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ABSTRACT

A general optimization design method motivated by constructal theory is proposed for heat exchanger
design in the present paper. The simplified version of this design approach is suggested and the optimi-
zation problem formulations are given. In this method, a global heat exchanger is divided into several sub
heat exchangers in series-and-parallel arrangement. The shell-and-tube heat exchanger is utilized for the
method application, and the Tubular Exchanger Manufacturers Association (TEMA) standards are
rigorously followed for all design parameters, e.g. tube diameter, arrangement, thickness and number.
The fitness function is the total cost of the shell-and-tube heat exchangers, including the investment cost
for initial manufacture and the operational cost involving the power consumption to overcome the fric-
tional pressure loss. A genetic algorithm is applied to minimize the objective function by adjusting
parameters. Three case studies are considered to demonstrate that the new design approach can signif-
icantly reduce the total cost compared to the methods of original design, traditional genetic algorithm
design, and old constructal design.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Shell-and-tube heat exchangers have been broadly utilized in
various industrial fields such as petrochemical engineering, manu-
facture business, and other energy generation, preservation and
conservation systems, due to their structural simplicity, design
flexibility and low cost. According to Master and co-workers, they
account for more than 35-40% of the heat exchangers used in glo-
bal heat transfer processes [1]. Therefore, it is of great importance
to improve the thermal-hydraulic performance, lower the eco-
nomic cost, and reduce the irreversible dissipation as much as pos-
sible. The goal of designing procedure is to determine the most
proper values for relevant variables, i.e. operating variables (e.g.
fluid allocation, temperature, and mass flow rate) and geometric
parameters (e.g. shell length, diameter, and tube arrangement).
The conventional design approach is an iterative procedure based
on past knowledge and the constraints of working conditions, such
as allowable fouling and pressure drops. The final design results
are chosen after a significant amount of trial-and-error design until
the heat transfer capacity, pressure drops, and working longevity
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are within the allowable values. This traditional design approach
is not cost-effective due to the lack of evaluation criteria.

In the pursuit of improved designs, considerable efforts [2-42]
for various optimization methodologies have been devoted to opti-
mizing heat transfer processes. Apart from little work on graphical
tool [2,3], most of the research can be divided into two main cate-
gories: evolutionary algorithm optimization method [4-36] and
mathematical programming optimization method [38-42]. These
methods have been well developed and verified from different per-
spectives such as application and implementation of distinctive
evolutionary algorithms [4-11], single-geometric optimization
[12,13], economic cost optimization [14-20], the second law anal-
ysis of thermodynamics [21-25], practical application design [26-
28], and multi-objective optimization [29-35]. According to Rao
[43], the optimization design with respect to the practical engineer
industry can be classified into three main problems, the first of
which is the continuous non-linear programming (CNLP) problem
in which all variables have no restrictions except for value range,
the second of which is the discrete nonlinear programming (DNLP)
problem in which all variables are restricted to adopt only discrete
values, the last of which is the mixed-discrete nonlinear program-
ming problem (MDNLP) in which some variables are limited to
take discrete values only. It is understandable that among them
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Nomenclature

A hydraulic area (m?

a; numerical constant (-)

a numerical constant (-)

as numerical constant (-)

A heat transfer area (m?)

As cross flow area (m?)

B baffle spacing (m)

Cp specific heat (k] kg~ K~1)

G capital cost (€)

Ce energy cost (€ KW~'h™1)

c clearance between adjacent tubes (m)
Go annual operating cost (€)

Cod total discounted operating cost (€)
Cror total cost (€)

d; inner heat transfer tube diameter (m)
do outer heat transfer tube diameter (m)
D, shell-side hydraulic diameter (m)

f friction factor for tube-side (-)

h heat transfer coefficient (W m—2 K1)
H annual operating time (h/year)

K overall heat transfer coefficient (W m 2K 1)
Ky numerical constant (-)

L heat transfer tube length (m)

m mass flow rate (kg s™!)

n tube quantity (-)

n numerical constant (-)

ny, equipment life (year)

N, parallel heat exchanger number (-)

N; series heat exchanger number (-)
P pumping power (W)

Pr Prandtl number (-)

Pt tube pitch (m)

Q heat duty (W)

Re Reynolds number (-)

R fouling coefficient (m? K W~1)

T temperature (K)

v tube-side fluid velocity (m s~ 1)

Greek symbols

ATy, log mean temperature difference (K)
AP pressure drop (Pa)

Y thermal conductivity (W m~! K1)
u dynamic viscosity (Pa s)

P density (kg m~3)

T numerical constant (-)

n pump efficiency (-)

Subscripts

c cold-side

h hot-side

in inlet

out outlet

S shell-side

t tube-side

w tube wall

MDNLP is the most commonly-encountered case since in real cir-
cumstance some variables can only have discrete values such as
pipe diameter increments (1/8 in), plate or tube bundle quantity
(integer value), and machine or laborer number (integer value).
The publications in the open literature demonstrate that for a
shell-and-tube heat exchanger either evolutionary algorithm opti-
mization method or mathematical programming optimization
method is qualified to resolve design problems. Selbas et al. [14]
utilized a genetic algorithm (GA) for the shell-and-tube heat
exchanger design and their results demonstrated that the approach
has advantages in finding the global minimum heat transfer area
(economic cost), obtaining multiple solutions of the same quality
and providing more flexibility over past design methods. Later,
the particle swarm optimization (PSO) [5], differential evolution
(DE) [6], global sensitivity analysis and harmony search algorithm
(GSA&HSA) 7], artificial bee colony algorithm (ABC) [16], imperial-
ist competitive algorithm (ICA) [17], biogeography-based optimi-
zation algorithm (BBO) [18], quantum particle swarm
optimization approach combining with Zaslavskii chaotic map
sequences (QPSOZ) [8] were used for designing shell-and-tube heat
exchangers. The conventional optimization design method using
evolutionary algorithm has been proved to demonstrate the fol-
lowing advantages: fast convergence with good quality and accu-
rate precision; easy implementation for different problems;
providing a good chance on finding the global optimal; giving the
designer more freedom in the final choice. However, a comparison
of all evolutionary algorithm methods demonstrated that although
the designs may vary from algorithm to algorithm, the differences
between results obtained by using different algorithms are gener-
ally not significant for most case studies [5-8,14-18]. Besides, the
overwhelming majority of the previous efforts on design optimiza-
tion adopted continuous values to determine the mechanical

parameters such as tube diameter, thickness and length. According
to Smith [44], this type of approach provides just a preliminary
specification for heat transfer equipment and the preliminary val-
ues must be corrected eventually to meet the industrial standard
requirements, such as the standards of Tubular Exchanger Manu-
facturers Association (TEMA) [45] for the case of shell-and-tube
heat exchangers. In other words, for the shell-and-tube heat
exchanger optimization design process, a CNLP problem is obliged
to convert into a MDNLP problem regarding to the real situation.

So far, replete of algorithms and programming formulations
have been developed to optimize shell-and-tube heat exchangers.
For the same problem, the optimized values obtained from differ-
ent algorithms or programming methods may differ, but the differ-
ences between those results are generally insignificant, as
demonstrated before. This statement is in full agreement with
the publications in open literature [5-8,14-18]. Both the
evolutionary and mathematical programming methods are capable
of finding the optimal value or approaching extremely close to the
optimal value. It is anticipated that the results and conclusions will
remain the same or only change slightly even though the most
advanced or superior algorithm or programming method is used.
Therefore, in order to reduce economic cost or energy consump-
tion, it is of great significance to explore new design approaches
rather than new algorithm or programming techniques. In this
paper, a general optimization design approach for heat exchangers
motivated by constructal theory is proposed. The problem
formulation is illustrated and rigorously followed by the TEMA
standards. A genetic algorithm is applied to find the optimal
values. Three cases are studied and they demonstrate that the
novel method have the advantages in design optimization and
broad applications on heat exchanger design in comparison to
the existing design methods in the open literature.
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2. A constructal theory based method and its application on
heat exchangers design

2.1. Constructal theory and optimization design of heat exchanger

Bejan proposed constructal theory with the statement as fol-
lows: for a finite-size system to persist in time (to live), it must
evolve in such a way that it provides easier access to the imposed
currents that flow through it [46]. It has been used to interpret
some natural phenomena, such as the geometric features of rivers,
clouds, veins and arteries, and trees [47-49]. Also it can be adopted
as an optimization design method for engineering applications,
such as fins of cooling devices, fuel cells, and plate heat exchangers
[50-52]. Replete of research has been conducted in open literature
[53-62]. Bejan [50] applied constructal theory on conducting paths
for cooling a heat generating volume. The results indicate that the
sequence of optimization design has a definite time direction,
which begins with the small element system and proceeds to large
assemblies. The application demonstrates that when the definite
time direction is reversed, i.e. from large elements to small ele-
ments, the tree-like network cannot be achieved.

For a bio or non-bio flow system, constructal theory indicates
that it will morph towards the direction that facilitates flow. Take
a shell-and-tube heat exchanger (an engineering system) as an
example, constructal theory implies that a design (configuration,
flow pattern, geometry) with higher stability, durability and con-
servation can be achieved by increasing the access level of ele-
ments (working fluid, energy) that flow through it. In order to
imitate a “tree-like network” configuration as shown in Fig. 1, Azad
[19] proposed a novel heat exchanger, so-called constructal shell-
and-tube heat exchanger, to maximize the access of the cold stream
to the heat flux of the hot stream and minimize the thermal resis-
tance. For the practical application, a constructal shell-and-tube
heat exchanger is defined as a heat exchanger with two or more
bundles in-series section, the tube quantity of the latter heat
exchanger being twice that of the former heat exchanger, as shown
in Fig. 2. Azad and co-workers used this methodology in optimiza-
tion design using a genetic algorithm, and the results demon-
strated a dramatic total cost reduction compared to the original
design. However, this design method arrays all the heat exchangers
in a series arrangement and requires that the tube number in the
second bundle must be twice that of the first bundle. The two
requirements need to be improved and modified due to the follow-
ing reasons. First, this method yields an impractical design of shel-
l-and-tube heat exchanger with shell length of 0.161 m, shell
diameter of 1.328 m and tube number of 3988. Second, it does
not provide a better solution than the conventional genetic algo-
rithm design method from the economic point of view (a conven-
tional genetic algorithm design method refers to that uses the
genetic algorithm to design a single heat exchanger).

*ms

T me
Ist section ]D:ﬂ«

T

2nd section *
77777 L1
in-series heat exchangers
e |
- Jth section
L1
‘ms

Fig. 2. The in-series shell-and-tube heat exchangers.

Motivated by the above applications of constructal theory, a
heat exchanger optimization design method is proposed. In order
to improve the design of heat exchanger, we utilized the concept
of a constructal shell-and-tube heat exchanger, that the heat
exchanger is split into a series of two shell-and-tube heat exchang-
ers. In this method, a shell-and-tube heat exchanger is divided into
N; x N, heat exchangers. A certain number of heat exchangers
(quantity: N;) are displayed in series arrangement, and a certain
number of heat exchanger (quantity: Np) are placed in parallel
arrangement as shown in Fig. 3. The energy is transferred from
hot stream to cold stream through the heat exchanger group. For
the convenience of analysis, the heat exchanger group, which is
restricted by the dotted lines in Figs. 3 and 4, is called global heat
exchanger or global-HE. A global heat exchanger functions as a real
heat exchanger, and each small heat exchanger is called sub heat
exchanger or sub-HE. Unlike the path design optimization for a
cooling volume based on constructal theory, the optimization
design in this method does not have a certain time direction (opti-
mize each sub-HE from small element to large element). By con-
trast, all sub-heat exchangers are optimized simultaneously.
Through this method, the feasible solution domain is expected to
increase since there are more combinations for Ns x N, sub-heat
exchangers rather than one heat exchanger. It should be noticed
that large sub-heat exchanger number accompanies by large local
pressure drop, which increases the pumping cost. The total cost
(investment cost and operational cost) minimization of the glo-
bal-HE which includes Ns x N, sub-HEs was taken as the objective
function. A genetic algorithm was used to optimize the objective
function by adjusting mechanical and flow parameters of each
sub-HE. During the design procedure, the TEMA standards are

Fig. 1. Tree-shaped structure for a heat exchanger based on constructal theory.
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Fig. 3. The series-and-parallel arranged heat exchangers.

rigorously followed for each-HE. In order to demonstrate the nov-
elty and improvement of this novel design method, the original
design approach, the traditional genetic algorithm approach, and
the simple constructal design approach proposed by our group
were taken as the reference groups.

2.2. Problem formulation

2.2.1. Series-and-parallel arranged heat exchangers

The sub-HEs are displayed in the series-and-parallel arrange-
ment, as demonstrated in Fig. 3. The optimization model presenta-
tion is illustrated as follows. The goal is to minimize or maximize
the fitness function, which is expressed as:

Ns Np

Mm1m12e/max1mlzez E fii(x)

i=1 j=1

X = [Xij1, X2, - - > Xijk, - - - > Xijm]

(1)

The constraints of variables with continuous values are stated as
follows:

(2)

The constraints of variables with discrete values are stated as
follows:

X, k|mm Xijk S xijk'max

X1 € [C11,Ci2,...,Ciy,]
Xja2 € [C21,Ca2,-..,Coy,]

3
Xk € [Cer.Cuar- -, Cu ®
Xijm € [Cm1,Cum2; - -+, Cugy)

Other constraints for each sub-HE and the global-HE are stated as
follows:

gij(x)|min <gU( )<8& ( )|max

N NP Ns N N NP

DD i) ZZ <D0 g )
i=1 j=1 min =1 =1 i=1 j=1 max

X= [Xij,l y Xij2, - Xijk, - - 7Xij,M]

The fitness function is expressed as Eq. (1) and set as the total
cost of all sub-HEs in this paper; x;;,« is the kth design variable (tube
diameter, fin frequency or plate number) for the ith x jth sub-HE.
For each sub-HE, the lower and upper bounds are expressed in
Eq. (2) for the continuous values and in Eq. (3) for the discrete val-
ues. The constraints of each sub-HE such as maximum pressure
drop, minimum heat transfer capacity and energy conservation,
and the constraints of global-HE such as volume restriction are
expressed in Eq. (4). Ny and N, are the quantities of sub-heat
exchangers in series and parallel respectively; M is the quantity
of input variables for every sub-section. From the above formula-
tion, it should be noticed that the series-and-parallel arranged
HEs design is time-consuming due to complex arrangement pat-
tern, large number of sub-HEs and variables. Therefore, it should
be simplified into two simple forms.

2.2.2. Series-arranged heat exchangers or parallel-arranged heat
exchangers

The previous optimization design method and problem formu-
lation can provide highly general applicability; however, it is extre-
mely time-consuming. From the perspective of resource-saving
and fast convergence, the optimization design method and
problem formulation can be simplified into two special cases:
the series-arranged heat exchangers (when N,=1), and the
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Fig. 4. The simplified heat exchangers design: (a) series-arranged heat exchanger;
(b) parallel-arranged heat exchanger.

parallel-arranged heat exchangers (when Ns = 1) as shown in Fig. 4.
For a series-arranged or parallel-arranged heat exchangers optimi-
zation problem, the fitness function is stated as follows:
Ns
Minimize/maximizeE fi(x)x = [Xn, X2, ..., Xk - -, Xima | (5)
i=1
The constraints of variables with continuous values are stated as
follows:

Xik'min < Xik < Xik‘max (6)
The constraints of variables with discrete values are stated as
follows:
Xi1 € [C11,Cr2,..
X € [C21,Caz, ..

- Cuy]
Gl

Xik € [Ci1,Ch2, -, Cip,]

Xim € [Cm1,Cmz2, - - -5 Cuy ]
Other constraints for each sub-HE and the global-HE are stated as
follows:

&i(®) min < &i(%) < &i(%)]max

N N N
dE®| <D g <) gk 8)
i=1 i=1

min i=1 max
X= [meiz.~~~,Xik.~~~,XiM}

The fitness function is expressed as Eq. (5) and set as the total cost
of all sub-HEs in this paper. x; is the kth design variable (tube diam-
eter, fin frequency or plate number) for the ith heat exchanger. For
each sub-HE, the lower and upper bounds are expressed in Eq. (6)
for the continuous values and in Eq. (7) for the discrete values.
The constraints of each sub-HE such as maximum pressure drop,
minimum heat transfer capacity and energy conservation, and the
constraints of global-HE such as volume restriction are expressed
in Eq. (8). N is the quantity of sub-heat exchangers, and M is the
quantity of input variables for every sub-section. It should be
noticed that although all sub-HEs in Figs. 3 and 4 are counter-flow
HEs, the proposed optimization design method is also applicable for
heat exchangers with other flow pattern.

3. Application
3.1. Optimization approach

Holland [63] first proposed the principles of GA conceived from
the mechanism of natural selection in a competitive environment.
The GA, as one of the family of evolutionary algorithms (EA), is rou-
tinely applied for optimization and search problems in engineering
design. The GA starts with an initial population of design candi-
dates that represents “parents” to generate “offspring” with shared
attributes from their parents. Then the most fit of the offspring par-
ent another generation. As this process is repeated, complex com-
binations in the design space arise, and the best designs are
retained. The process continues until the appearance of an individ-
ual with a predefined target fitness, or until a limiting generation is
reached. For the optimization design procedure, the operational
and geometric variables, objective function and each design solu-
tion are analogous to chromosomes, fitness values and individual.
The flow chart of optimization design for a heat exchanger based
on GA is presented in Fig. 5. For the readers’ convenience, more
information of GA utilization in heat transfer problems could be
found in [36]. The optimization was performed on a computer with
Intel Xeon CPU E5630 of 2.53 GHz and 14.00 GB of RAM using the
genetic algorithm optimization toolbox ga solver in MATLAB. For

Start

Objective function definition
(Total cost)

|

| Parameters ranges |
]

Initial population

| Crossover and mutation |

|

The optimal values
are found?

l Yes

| Output the optimal individual
!

Fig. 5. Flow chart of the genetic algorithm using the total cost as objective function.
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the genetic algorithm parameters setting, the initial population,
maximum generation and mutation probability were set to 50,
500 and 0.3265, respectively. It should be noticed that other evolu-
tionary algorithms (GA, PSO, ABC, BBO, QPSOZ and so on) could be
easily utilized in the novel design approach.

3.2. Heat transfer, pressure drop and economic calculations

The energy balance equation for a shell-and-tube heat exchan-
ger is shown in Eq. (9):

Q = (mcp), (Tei = Teo) = (11Cy)y(Tso — Tsi) 9)

where Q is the heat duty, 1 is the mass flow rate, ¢, is the specific
heat capacity, T is the temperature, the subscripts t and s stand for
the tube-side and shell-side, respectively; and the subscripts i and o
stand for the inlet and outlet of tube or shell side, respectively. The
shell inner diameter is calculated as:

n 1/m
Ds = <K_l> ‘do (10)

where n is the tube number, d, is the tube outer diameter, K; and n,
are coefficients taken according to the arrangement and passes
number of the tubes, which can be found in [54]. The tube pitch
and inner diameter are calculated as follows [64]:

P, =1.25d, (11)
di =d, — 2t (12)

where t is the tube-wall thickness. The heat transfer area is calcu-
lated as:

__Q
A= KAT\nF

where A is the heat transfer area based on the outer diameter of the
tube, ATy, is the logarithmic mean temperature difference (LMTD),
F is the correction factor for LMTD according to the equipment
architecture [65], and K is the overall heat transfer coefficient based
on the outer diameter of the tube. The LMTD and F are computed
through Eqgs. (14) and (15), respectively [66]:

(Ts‘i - Tt‘a) — (Ts.a - Tt.i)

(13)

ATy = 14
™ = I0((Ty; — Teo)/(Tso — Tei)) (14)
1 tube pass = 1
1
F—{VRa I () tube pass = even number (15)
In 2-P(R+1-4/R?+1)
2-P(R+1+4/R241)
where
Tsi - Ts.o
R=_3 "30 16
Tt,o - Tfj ( )
and
Tto - Tti
P==—7 17
Tsi — T (17)
The overall heat transfer coefficient is calculated using [65]:
_ 1 do dg do ll‘l(do/d,‘) 1 -1
K= [ () o () g v, 18)

where h; and h, are the heat transfer coefficients, while R; and R, are
fouling coefficients. A, is the thermal conductivity for tube wall at
the bulk mean temperature of fluid. The tube number is calculated
as:

(19)

where L is the tube length. The tube side heat transfer coefficient,
based on an assumption of turbulent, fully developed flow, is calcu-
lated using Eq. (20) [65]:

he = 00237 Resprd (e ) (20)
g pw

where , is the fluid dynamic viscosity at the bulk temperature of
tube-side Ty, and pg, is fluid dynamic viscosity at the inner tube
wall temperature Ty,, which can be estimated through Eq. (21) [64]:

ht(Ttw - Tb,t) = K(Tb.s - Tb‘t) (21)

where Ty is the fluid bulk temperature of shell-side flow. The Rey-
nolds number for the tube-side flow is calculated using:

Re, = PV (22)
t
The tube-side fluid velocity is calculated as:
Vt — N?:SS _ Tf (23)
n(d; /4)p,

where Ny is the tube pass number. Kern’s method is utilized to
calculate the shell-side heat transfer coefficient expressed in Eq.
(24) [66]:

) T 0.14

hy = 0.36 22 Re5° Py <&> (24)
e SW

where D, is the shell-side hydraulic diameter, i is the dynamic vis-

cosity coefficient at the bulk temperature of shell-side fluid, while

Isw is the dynamic viscosity coefficient at outer tube wall tempera-

ture, which can be estimated through Eq. (25) [64]:

hs(Tys — Tew) = K(Tps — The) (25)

The shell-side hydraulic diameter and Reynolds number are cal-
culated by Eqs. (26) and (27), respectively [64,66]:

4(P2-nd? /4
4(re—mdy /4) for square arrangement

F={ T ) (26)
Gl 2X0'87i;;(0'5nd°/ ) for triangle arrangement
ms ) D(:‘
Res = 27
: H - AS ( )

where B is the baffle spacing, A is the cross area of fluid flow which
is calculated as below [64,66]:
_ D, B(P; —d,)
=5

The tube-side pressure drop can be obtained through Eq. (29)
[64]:

A (28)

2
AP; = Ny <4f% + 2.5) p fzvf (29)

Here, f; is the friction factor for turbulent tube flow that is
expressed in Eq. (30):

F; = 0.046(Re,)*? (30)
The shell-side pressure drop is calculated by Eq. (31) [67]:

-5 () 6) 3

where f; is the friction factor for shell-side which is expressed in Eq.
(32):

f; = 2b,Re; %" (32)

where b, =0.72 [67] is valid for Res < 40,000. The total power con-
sumption is calculated through Eq. (33) [68]:
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Fig. 6. Comparisons of investment cost, pumping cost and total cost for different
design values: (a) the first case study; (b) the second case study; (c) the third case
study.

Table 1
Case studies specifications [64,66].

pl (ﬁAPS + ﬁAﬂ) (33)
’1 ps pt
Here 7 is the pump efficiency and we give it a constant of 0.7.
The total cost is obtained through Eq. (34) [65]:

Ctot = Ci + Cod (34)

where C; and C,q are the capital investment cost and the total dis-
counted operating cost [69] which can be calculated through Egs.
(35) and (36), respectively.

Ci = a; + 0,A% (35)
my
Co
Cy=S"—2 36
T )

Here, a; = 8000, a, =259.2 and a3=0.91 for shell-and-tube heat
exchangers made of stainless steel [69]. i is the fractional interest
rate per year which is set as 10% and ny is set as 10 years. C, is
the annual operating cost that can be calculated through Eq. (37):

Co=P-C¢-H (37)

where Cg is the energy cost which is set as 0.12 €¢/KW h, and H is the
amount of working hours which is set as 7000 h per year.

3.3. Design parameters, constraint conditions and objective function

The objective function for the case studies is the minimization
of total cost including initial investment cost and power consump-
tion cost. The allowable maximum pressure drops for shell-side
and tube-side are both 70,000 Pa. All sub-HEs meet energy conser-
vation, i.e. the energy between hot stream and cold stream is in
balance for each sub-HE. The input parameters (discrete values)
are illustrated as follows according to the TEMA design standards:

1. The tube layout adopts two arrangements (ARR): triangular
arrangement (30°) or square arrangement (90°).

2. The tube passes number (N,qss) adopts four discrete values: 1, 2,
4, or 8.

3. The baffle spacing (B) varies from the minimum baffle spacing
of 0.0508 m to the maximum unsupported tube span of
29.5 x d>7 where d, is in meters.

4. The tube length (L) adopts ten discrete values: 2.438 m,
3.048 m, 3.658 m, 4.877 m, 6.096 m, 7.32 m, 8.53 m, 9.75 m,
10.7 m or 11.58 m.

5. The tube outer diameter (d,) adopts seven values: 0.01588 m,
0.01905m, 0.02223 m, 0.0254m, 0.03175m, 0.0381 m or
0.0508 m.

6. The tube wall thickness (t) adopts discrete values based on the
Birmingham Wire Gauge (BWG) according to the recommenda-
tions of TEMA [20]. The optimization problem is written in
another form as follows.

Fluid allocation Case study #1

Case study #2

Case study #3

Shell Tube Shell Tube Shell Tube
Methanol Sea water Kerosene Crude oil Distilled water Raw water
Mass flow (kg/s) 27.80 68.90 5.52 18.80 22.07 35.31
T input (°C) 95.0 25.0 199.0 37.8 33.9 239
T output (°C) 40.0 40.0 933 76.7 29.4 26.7
p (kg/m?) 750 995 850 995 995 999
G, (kJ/kg K) 2.84 420 2.47 2.05 418 418
n(Pas) 0.00034 0.00080 0.00040 0.000358 0.00080 0.00092
2 (W/mK) 0.19 0.59 0.13 0.13 0.62 0.62
Rrouling (M? K/W) 0.00033 0.00020 0.00061 0.00061 0.00017 0.00017
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7. The sub-HE numbers N; and N, are larger than 1 and only take 4. Results and discussion
integer values.
Three case studies [64,66] were undertaken to further explore

The shell-and-tube heat exchanger design optimization prob- the relative advantages and disadvantages of the design
lem formulation is given as follows: approaches. The characteristics of three shell-and-tube heat
exchangers are given in Table 1. Four different design values are
Ny Np compared, which are original design values, conventional GA
The objective function: ZZCW-U (ARRij,Npassij,Bij,L1j7doijytij) (38) design values, conventional constructal design values, and novel
i=1 j=1 constructal design values. It should be noted that the conventional
constructal design values [19] were obtained by using one of the

ARR;; €[30°,90°] simplified optimization design methods in this work.
Npass;i €[1,2,4.8] Case study #1: methanol-brackish water heat exchanger. This

case study was taken from [64]. The original design is a heat

0.75

0.0508 <B;<29.5 xd, exchanger with two tube-side passes (triangular arrangement)
Variables constraints: Lj=¢ [2'438’3'048’3‘658’4'877’6'0%’] (39) and one shell-side pass. The same architecture was used in the
7.32,8.53,9.75,10.7,11.58 conventional GA approach. Different designs are compared in
D,; € {0'01588700190570'022237} Fig. 6 and Table 2. Quantitatively, the total cost for the four various

U . .
0.0254,0.03175,0.0508 results is 64127 €, 58069 €, 50475 €, and 49297 €, respectively. The
tjeBWG heat exchanger number N; is 1 and N,, is 2. The constructal design
method proposed previously in the work, solved the design process
APy i(ARRy, Npass;;. By L dog, t) < 70,000 with a dramatic economic cost reduction up to 23% compared to

the original design. For the new design method, the global
optimum (the minimum cost) is achieved using two sub-heat
exchangers in parallel arrangement, instead of series arrangement

<
APSV,-J-(ARRij,Npassij,Bij,Lij,doij,t,-j) <70,000
M jn =Mcouts Mpin = Mhp,out

Other constraints: 4 <™ T Xh2 T Xnny = 1 (40) which is obtained from the traditional constructal method pro-
xc<1+xc.2+“‘xc,Np:1 posed in [19].
XnjMpin - Cph+ (Thi—1j— Thij) =XcjMein - Cpe Case study #2: kerosene-crude oil heat exchanger. This case
(Teiirj—Teif) study was taken from [66]. The original design assumed a heat
i=1,2,...N; j=1.2,....N, exchanger with four tube-side passes (square arrangement) and
' one shell-side pass. The four different methods are compared in
Table 2
Case study #1: optimal parameters of using three design approaches.
Original values [64] GA values [20] Yang et al. [20] Present values
1st part 2nd par 1st part 2nd part
Sub-units - - 2 Sub-heat exchangers 2 Sub-heat exchangers
HEs Series arrangement Parallel arrangement
Intermediate Ts1 =343 K Xs1 = 0.3948 X5 = 0.6052
Pattern Triangular Triangular Triangular Triangular Triangular Triangular
Tube passes 2 2 1 1 1 1
Shell passes 1 1 1 1 1 1
Dy (m) 0.894 0.8229 0.6519 0.5115 0.3863 0.4719
L (m) 4.748 3.658 3.658 2.438 6.096 6.096
B (m) 0.356 0.5 0.777 0.768 0.466 0.5892
d, (m) 0.020 0.01588 0.01588 0.01588 0.1588 0.1588
P, (m) 0.025 0.01985 0.01985 0.01985 0.1985 0.1985
t (m) 0.002 0.001651 0.001651 0.001651 0.001651 0.001651
Cl (m) 0.005 0.00397 0.00397 0.00397 0.00397 0.00397
N¢ 918 1514 911 542 297 456
v, (m/s) 0.7507 0.7366 0.612 1.029 0.7412 0.74
Re; 14939 11523 9575 16093 11595 11577
Pre 5.7 5.7 5.7 5.7 5.7 5.7
he (W/m? K) 3878 4008 3456 5236 4028 4023
fe 0.006728 0.007087 0.007354 0.006629 0.007078 0.00708
AP, (Pa) 5880 5800 2060 4022 4432 4420
ag (m?) 0.05883 0.08229 0.1013 0.07857 0.036 0.05561
D, (m) 0.0142 0.01128 0.01128 0.01128 0.01128 0.01128
vs (m/s) 0.6301 0.4504 0.3659 0.4717 0.4065 0.4034
Res 19739 11203 9101 11734 10110 10034
Pry 5.082 5.082 5.082 5.082 5.082 5.082
hs (W/m2K) 1903 1755 1565 1800 1663 1656
fs 0.3266 0.3556 0.3669 0.3531 0.3611 0.3615
AP (Pa) 37733 14445 5013 4245 10024 9552
U (W/m?K) 634.3 628.6 584.8 665.5 617 615.9
A (m?) 273.7 276.1 166.1 65.9 90.25 138.6
G (€) 50,812 51,159 44,839 44,377
G, (€) 2167 1124 917.2 800.9
Coq (€) 13,315 6909 5636 4921

Cotal (€) 64,127 58,069 50,475 49297
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Table 3
Case study #2: optimal parameters of using three design approaches.

J. Yang et al./International Journal of Heat and Mass Transfer 77 (2014) 1144-1154

Original values [66] GA values [20]

Yang et al. [20]

Present values

1st part 2nd part 1st part 2nd part
Sub-units - - 2 Sub-heat exchangers 2 Sub-heat exchangers
HEs Series arrangement Series arrangement
Intermediate Ts1 =436.4 K Ts1 =436.6 K
Pattern Square Square Triangular Triangular Triangular Triangular
Tube passes 4 4 1 1 1 1
Shell passes 1 1 1 1 1 1
D (m) 0.539 0.765 0.2901 0.2932 0.2924 0.2881
L (m) 5.983 2438 6.096 3.048 6.096 3.048
B (m) 0.127 0.138 0.304 0.367 0.3321 0.3069
d, (m) 0.025 0.01905 0.01588 0.01905 0.01588 0.01905
P (m) 0.031 0.0238125 0.01985 0.0238125 0.01985 0.0238125
t (m) 0.0025 0.001651 0.001651 0.001651 0.001651 0.001651
Cl (m) 0.006 0.0047625 0.00397 0.0047625 0.00397 0.0047625
N; 158 673 161 111 164 107
v (m/s) 1.523 0.5768 0.9461 0.9120 0.9299 0.9468
Re; 8468 2525 3308 3901 3251 4051
Pr¢ 56.45 56.45 56.45 56.45 56.45 56.45
he (W/m? K) 1086 524.1 814.4 759.5 803.2 782.6
fe 0.007537 0.009601 0.009096 0.008801 0.009128 0.008735
AP, (Pa) 53,195 5594 8965 3920 8686 4202
a; (m?) 0.01344 0.02111 0.01764 0.02152 0.01942 0.01768
D, (m) 0.02469 0.01881 0.01128 0.01353 0.01128 0.01353
vs (m/s) 0.4831 0.3076 0.3682 0.3018 0.3344 0.3672
Res 25344 12294 8823 8674 8011 10556
Prs 7.6 7.6 7.6 7.6 7.6 7.6
hs (W/m? K) 978.9 862.9 1199 990.6 1137 1104
fs 0.3146 0.3507 0.3686 0.3695 0.3739 0.3588
AP (Pa) 25344 10134 10954 2575 8455 4352
U (W/m?K) 268.1 202.6 257.2 241.6 252.9 250.7
A (m?) 74.21 98.18 48.87 20.31 49.71 19.57
G (€) 21,054 24,842 20,247 20,263
G, (€) 1452 205.8 397.6 392
Coa (€) 8920 1265 2443 2409
Crotal (€) 29,974 26,106 22,690 22,672

Fig. 6 and Table 3. Quantitatively, the total cost for different design
methods is 29974 €, 26106 €, 22690 €, and 22672 €, respectively.
The heat exchanger number N is 2 and N, is 1. For the novel design
approach, the total cost is decreased by 24.4% compared to the ori-
ginal values. The minimum total cost is obtained by the case of two
sub-heat exchangers in series arrangement, the same with the
results obtained from the old constructal method.

Case study #3: distilled water-raw water heat exchanger. This
case study was also taken from [66]. The original design assumed
a heat exchanger with two tube-side passes (triangular arrange-
ment) and one shell-side pass. As shown in Fig. 6 and Table 4,
the total cost of shell-and-tube heat exchanger for the original
design, traditional GA design, simplified constructal design, and
the global constructal design is 49751 €, 23386 €, 23353 €, and
22950 €, respectively. The heat exchanger number N is 1 and N,
is 2. The global constructal design method proposed in the present
work can achieve a dramatic economic cost reduction up to 53.9%
compared to the original design method. The minimum economic
cost is 22950 € in the case of two sub-HEs in parallel, not in series
obtained from [19].

For the three case studies of shell-and-tube heat exchange opti-
mization design in the present work, there are five variables to
decide according to the TEMA standards: two tube arrangements,
four tube pass numbers, ten tube lengths, seven outer tube diam-
eters and several tube wall thicknesses for different diameters.
The five variables consist of 1360 design solutions. However, by
the utilization of the constructal design method in this paper, the
combination adds up to 1360™*"» (N; > 1, N, > 1) solutions as
the number of heat exchangers in series arrangement and parallel
arrangement is Ny and Np, respectively. On the other hand, when
the simplified constructal design method is applied, the solution

number is either 1360" or 1360". Although part of solution
domain is invalid due to the constraint conditions, i.e. maximum
pressure allowance, minimum heat transfer capacity, local energy
conservation of each sub-HE and global energy conservation, the
feasible domain is still extended compared to the traditional meth-
ods. It should be noted that either the old or the new constructal
method has a higher possibility on finding the global optimum
than the other. In fact, both methods are capable of finding or
approaching the global optimum by using the genetic algorithm
or other evolutionary algorithms. It is the various solution domains
of the two optimization methods that cause the difference between
the values of the two design methods. From the analyses of the
above three cases, it is concluded the constructal theory-based
optimization design method proposed in the work has an obvious
advantage in solving the MDNLP problems. It achieves a dramatic
cost reduction compared to the past design methods by expanding
the feasible solution domain. In addition, it can be converted to the
simplified versions according to real design circumstance. More
importantly, the present design methodology can be easily imple-
mented in many other engineering fields such as plate-fin heat
exchangers, tube-fin heat exchangers, and brazed plate heat
exchangers as they contain large discrete variables (e.g. herring-
bone angle, tube diameter increment, and plate quantity).

5. Conclusion

In this paper, an optimization design method based on con-
structal theory is proposed for heat exchanger application. The
novel design adopts the perception that divides a whole heat
exchanger into several sub heat exchangers, arranges sub-HEs in
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Table 4
Case study #3: optimal parameters of using three design approaches.
Original values [66] GA values [20] Yang et al. [20] Present values

1st part 2nd part 1st part 2nd part
Sub-units - - 2 Sub-heat exchangers 2 Sub-heat exchangers
HEs Series arrangement Parallel arrangement
Intermediate Ts1 =305.5 K Xs1 =0.5353 X5z = 0.4647
Pattern Triangular Triangular Triangular Triangular Triangular Triangular
Tube passes 2 2 1 1 1 1
Shell passes 1 1 1 1 1 1
Ds (m) 0.387 0.5368 0.4576 0.3203 0.3273 0.2727
L (m) 5.904 2.438 2.438 2.438 4.877 8.53
B (m) 0.305 0.580 0.807 0.817 0.6095 0.5924
d, (m) 0.019 0.01588 0.01588 0.01905 0.01905 0.02540
P, (m) 0.023 0.01985 0.01985 0.0238125 0.0238125 0.03175
t (m) 0.0019 0.001651 0.001651 0.001651 0.001829 0.001829
Cl (m) 0.004 0.00397 0.00397 0.0047625 0.0047625 0.00635
N, 160 590 427 135 141 52
v, (m/s) 2.436 0.9651 0.6665 1.349 0.7248 0.8550
Re; 40207 13181 9103 23066 12114 20185
Pre 6.2 6.2 6.2 6.2 6.2 6.2
he (W/m? K) 9799 4852 3608 6063 3706 3947
fi 0.005519 0.006899 0.007429 0.006168 0.007016 0.006335
AP, (Pa) 65657 7303 1832 5740 2990 4540
a; (m?) 0.0217 0.06227 0.07386 0.05233 0.0399 0.03231
D, (m) 0.01349 0.01128 0.01128 0.01353 0.01353 0.01804
vs (m/s) 1.022 0.3562 0.3003 0.4239 0.2976 0.3190
Reg 17155 4995 4211 7131 0.00017 0.00017
Prs 54 54 54 54 54 54
hs (W/m? K) 6186 3755 3418 3807 3136 2863
fs 0.3336 0.4014 04118 0.3805 0.4013 0.3803
AP (Pa) 88520 5071 2264 2401 3423 4190
U (W/m?K) 1230 966.6 869.2 1043 855.7 873
A (m?) 56.35 71.71 51.87 19.61 76.16 41.14
G (€) 18,162 20,653 20,617 21,365
G, (€) 5141 4447 4453 257.9
Coa (€) 31,589 2733 2736 1585
Ciotal (€) 49,751 23,386 23,353 22,950

a certain pattern, and then optimizes sub-HEs simultaneously. A
genetic algorithm is used to optimize the parameters of each
sub-HE. The total cost minimization of all sub shell-and-tube
exchangers is set as the objective function. The main conclusions
are as follows:

1. A heat exchanger design approach motivated by constructal
theory is proposed and simplified. The problem formulations
for both non-simplified and simplified methods are given. The
successful applications of shell-and-tube heat exchangers dem-
onstrate potential applicability in other engineering fields.

2. Three cases studies with the TEMA standards imposing a dis-
crete parameter space were considered to compare the results
obtained by the original, the conventional GA, the old construc-
tal, and the new constructal values. The results demonstrated
that the novel design approach has a great advantage in solving
the MDNLP problem and reduces total cost compared to the
other methods.
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