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Abstract: Heat transfer rate and cost significantly affect designs of shell and tube heat
exchangers. From the viewpoint of engineering, an optimum design is obtained via
maximum heat transfer rate and minimum cost. Here, an analysis of a radial, finned, shell
and tube heat exchanger is carried out, considering nine design parameters: tube
arrangement, tube diameter, tube pitch, tube length, number of tubes, fin height, fin
thickness, baffle spacing ratio and number of fins per unit length of tube. The “Delaware
modified” technique is used to determine heat transfer coefficients and the shell-side
pressure drop. In this technique, the baffle cut is 20 percent and the baffle ratio limits range
from 0.2 to 0.4. The optimization of the objective functions (maximum heat transfer rate
and minimum total cost) is performed using a non-dominated sorting genetic algorithm
(NSGA-II), and compared against a one-objective algorithm, to find the best solutions.
The results are depicted as a set of solutions on a Pareto front, and show that the heat
transfer rate ranges from 3517 to 7075 kW. Also, the minimum and maximum objective
functions are specified, allowing the designer to select the best points among these
solutions based on requirements. Additionally, variations of shell-side pressure drop with
total cost are depicted, and indicate that the pressure drop ranges from 3.8 to 46.7 kPa.
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1. Introduction

Shell and tube heat exchangers are important components in energy conversion systems, oil and
chemical industries, efc. In these industries, the heat transfer rate and the total cost of the shell and tube
exchangers significantly affect system designs. Extended surfaces (fins) of the shell and tube heat
exchangers are applied to enhance heat transfer rates for gas and liquid heat transfer fluids. Fins can be
of various geometrical shapes. Generally, fins increase the internal and external tube heat transfer
coefficients. Fins are utilized less frequently to decrease shell-side thermal resistance. A suitable and
an optimum design, in terms of both economics and efficiency, is obtained through judicious selection
of the design parameters.

Research into this topic has been reported previously. Some researchers focused the objective
functions on decreasing total cost and heat transfer area [1-3]. Selbas et al. [4] optimized a shell and
tube heat exchanger economically using a genetic algorithm that considers as the objective function
heat transfer area and shows the relationship between heat transfer area and total cost: heat transfer
area increases as total cost increases. Vahdat Azad and Amidpour [5] optimized shell and tube heat
exchangers based on constructed theory, with the objective of reducing the total cost of the heat
exchanger. They use a genetic algorithm to optimize the objective function, which is a mathematical
model for the cost of the shell and tube heat exchanger and is based on constructed theory. San and Jan [6]
optimized a heat exchanger for waste heat recovery using Second-law optimization. Gupta and Das [7]
assessed exergy destruction in a cross-flow configuration analytically, and examined the effects of
varying operating parameters and non-uniform flow on the exergetic behavior of cross-flow heat
exchangers. Satapathy [8] used second-law analysis to evaluate the thermodynamic irreversibilities for
laminar and turbulent flow conditions in a coiled-tube heat exchanger. Sanaye and Haj Abdollahi [9]
considered as objective functions (maximum effectiveness and minimum total cost) for a plate fin heat
exchanger and chose six decision variables; they use a multi-objective genetic algorithm and depict a
set of solutions on a Pareto curve. Najafi ef al. [10] optimized a plate and fin heat exchanger using
genetic algorithm, considering two different objective functions: total heat transfer rate and annual
cost. They propose multi-objective optimization as the best way to optimize cases by accounting
properly for contradictory objective functions. For their case, increasing heat transfer leads to
increased cost (an undesirable state); among the set of solutions, the designer can choose the most
desired solution considering limitations related to the project and investment. Haj Abollahi et al. [11]
reported on the optimization of a compact heat exchanger using a multi-objective genetic algorithm to
maximize effectiveness and minimize total pressure drop. When varying decision variables leads to a
decrease in pressure drop, effectiveness decreases too. Their Pareto curve indicates the contradictory
nature of the two objective functions clearly. Sanaye and Haj Abdollahi [12] used a two-objective
optimization genetic algorithm to obtain minimum total cost and maximum heat transfer rate. They
introduce a suitable limit on the Pareto curve from cost and efficiency points of view, to assist in the
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heat exchanger design. Hilbert [13] used a multi-objective optimizing approach to attain maximum
heat transfer rate and minimum pressure drop for a tube bank. Fettaka ef al. [14] examined multi-objective
optimization of a shell and tube heat exchanger using NSGA-II and introduced their objective
functions on the basis of heat transfer area and pumping power. They minimized both functions,
introduced appropriate continuous and discrete decision parameters, and showed them on a Pareto
curve. These curves demonstrate in separate diagrams the impact on heat transfer area of variations in
decision variables such as tube length, tube diameter and tube arrangement. Using Delaware’s
approach, Ponce ef al. [15] described shell side flow and used a genetic algorithm with a few decision
variables to minimize their objective function (total cost), and observed a decrease in pressure drop
and total cost compared with a similar analysis in another reference [16]. Munawar and Babu [17] used
differential completion for optimizing a shell and tube heat exchanger. They minimized their cost
function using seven decision variables including outside diameter of tube, tube pitch, type of shell,
number of tube passes, tube length, space of baffles and baffle cut. Caputo et al. [18] used the genetic
algorithm in Toolbox for optimizing a heat exchanger and considered an objective function on the
basis of total cost of the heat exchanger. They minimize the objective function considering decision
variables such as tube diameter, shell diameter and space of baffles, and compare their results with
traditional approaches. The results indicate an improvement in heat exchanger performance relative to
traditional approaches.

The previous studies exhibit some shortcomings. First, there are no studies on finned shell and tube
heat exchangers in the context of this article. Second, most prior optimization have single objectives,
permitting the use of single-objective optimization and the identification of designs with single
solutions. Here, we use two-objective optimization and a set of solutions is obtained. Third, most prior
optimizations use the Kern method for calculating the heat transfer coefficient and the shell-side
pressure drop, but we used a Simplified Delaware method which has better accuracy than the Kern
method. Consequently, the present study investigates the optimization of objective functions using a
non-dominated sorting genetic algorithm. The investigation is based on an industrial case, and is
performed after modeling the heat flows for a radial low-fin shell and tube heat exchanger and
introducing relevant decision variables.

2. Mathematical Modeling

The heat transfer rate and thermal effectiveness of a fin heat exchanger type (AES), as shown in
Figures 1 and 2, following the TEMA standard can be expressed as follows [19]:

q=¢C;, (T, -T,) (1)
L 2
(1+¢)+ (142 coth(NgU (1+¢2)°%) (2)

Here, q is the heat transfer rate, € is the effectiveness, Cmin is the minimum thermal capacity of the
hot and cold fluids (W/K), Tni and Te1 are the temperatures of the entering hot and cold fluids,
respectively, C” is the thermal capacity rate and NTU is the number of thermal units. Some of these
terms can be evaluated as follows [20]:
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Figure 1. Schematic of shell and tube heat exchanger, type AES [21].
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Figure 2. Schematic illustration of a radial low-fin tube [22].

We introduce Artot as the total external surface area of a finned tube heat exchanger and U, as the

overall heat transfer coefficient. These can be expressed as follows [22]:

ATot = Aﬁns + Apirim (5)
Ay =[20;n(ry, =) +2m;(1-nD)]LN, (6)
AL,-In d,
[J0 — [ ATot + 1{Di 'ATot + di + 1 + RDo ]—1 (7)

h.A, A, 2nk,,.L h.m, n,
Here, L, N, di, do, Rpi, Rpo, Kw, 12¢, 11 and nr are tube length, number of tubes, inside and outside
diameters of the tube, tube and shell side fouling resistances, thermal conductivity of tube wall,
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corrected fin radius, external radius of root tube and number of fins per unit length of tube,
respectively. Also, Ai denotes the internal surface area of the tube, where

A, =md LN, (8)
Furthermore, nw denotes the weighted efficiency of the finned surface, expressible as follows [22,23]:
A A
My = () (™) 9
" ATot ' ATot ( )
and nr is the fin efficiency:
tanh(my)
Ne=——_—"— (10)
my
where
I
W= (0~ ) X[1+0.35In(—)] (11)
1
m= (2_h°)% 12
Kt (12)
T
L, =1, + 5 (13)

In the above relations, ¥ is a parameter in the equation for efficiency of annular fins, t is the fin
thickness and k is the thermal conductivity.

The fin temperature can be evaluated following the approach described below.

The tube side heat transfer coefficient hi is calculated as follows [24-26]:

k, 2 1 d 2 _
hy = (GI0I6(Re125)P (147 (K for Re: > 10° (14
h; = (%)0-027 Re,* Pr ()" for 2100 < Rec < 10* (15)
k Re, Pr, d,
h; =(-)1.86 (%)% (e for Re: < 2100 (16)

w

1
Ret Prt dl

1 0.14
The above equation is acceptable for ( C )3 X (ui) > 2, whereas for

s 0.14
(@)3 X (ul) < 2 the heat transfer coefficient can be expressed as follows [24]:

k

h, =3.66—% (17)
d

Here, ki, Prt, p and pw are the tube inside fluid thermal conduction coefficient, the tube side Prandtl

number, the viscosity and fluid viscosity evaluated at average temperature of tube wall. Also, the tube
side Reynolds number (Ret) can be evaluated as follows [22]:
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dmi(r)

mii(——

Ret = —I\It
m.d; .1

(18)

where m: is the mass flow rate and np is the number of tube passes.

The internal tube pressure drop Ap: includes the pressure drop due to fluid friction in straight
sections of tubes Apr, the pressure drop due to tube entrance and exit effects Apr and the pressure drop
in the nozzle Apn [22,27,28]. That is,

Ap, =Ap; +Ap, +Ap, (19)
Lx 2
Apf — f np Gl
2000d, s.( o )4 (20)
0,.G’
Ap, =5x107 x—— 21)
S
2
N..G
Ap, =7.5x10*x—s=n_ for turbulent flow (22)
S
-3 Ns ‘an .
Ap, =1.5x107X for laminar flow (23)
S

Here, Gt denotes the shell side mass flux, Gn the mass flux in the nozzle, and Ns the number of
shells connected in series. Also, f'is the friction coefficient [22]:

_ 64

f= for laminar flow (24)
Re,
f=0.4137Re 02585 for turbulent flow (25)
G =2m (26)
" ond?
Re = M (27)
"omd xp

Also, ar denotes the number of velocity heads allocated for the tube-side minor pressure losses,
which can be inferred from Table 1 [22].

Table 1. Number of velocity heads allocated for minor losses on tube side.

Flow regime Regular tubes  U-tubes
Turbulent 2n, 1.5 1.6n, 1.5
Laminar, Re > 500 3.25n, 1.5 2.38n, 1.5

The shell diameter is obtained as follows [29]:
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D, = 0.637p, | Tx N, x—= (28)
CTP

where pr is the tube pitch and CL is the tube arrangement, which equals 1 for 45° and 90° and 0.87 for
30° and 60°. Also, CTP, which is a tube fixed value, is 0.93, 0.90 and 0.85, respectively for 1, 2 and 3

tube passes.

The Simplified Delaware method is used to calculate the shell-side heat transfer coefficient [22,25]:
. K : K So.14

h, =) xPrx( 9)

€ MW

where Ju and De are the modified Colburn factor for the shell-side heat transfer and the equivalent
diameter, respectively. These can be evaluated as follows [22,25]:

i =0.5(1+ %) % (0.08 Re 008214 0.7Re 01772 (30)
For a square pitch,
D, — % 31)
T r
and for a triangular pitch,
L 0.86P]T;— D]’ (32)
T,

In above equation, D' is the effective root tube diameter:

1
D’ =[D? +4n, xbxt(D, + b)] (33)
where Dr is the external diameter of the tube root, nr is the number of fins per unit length of tube, b is
the fin height, and 7 is the fin thickness.
In order to calculate the shell-side pressure drop, the Simplified Delaware method is employed,
so that the shell-side drop is derived from the friction pressure drop and pressure drop in nozzle [25].
That is,

Ap, =Ap, +Ap, (34)

2
(AP} ) e = DG d, X (0, +1) (35)
2000xd, xsx¢

The calculation method for the shell-side pressure drop in the nozzle follows the method for the
tube-side pressure drop and employs Equations (22) and (23). In the equation above, Gs is the shell-
side mass velocity [22,25]:

_ Mshell (3 6)
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T

A

(37)

Here, As denotes flow area across the tube bundle, C clearance between tubes in the bundle, no
number of baffles, s specific gravity, and pr tube pitch (for tube arrangement with 45° using %instead

of Pr).
The friction coefficient f can be expressed as follows [22]:

f =144[f, —1.25(1—(1E)><(f1 —f,)] (38)

S

where the terms f1 and f> are determined as explained below. For R, >1000,

f, =(0.0076 +0.000166x 0'(;12854) Re™'”  0.2032<d, <1.06 (39)
f, =(0.0016+5.8x107° x 0.(;12554) Re™™  0.2032<d, <0.59 (40)
and for Ry <1000,
f, =exp[0.092(In Re)* —1.481n Re— 0.000526(0.(;12554)2 +0.0478d_—-0.338] 0.2032<d_ <0.59 (41)
f, =exp[0.123(In Re)” —1.78 In Re—0.00132 (0.;12554)2 +0.0678 0.;2554 -1.34] 0.2032<d, <0.59 (42)

Note that we take ds to be 0.59 based on the relationship above for diameters larger than 0.59.
2

. . . t . .
The units for f1 and f2 in the above equation are both — and f are dimensionless.
in

3. Genetic Algorithms and Multi-Objective Optimization

The main idea behind evolutionary algorithms was introduced by Rechenberg in 1960 [30]. Genetic
algorithms, including branches of these types of algorithms, are computer search methods based on
optimizing algorithms and gene and chromosome structures; they were introduced to Holland at
Michigan University and developed by students like Goldenberg [31,32]. The general idea of the
multi-objective non-dominated sorting genetic algorithm (NSGA) was introduced by Goldenberg in
1989 and then implemented by Deb and Srinvas [33]. An extension of the NSGA algorithm, NSGAII,
was proposed by Deb et al. [34]. In NSGAII, some solutions for each generation are chosen by the
Binary Tournament Selection method. At the first rating, the criterion for selection of a solution is the
solution’s ranking, and at the second rating, this criterion relates to crowding distance regarding the
solution. The lower is the solution ranking and the greater is the crowding distance, the more favorable
is the solution. In such an instance, b is dominated by a. That is,

a<b (adominatedb) < Viia <b A di:a_ <b,_ (43)

Also, the crowding distance is as follows, according to Figure 3:

d] _ | fli+l _fli_l |

1 flmax _ flmin

(44)
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fi+l _ fi—l |
d2 — | 2 2 :
1 fzmax _ fzmm (45)
D=d;+d; (46)

Here, values of £, fi-1, 1, fz b gnin gmax gnin o d f7% are determined in the figure and d! is
the area ratio of the territory at point i to the total area of objective function f;. Also d? is the area
ratio of the same territory point to the total area of objective function f; while D that is the sum of
these two ratios, which provides an index of the total territory related to this point and is called the
crowding distance.

By repeating the selection of the operator on the population of every generation, a combination of
individuals of that generation is chosen to take part in crossover and mutation. The act of crossover
occurs on some parts of the set of selected people and the act of mutation is applied on the remaining
parts, and this leads to the creation of a child population and mutants, which are merged with the main
population. First, members of the created population are sorted in ranking and ascending order.
Members of the population with the same rank are sorted on the basis of crowding distance and
descending order. At this point, members of the population have been sorted firstly by rank and
secondly by crowding distance. The main members of the population are selected from the top of the
list equal to the people of the main population and the rest are set aside. The chosen members produce
the population of the next generation and this cycle is repeated until the concluding conditions are
reached [34,35]. Non-dominated solutions obtained from solving multi-objective optimizing problems
are often known as the Pareto front [34]. None of the solutions of the Pareto front is preferred over
others and depending on the circumstances we can consider any of them as optimum.

>
A

Figure 3. Context of crowding distance for point i.
4. Objective Functions

Here, the total cost and the heat transfer rate are the two objective functions. The total cost includes
initial capital cost and the operating cost includes the pumping cost:

Cyos =Cin +C, (47)

total
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The operating cost Cop and the initial investment Cin for the shell and the stainless steel tube can be
approximated as follows [18,36]:

c =y % (48)
o° ; (1+1)*
C. =8500-+409A% (49)

where Co is the annual current cost, ny lifetime, and 1 is the annual inflation rate.
The total operating cost is dependent on the pumping power to overcome the pressure drop from
both shell and tube side flow [12,18]:

C, =PxkelxH (50)
P:(mtAPt LI APS)Xl (51)
pl ps n

where kel is the unit price of electrical energy, P is pumping power; H is the hours of operation per year
and 1 is the pumping efficiency.

5. Case Study

Light oil, for which ¢y, = 2300 J/kg K, enters the shell of an oil cooler at a temperature of 115.5 °C
and a mass flow rate of 44.1kg/s,while water at a temperature of 29.4 °C and c¢p = 4186 J/kg K
enters tube of the oil cooler with a mass flow rate of 62.35kg/s. The applicable conditions are listed in
Table 2 [22]. In this case, the equipment life is taken to be ny, = 10 years; the inflation rate is i = 10%;
the price of electricity is ke = 0.15 $/kWh and the working hours and pumping efficiency are
H = 7500 h/year, n = 0.6, respectively. The tube arrangement (30°, 45°, 90°), the number of fins per
unit length and the diameter (among the 23 available in the TEMA standard listed in Table 3) are three
discrete design variables [22]. The bounds for the decision variables (tube arrangement, tube diameter,
tube pitch ratio, tube length, numbers of tube, fin height, fin thickness and baffle spacing ratio)
involved in optimization of the objective functions (maximum heat transfer rate and minimum total
cost) are listed in Table 4.

Table 2. Data for the heat exchanger.

Thermophysical and process data Tube side (water) Shell side (oil)
Specific gravity (-) 0.99 0.80
Specific heat (J/kg K) 4186 2300
Dynamic viscosity (Pa s) 0.00072 0.00068
Thermal conductivity (W/m K) 0.6404 0.1385
Prandtl number (-) 4.707 11.31

Fouling factor (m® W/K) 0.000074 0.00015
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Table 3. Inner and outer diameters and external diameter of root tube (di, do, Dr) in inches
for 23 standard tubes (for Radial Low-Fin Tubing (Type S/T True fin):19 fins per tube inch).

d; (in) d, (in) D (in)
1 0.291 1/2 0.375
2 0.384 5/8 0.5
3 0.459 3/4 0.625
4 0.584 7/8 0.75
5 0.709 1.0 0.875
6 0.277 1/2 0.375
7 0.356 5/8 0.5
8 0.495 3/4 0.625
9 0.560 7/8 0.750
10 0.685 1.0 0.875
11 0.259 1/2 0.375
12 0.527 3/4 0.625
13 0.634 7/8 0.75
14 0.759 1.0 0.875
15 0.657 1.0 0.875
16 0.370 5/8 0.5
17 0.509 3/4 0.625
18 0.620 7/8 0.75
19 0.745 1.0 0.875
20 0.402 5/8 0.5
21 0.481 3/4 0.625
22 0.606 7/8 0.75
23 0.731 1.0 0.875
Table 4. Bounds for design parameters.
Variable Lower value (or values considered) Upper value
Tube arrangement (30°, 45°, 90°)
Tube pitch rate 1.25 2
Tube length (m) 3 8
Tube number 100 700
Baffle spacing ratio 0.2 0.4
Fin height (m) 0.00127 0.003175
Fin thickness (m) 0.000254 0.000304
Number of fins per inch length of tube (16, 19, 26) -

6. Results of Optimization

In optimizing, the analyst needs to decide which adjustable variables of the problem are more
important than others. Here, optimization was implemented using a genetic algorithm for 200 generations
with a population of 100 with a crossover probability 0.9 and mutation probability of 0.035. The
optimum results are shown on the Pareto curve in Figure 4, which indicates clearly the difference and
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conflict between two objective functions, i.e., increasing the heat transfer rate by the heat exchanger
leads to an increase in the total cost, and vice versa.

The bounds of the heat transfer rate for this optimization are between 3517 and 7075 kW. The
optimization results of the heat transfer rate and the total cost for the four points (A to D) in Figure 4
are listed in Table 5. Point D exhibits the maximum heat transfer rate and the maximum cost, while
point A exhibits the minimum for both the cost and the heat transfer rate. If the designer seeks as an
objective a high heat transfer rate (without considering cost), point D is a suitable design point, while
point A is a suitable design point if low cost (with any value of heat transfer rate) is the intended focus.

x 10

Cost Function($)

i i i i i !
35 4 45 5 55 6 6.5 7 75
Heat Transfer rate(W) 6

Figure 4. The distribution of Pareto-optimal point solutions using NSGA-II.

Table 5. Optimized heat transfer rate values and total cost for optimum points A—D on the
Pareto front.

A B C D
Heat transfer rate (kW) 3517 4904 6725 7075
Total cost ($) 5.8 x10* 6.9 x 10* 1.3x10°  24x10°

Choosing optimized points on the Pareto front requires decision making based on an engineering
and empirical point of view. Here the results suggest that it is advantageous for the designer to choose
design points between (B—C) at which cost function values and heat transfer rate values are both
relatively favorable. Correspondingly, the tube arrangement selected for this optimization is 90° and
19 fins per tube inch.

Variations of the shell-side pressure drop with total cost are shown for several optimum points on
the Pareto front in Figure 5. The results show that the pressure drop ranges from 3.8 to 46.7 kPa. The
pressure drop values attained have high precision due to the use of the Simplified Delaware method.
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Figure 5. Shell side pressure drop (kPa) versus the total cost (US dollars).
7. Conclusions

The design of a finned shell and tube heat exchanger is successfully optimized using a multi-objective
genetic algorithm with the objective functions of maximizing heat transfer rate and minimizing total
cost. Nine decision variables are considered, including tube arrangement, tube pitch ratio, number of
tubes, tube length, tube diameter, fin height, fin thickness, number of fins per unit length and baffle
spacing ratio. A set of solutions is depicted on a Pareto curve and here the best solution bound (from
economic and efficiency points of view) is identified among the possible answers on the Pareto front,
all of which account for maximum heat transfer rate and minimum cost. The Simplified Delaware
method is used for accurately determining the heat transfer coefficients and the shell side pressure drop.
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Abbreviations
Nomenclature
Ai Internal surface area of tube (m?)
Aot Total external surface area of a finned tube (m?)

As Cross flow area at or near the shell centerline (m?)
B Baftles spacing (m)
b Fin height (m)
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C Clearance (m)
c Heat capacity rate ratio (Ch/Cmax)
Cin Total investment cost ($)

CL Tube layout constant (-)

Crax Maximum of Ch and Cc (W/K)

Cmin Minimum of Ch and Cc (W/K)
Co Annual operating cost ($/year)
Cop Total operating cost ($)

Cp Specific heat at constant pressure (J/kg K)
Cotal  Total cost ($)
CTP Tube count calculation constant (-)
De Equivalent diameter (m)
di Tube side inside diameter (m)
dn Internal diameter of nozzle (m)
do Tube side outside diameter (m)
Dr External diameter of tube root (m)
ds Shell diameter (m)
f Friction factor (-)
G Mass flux (kg/m?-s)
H Hours of operation per year (h/year)
hi Tube side heat transfer coefficient (W/m2K)
ho Shell side heat transfer coefficient (W/m*K)
1 Annual discount rate (%)
Jn Modified Colburn factor for shell-side heat transfer

K Thermal conductivity (W/m K)
Kel Price of electrical energy ($/kWh)
L Tube length (m)
m Mass flow rate (kg/s)
nb Number of baffles (-)
nr Number of fins per unit length of tube (-)
np Number of tube passes (-)
Ns Number of shells connected in series
Nt Number of tubes (-)
NTU  Number of transfer units (-)
ny Number of baffles (-)
P Pumping power (W)
Pr Prandtl number (-)
Pr Tube pitch (m)
q Heat transfer rate (W)
Re Reynolds number (-)
Rpi Fouling resistance shell side (m? K/W)
Rbo Fouling resistance shell side (m? K/W)
I External radius of root tube (m)
I2c Corrected fin radius (m)
S Fluid specific gravity (-)
T Temperature (°C)
U Overall heat transfer coefficient (W/m?°K)
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Greek symbols

Thermal effectiveness (-)
Pressure drop (Pa)
Dynamic viscosity (Pa s)
Pump efficiency (-)
Number of velocity heads allocated for tube-side minor pressure losses
Fin thickness (m)
Density (kg/m®)
Subscripts

Fin

Inner

Outer

Shell side

Tube side

Tube wall
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