of iterations for finding the global extremum
in the whole searching domain was about 8.2 � 1015. The genetic
algorithm optimization was performed for 200 generations, using
a search population size of M ¼ 100 individuals, crossover proba-
bility of pc ¼ 0.9, gene mutation probability of pm ¼ 0.035 and
controlled elitism value c ¼ 0.65. The results for Pareto-optimal
curve are shown in Fig. 1, which clearly reveal the conflict between
two objectives, the effectiveness and the total cost. This concept is
also pointed out in reference [26]. Any geometrical change that
The design parameters, their range of variation and their change step.

Variables From To Step of change

Tube arrangement (30� , 45� , 90�) (e) 1
Tube inside diameter m 0.0112 0.0153 e

pt/do 1.25 2 0.001
Tube length m 3 8 0.001
Tube number 100 600 1
Baffle cut ratio 0.19 0.32 0.001
Baffle spacing ratio 0.2 1.4 0.001



Fig. 1. The distribution of Pareto-optimal points solutions using NSGA-II.
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increases the effectiveness or heat recovery of the heat exchanger
(e¼ q/qmax, q¼ 827.45 e(kW) in this case), leads to an increase in the
total cost and vice versa. This shows the need for multi-objective
optimization techniques in optimal design of a shell and tube heat
exchanger. It is note worthy that Fig. 1 shows the minimum values
of total cost ($) with (effectiveness or) heat transfer rate (kW) for
various points on Pareto optimal front. Results show that the heat
transfer rate changes in the range of 130.3 (kW) to 638.1 (kW) in
our case study. Therefore for specific heat transfer rate, the reported
results are applicable for a problemwith one objective function (the
total cost) and specific constraint (the value of selected or input
heat transfer rate). This means that the presented multi-objective
optimization method provides a general optimal solution which in
simplified form, one may obtain an optimum design (minimum of
the total cost) for a specified heat transfer rate.

It is shown in Fig. 1, that the maximum effectiveness (maximum
heat recovery) exists at design point A (0.7712), while the total cost
is the biggest at this point. On the other hand the minimum total
cost occurs at design point E (14,109 $), with a smallest effective-
ness value (0.1575) (minimum heat recovery) at that point. Design
point A is the optimal situation at which, effectiveness is a single
objective function, while design point E is the optimum condition at
which total cost is a single objective function.

Optimum total cost and effectiveness (heat recovery) for five
typical points from A to E Pareto-optimal fronts for input values
given in Table 2 are listed in Table 6.

To provide a useful tool for the optimal design of the shell and
tube heat exchanger, the following equation for effectiveness
versus the total cost was derived for the Pareto curve (Fig. 1).
Table 6
The optimum values of effectiveness and the total cost for the design points A to E in Pa

A B

Effectiveness 0.77119 0.69965
Heat recovery (kW) 638.1212 578.9254
Total Cost ($) 55,359 33,729
Ctotalð$Þ ¼ �0:2478 e2 � 1:238 eþ 1:19
2 � 10000 (25)

e � 2:093 eþ 1:035

Equation (25) is valid in the range of 0.1575 < e < 0.7712 for
effectiveness. The interesting point in equation (25) is that
considering a numerical value for the effectiveness in mentioned
range, provides the minimum total cost for that optimal point along
with other optimal design parameters. It is note worthy that this
equation can be modified without change in its procedure of
deriving for new given input values.

The selection of final solution among the optimum points
existing on the Pareto front needs a process of decision-making. In
fact, this process is mostly carried out based on engineering
experiences and importance of each objective for decision makers.
In this paper based on information provided for designers (The
practical effectiveness values in the range of 0.55 < 3 <0.7), the
design points (BeC) with reasonable total cost and effectiveness
values are recommended.

Distribution of variables for Pareto front (Fig. 1) is shown in
Fig. 2aeg.

Lower and upper bounds of the variables are shown by dotted
lines.

The selected tube arrangement was 30� which improved both
objective functions simultaneously. Since the optimum values of
decision variables (except tube arrangement) have scattered
distribution in their whole allowable domains, one may predict
that these six parameters have important effects on the conflict
between the higher values of effectiveness and lower amounts of
the total cost.

The variation of optimum values of effectiveness with the total
cost for various values of optimum design parameters in AeE cases
(Pareto front) is shown in Fig. 3aee. It was observed that the
variation of two objective functions at other points on Pareto
optimal front had the same trend as the five points (AeE). The effect
of design variables on objective functions is investigated and
explained as follows:

6.2.1. Tube pitch ratio
By increasing pt/do, both effectiveness and total cost decreased

for all design points AeE (Fig. 3a) with moderate slope. Therefore,
variations of tube pitch ratio cause a conflict between two objective
functions and values of tube pitch ratio have scattered distribution
(especially around its minimum value) in the allowable domain
(Fig. 2c).

6.2.2. Tube length
By increasing the tube length, both effectiveness and total cost

increase for all design points AeE (Fig. 3b). Therefore, variations of
tube length cause a conflict between two objective functions and
values of tube length have scattered distribution in the whole
allowable domain (Fig. 2d).

6.2.3. Tube number
Similar to the tube length, both effectiveness and the total cost

increase with increasing the tube number (Fig. 3c). Therefore the
tube number caused a conflict between two objective functions and
reto-optimal fronts for input values given in Table 2.

C D E

0.55044 0.34938 0.15748
455.4616 289.0945 130.3068

23,328 17,169 14,109



Fig. 2. Scatteringof variables for the Pareto optimal front a. tube arrangement, b. tube diameter, c. tubepitch ratio, d. tube length, e. tube number, f. baffle spacing ratio, g. baffle cut ratio.



Fig. 3. The variation of effectiveness with the total cost for five optimum design parameters in five cases of AeE. a. tube pitch ratio, b. tube length, c. tube number, d. baffle spacing
ratio, e. baffle cut ratio.
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the tube number values obtained on Pareto optimal front have
scattered distribution as shown in Fig. 2e.

6.2.4. Baffle spacing ratio
As shown in Fig. 3d, an increase in thebaffle spacing ratio (Lbc/Ds,i)

creates a conflict between two objective functions. Scattered distri-
bution of baffle spacing ratio in Fig. 2f approves this point too.

6.2.5. Baffle cut ratio
Increase in baffle cut ratio (BC/Ds,i) decreases both effectiveness

and total cost (Fig. 3e). This is while that this parameter had scat-
tered distribution in the whole allowable domain, Fig. 2g.
Fig. 5. Tube side pressure drop (kPa) versus the total cost ($).
7. Outlet temperature

The flow outlet temperature of shell and tube sides was
obtained from:

Ts;o ¼ Ts;i � e
Cmin
Cs

�
Ts;i � Tt;i

�
(26)

Tt;o ¼ Tt;i þ e
Cmin
C

�
Ts;i � Tt;i

�
(27)
t

where Ts,i and Ts,o are inlet and outlet temperatures on the shell side
and Tt,i, Tt,o are inlet and outlet temperatures on the tube side of
heat exchanger, respectively. The variation of outlet temperature
versus effectiveness (or heat transfer rate) for various optimal
points on Pareto front is shown in Fig. 4. Therefore with a specified
flow outlet temperature on shell (or tube) side, one may obtain the
outlet temperature of tube (or shell) side at the optimum design
point (maximum effectiveness or heat transfer rate).

It should be noted that based on Eqs. (26) and (27), themaximum
value of effectiveness provides themaximumvalue of tube side flow
outlet temperature and minimum value of shell side flow outlet
temperature. Furthermore with a known effectiveness or heat
transfer rate, one may obtain both cold and hot stream flow outlet
temperatures for an optimal design of shell and tube heat exchanger.
Fig. 4. Distribution of outlet temperature versus effectiveness (and heat recovery) on
each side for the Pareto optimal front.
8. The allowed pressure drop

In many problems there are allowed (limited) given pressure
drop values in tube and/or shell sides. These values may be taken
care of in optimum design procedure with the presented method.
As indicated, the pressure drop was computed in both tube (Eq.
(9)) and shell (Eq. (14)) sides. Then the pumping power (Eq. (23))
was obtained for estimating the operational cost (Cop in Eq. (19))
which is a part of one objective function (the total cost). Figs. 5
and 6 show the values of tube and shell side pressure drops
versus the minimum total cost (one objective function) for various
optimal points of Pareto front. Results of analyzing our case study
showed that the tube side pressure drop changed in the range of
2e7 kPa and the shell side pressure drop changed in the range of
1e37 kPa. Therefore with specifying (restricting) values for tube
and shell side pressure drop, the allowed Pareto front solution
may be selected from Figs. 5 or 6, as possible optimal solution
candidates.
Fig. 6. Shell side pressure drop (kPa) versus the total cost ($/year).



S. Sanaye, H. Hajabdollahi / Applied Thermal Engineering 30 (2010) 1937e1945 1945
9. Conclusions

A shell and tube heat exchanger was optimally designed by
defining two objective function (total cost and effectiveness) and
applying genetic algorithm technique. The effectiveness was
maximized and total cost was minimized. The design parameters
(decision variables) were tube arrangement, baffle cut ratio, tube
pitch ratio, tube length, tube number, baffle spacing ratio as well as
20 standard tube diameters. A set of Pareto optimal points was
obtained and shown. The results clearly revealed the level of
conflict between two objective functions. Tube pitch ratio, tube
length, tube number as well as baffle spacing ratio were found to be
important design parameters which caused a conflict between the
effectiveness and total cost. On the other hand, no or weak effect on
the conflict between two optimized objective functions was
observed for design parameters such as tube arrangement.
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