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With a view to possessing the characteristics of the simple fabrication of the shell and tube heat exchan-
ger with segmental baffles (STHX-SG) and the helical flow of the shell and tube heat exchanger with con-
tinuous helical baffles (STHX-CH), a shell and tube heat exchanger with staggered baffles (STHX-ST) is
proposed in this work. The baffles of the STHX-ST are arranged according to a certain rule that the adja-
cent baffles are staggered by a constant clockwise or counterclockwise angle in sequence. Comparisons of
the heat transfer performance and pressure drop among the STHX-SG, STHX-CH, and STHX-ST are firstly
carried out. Results show that the comprehensive performance of the STHX-ST is superior the STHX-SG
and STHX-CH. The parametric studies about the baffle cut d and staggered angle b are conducted for
the STHX-ST. Moreover, the multi-objective optimization is carried out to obtain the optimal solutions
using the genetic algorithm further. The relationships between the design variables (the baffle cut d, stag-
gered angle b, and number of baffles n) and objective functions (the heat transfer rate Q and pressure drop
Dp) are characterized by the artificial neural networks. The STHX-ST, at the d = 0.45, b = 79�, and n = 11, is
determined as the optimal solution according to the TOPSIS selection. Meanwhile, it is proved that the
STHX-SG, a special STHX-ST at the b = 180�, is not always the best choice from the view of heat transfer
enhancement. The STHX-ST can provide a preferable and meaningful solution for more efficient energy
utilization in industrial applications.

� 2018 Published by Elsevier Ltd.
1. Introduction

Driven by the purpose of the energy saving and emission reduc-
tion, heat exchangers play a vital role in various fields of the mod-
ern industry, particularly in chemical processing, electric power,
and waste heat recovery. The shell and tube heat exchanger (STHX)
is one of the most widely used heat exchangers owing to its versa-
tile usability, convenient maintenance, high-pressure resistance,
and high-temperature resistance [1]. The flowmanner of the work-
ing fluid in the shell-side of the STHX can be divided into three
types roughly: the cross flow, the longitudinal flow, and the helical
flow. The conventional shell and tube heat exchanger with seg-
mental baffles (STHX-SG), of which a cross flow is presented in
the shell-side as illustrated in Fig. 1(a), is the most common STHX
because of its simple installation, low cost, and high heat transfer
performance. However, there are some disadvantages, such as
the high flow resistance, the flow induced vibration, and dead
zones for the STHX-SG [2].
The CFD method is frequently used to conduct a study, which
results from its convenience, low cost, and time saving. Prithiviraj
and Andrews [3–5] proposed a numerical method to simulate flow
and heat transfer in STHXs. Their method was proved more accu-
rate than the other prediction methods, including Kern, Donohue,
and Bell methods. Aslam Bhutta et al. [6] focused on CFD applica-
tions in heat exchangers design, and they claimed that CFD was an
effective tool for predicting the behavior of various heat exchang-
ers. Basing on the above studies, we deem the CFD method is
appropriate and effective for the present research.

A variety of studies have been conducted to improve the com-
prehensive performance of heat exchangers by enhancing the heat
transfer performance or reducing the flow resistance by research-
ers from all over the world [7–11]. Particularly, the shell and tube
heat exchanger with helical baffles was invented by Lutcha et al.
[12] and commercialized by ABB Lummus Global Inc [13]. After-
wards, more and more improved structures and measures were
developed with respect to the helical flow manner [14–17]. Typi-
cally, Wang et al. [18–21] proposed a shell and tube heat exchan-
ger with continuous helical baffles (STHX-CH), and the ideal helical
flow was generated in the shell-side, as depicted in Fig. 1(b). How-
ever, the complexity of the fabrication about helical baffles was
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Fig. 1. Schematic diagrams of the main flow manner: (a) STHX-SG; (b) STHX-CH;
(c) STHX-ST.

Nomenclature

A heat transfer area (m2)
cp specific heat capacity (J�kg�1�K�1)
C relative closeness to the ideal solution
C1, C2 model coefficients
d outer diameter of tube (mm)
dr diameter of center rod (mm)
D inner diameter of shell (mm)
Din inner diameter of inlet (mm)
Dout inner diameter of outlet (mm)
Gk producing item of the k by the mean velocity gradient

(kg�m�1�s�3)
h heat transfer coefficient (W�m�2�K�1)
hc cut height of circular baffle (mm)
I turbulence intensity
k turbulent kinetic energy (m�s�2)
l turbulence length scale (mm)
L effective length of tube (mm)
M mass flow rate (kg�s�1)
n number of baffles
nh number of neurons in hidden layer
Nt tube number
pt tube pitch (mm)
Dp pressure drop (Pa)
P power consumption (W)
Q heat transfer rate (W)
Re Reynolds number
s the baffle spacing and helical pitch (mm)

T temperature (K)
DTm log mean temperature difference (K)
u velocity (m�s�1)
V volume flow rate (m3�s�1)
x, y, z Coordinate axes

Greek symbols
b staggered angle (�)
d baffle cut
e turbulent dissipation rate (m2�s�3)
k thermal conductivity (W�m�1�K�1)
l dynamic viscosity (kg�m�1�s�1)
q density (kg�m�3)
rk turbulence Prandtl number for k
re turbulence Prandtl number for e

Subscripts
i, j tensor
in inlet
local local parameter
out outlet
test testing set
train training set
w tube wall
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unavoidable, which increased the manufacturing cost relative to
the STHX-SG, obviously. Mellal et al. [22] investigated the effect
of the baffles orientation preliminarily for the STHX, and the results
showed that the case of baffle orientation angle of 180� and baffle
spacing of 64 mm, i.e., the conventional STHX-SG, is the optimal
structure. Moreover, optimization algorithms were used to obtain
the global optimal solution instead of the traditionally parametric
study. Ge et al. [23] determined the best configurations for the tube
inserted with porous media using Genetic Algorithm (GA). Cavaz-
zuti and Corticelli [24] proposed a robust automated method for
the design of two-dimensional enhanced surfaces. Abdollahi and
Shams [25] determined the optimal values of selected design
parameters of a channel with winglet vortex generator using the
artificial neural network (ANN) and multi-objective genetic algo-
rithm. However, the overall optimization for the whole shell-side
of the STHX is uncommon because of its heavy workload.

Although many studies have been achieved for STHXs and the
effects of the baffle orientation angle are investigated briefly in
Ref. [22], however, an integrated research for the combination of
the STHX-SG and helical flow is not discussed. Basing on the above
studies, we propose a shell and tube heat exchanger with staggered
baffles (STHX-ST) in view of taking the advantage of both the sim-
ple fabrication of the STHX-SG and the helical flow of STHX-CH, as
outlined in Fig. 1(c). In the STHX-ST, the baffles are arrayed accord-
ing to a certain rule that the adjacent baffles are staggered by a
constant clockwise or counterclockwise angle in sequence. The
fabrication and installation for staggered baffles are quite simple
compared with those for helical baffles. Obviously, the baffle cut
d, staggered angle b between the adjacent baffles, and number of
baffles n, as illustrated in Fig. 2, have a significant effect on the
comprehensive performance of the STHX-ST. The baffle cut is
defined as the ratio of the cut height of the circular baffle and
the inner diameter of the shell. The parametric studies about the
effects of the d and b are also carried out. Moreover, the orthogonal
test is determined for the design of experiment to reduce the work-
load of CFD simulations. The CFD, ANN, and GA are used in combi-
nation to fulfill the multi-objective optimization to obtain the
optimal solutions.

This paper is organized as follows: (1) In Section 2, the numer-
ical method, adopted to verify the advantages of the STHX-ST, is
outlined. (2) In Section 3, the analysis and comparison of the sim-
ulation results are performed for the STHX-SG, STHX-CH, and
STHX-ST; and then, effects of the baffle cut d and staggered angle
b are discussed for the STHX-ST; finally, the optimal STHX-STs



Fig. 2. Parameters of baffles in the STHX-ST: (a) baffle cut d; (b) staggered angle b.
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are obtained using the ANN and GA. (3) Conclusions are briefly
summarized in Section 4.

2. Model description

2.1. Physical models

The whole model of the shell-side is adopted as the computa-
tional domain according to Ref. [26], in which Yang et al. indicated
that the whole model had a high accuracy to predict the heat trans-
fer performance and pressure drop. Physical models and parame-
ters of the STHX-SG, STHX-CH, and STHX-ST, are depicted in
Fig. 3. The same diameter of the shell, diameter and position of
inlet/outlet nozzles, and effective length of tubes are designed for
three STHXmodels. The triangular tube layout with thirty-six iden-
tical tubes is applied for each STHX. The center rod is set in the
STHX-CH considering the actual installation of continuous helical
baffles. Furthermore, nine baffles are set in the STHX-SG and
STHX-ST, and the baffle spacing is equal to the helical pitch of
the helical baffle in the STHX-CH model. As depicted in Fig. 3(c),
semicircular baffles and vertical arrangement between adjacent
baffles, i.e., the baffle cut d = 0.5, staggered angle b = 90�, and num-
ber of baffles n = 9 is designated as the original research object for
the STHX-ST.

To simplify the geometric structure and numerical computa-
tion, several assumptions are made as follows:

(1) The thickness of baffles is ignored;
(2) The leakage flows, between baffles and the inner wall of the

shell, and between baffles and the outer wall of tubes, are
neglected;

(3) The flow in the shell-side is in the turbulent region;
(4) The outer walls of three heat exchangers are well-insulated,

i.e., the heat flux to the surrounding is equal to zero.

2.2. Numerical simulation

2.2.1. Governing equations
The flow and heat transfer in the shell-side are assumed steady,

and the gravity of the working fluid is ignored. In accordance with
aforementioned assumptions, governing equations in relation to
the mass, momentum, and energy for numerical computations
can be simplified and expressed in the tensor form as follows
[27,28]:

Mass conservation

@ðqujÞ
@uj

¼ 0 ð1Þ
Momentum equation

@ðquiujÞ
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Energy equation
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The realizable k-e turbulence model [29,30] can provide the
superior performance for flows involving rotation, boundary layer
under strong adverse pressure gradients, separation, and recircula-
tion, relative to the standard k-e model [31]. Ozden and Ilker [32]
tried to use three turbulence models to simulate the flow and tem-
perature characteristics of a STHX, of which results revealed that
the realizable k-e model was the more suitable simulation
approach. Consequently, it is determined as the turbulence model
for all simulations in this work. Transport equations for the realiz-
able k-e model are given as follows:

Turbulent kinetic energy k equation
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Turbulent energy dissipation e equation
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where C1 and C2 are the model coefficients; rk and re are the turbu-
lence Prandtl numbers for the k and e, respectively; Gk represents
the producing item of the k by the mean velocity gradient, and it
can be calculated as follows:

Gk ¼ �qu0
iu

0
j

@uj

@xi
ð6Þ
2.2.2. Boundary conditions
The three-dimensional, double precision, pressure-based, and

steady solver are adopted for the numerical computations by the
commercial CFD software Fluent [31]. Governing equations are dis-
cretized with the finite volume formulation with the SIMPLE
pressure-velocity coupling algorithm. The second order upwind
scheme is chosen for the momentum, turbulent kinetic energy, tur-
bulent dissipation rate, and energy, while the standard scheme is
used for the pressure. Standard wall functions are adopted as the
near-wall treatment, and the no-slip condition is applied to all
solid walls. Water is selected as the working fluid, and its
thermo-physical property parameters are temperature dependent
as listed in Table 1.



Fig. 3. Geometrical parameters of three STHX models (unit: mm): (a) STHX-SG; (b) STHX-CH; (c) STHX-ST.

Table 1
Thermo-physical property parameters of water.

Item Value (273 K < T < 373 K)

cp, J�kg�1�K�1 10632.6–55.924 * T + 0.15968 * T2-0.00014983 * T3

l, kg�m�1�s�1 0.11165–0.00095 T + 2.7424E�06 * T2-2.6089E-09 * T3

q, kg�m�3 753.3 + 1.879 * T-0.00357 * T2

k, W�m�1�K�1 �2.58673 + 0.02399 * T�5.91953E�05 * T2 + 4.92088E�08 * T3

250 X. Wang et al. / International Journal of Heat and Mass Transfer 124 (2018) 247–259
The inlet temperature of the water is set as a constant of 293 K,
and the temperature of the tube wall is maintained at 353 K, thus
water is heated in the shell-side. The rest walls, including the shell,
baffles, and tube sheets, are adiabatic. The velocity inlet and out-
flow boundary conditions are adopted for the inlet and outlet,
respectively. The inlet velocity ranges from 0.40 to 3.19 m/s in pace
with the mass flow rate changing from 0.5 to 4 kg/s. The turbulence
intensity I and turbulence length scale l are used as the turbulence
specification method [31], and they are described as follows:

I ¼ 0:16Re�1=8
in ð7Þ
l ¼ 0:07Din ð8Þ

where Rein and Din are the Reynolds number and inner diameter of
the inlet, respectively.
2.2.3. Grid systems
The 3D geometrical models and grid systems are executed by

commercial programs SolidWorks and Gambit, respectively. As
illustrated in Fig. 4, hexahedral grids are adopted as the main
mesh structure for the STHX-SG and STHX-ST, while tetrahedral
grids are generated for the STHX-CH in view of the complex
helical baffle. Fig. 4(a) shows the mesh of the cross-section in
the STHX-SG and STHX-ST. The coarse grids are generated in
the boundary layer to ensure that the y plus of the first layer
grid is reasonable and meets the request of standard wall func-
tions [33].

In order to ensure the accuracy of numerical results, grid inde-
pendence tests are carried out for the STHX-SG, STHX-CH, and
STHX-ST, as listed in Table 2. Three different grid systems, with
3287063, 5559584, and 7717579 mesh elements, are generated
for the STHX-SG model. The heat transfer coefficient increases by
1.2% and the pressure drop decreases by 0.8% as the number of
mesh elements rises from 5559584 to 7717579. Similarly, three
grid systems, with 6523927, 8808120, and 12106997 hybrid cells,
are adopted for the STHX-CH, while the other three grid systems,
with 3264365, 5543303, and 7741717 mesh elements are gener-
ated for the STHX-ST. As a result, grid systems with 5559584,
8808120, and 5543303 elements, are adopted for the STHX-SG,
STHX-CH, and STHX-ST, respectively, considering the balance
between the accuracy and workload.



Fig. 4. Local meshes for computation models: (a) the cross-section of the STHX-SG
and STHX-ST; (b) the helical baffle of the STHX-CH.

Table 2
Results of grid independence tests.

Cell number h/W�m�2�K�1 Dp/Pa

The STHX-SG model
3,287,063 12325.8 27516.6
5,559,584 12113.1 26517.3
7,717,579 12253.3 26300.3
The STHX-CH model
6,523,927 15431.9 51929.0
8,808,120 15324.4 51203.3
12,106,997 15332.7 51136.7
The STHX-ST model
3,264,365 6161.1 6255.9
5,543,303 6198.3 6170.3
7,741,717 6220.6 6126.1

Fig. 5. Comparisons of the results obtained by the present simulation and Bell-
Delaware method for the STHX-SG.
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2.3. Model verification

In the open scientific literature, there are no experimental data
and empirical correlations for the novel STHX-ST model, proposed
in this study. Moreover, the helical flow for the STHX-CH cannot be
depicted by means of simple correlations in view of its complexity.
Oppositely, the STHX-SG has been studied widely. Therefore, the
model verification is conducted for the STHX-SG model, of which
the numerical model and grid systems are similar to the STHX-ST
model, to ensure the accuracy of the previously mentioned numer-
ical simulation model. The Bell-Delaware method [34] is adopted
to calculate the heat transfer coefficient and pressure drop
between the inlet and outlet of the shell-side. Comparisons
between of the results obtained by the present simulation and
Bell-Delaware method are presented in Fig. 5. It can be seen that
the average deviations of the heat transfer coefficient and pressure
drop are about 11% and 6%, respectively. Based on these results, we
can conclude that the present numerical model is appropriate and
accurate to predict the characteristics of the heat transfer and pres-
sure drop.
2.4. Data reduction

The heat transfer rate Q via tube walls is calculated as

Q ¼ M � cp � ðTout � TinÞ ð9Þ

where Tout and Tin are the static temperatures of the inlet and outlet
of the shell-side, respectively.

The heat transfer coefficient h can be expressed as

h ¼ Q
A � DTm

ð10Þ

where A is the total heat transfer area, and DTm is the log mean
temperature difference. They can be calculated by following
expressions:

A ¼ Nt � p � d � L ð11Þ
DTm ¼ ðTw � TinÞ � ðTw � ToutÞ
ln½ðTw � TinÞ=ðTw � ToutÞ� ð12Þ

where Nt is the number of tubes; Tw is the wall temperature of
tubes.

The power consumption P caused by the flow resistance in the
shell-side is defined as

P ¼ Dp � V ð13Þ

here, Dp is the pressure drop between the inlet and outlet; V is the
volume flow rate of the working fluid.



Fig. 7. Temperature distributions in the shell-side: (a) STHX-SG; (b) STHX-CH; (c)
STHX-ST.
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3. Results and discussion

3.1. Comparisons among the three STHXs

Under the mass flow rate M = 2.5 kg/s, path lines and velocity
distributions for the STHX-SG, STHX-CH, and STHX-ST are illus-
trated in Fig. 6. It is obvious that the zigzag and helical flow man-
ners are presented in the STHX-SG and STHX-CH, respectively. It is
noted that a helical flow appears in the STHX-ST from Fig. 6(c),
though it is slight relative to that presented in the STHX-CH. The
flow velocity in the shell-side of the STHX-ST is lower than those
of the STHX-SG and STHX-CH via the comparisons of velocity dis-
tributions among the three STHXs. So it can be deduced prelimi-
narily that the pressure drop in the STHX-ST would be lower as
well. In addition, some flow dead zones are generated in the rear
of staggered baffles in the STHX-ST as illustrated in Fig. 6(c). These
flow dead zones can be ameliorated and even eliminated by vary-
ing the staggered angle, baffle cut, and baffle spacing.

Fig. 7 depicts temperature distributions of the three STHXs
under the mass flow rate M = 2.5 kg/s. It is found that the temper-
ature in the shell-side of the STHX-ST is lower than those of the
STHX-SG and STHX-CH when the same inlet temperature Tin =
293 K is set for the three STHXs. Temperature differences between
the inlet and outlet of the shell-side are about 47.2 K, 51.4 K, and
32.8 K for the STHX-SG, STHX-CH, and STHX-ST, respectively. The
results show preliminarily that the heat transfer performance of
the STHX-ST is inferior to those of the STHX-SG and STHX-CH.

Fig. 8 shows the comparisons of the pressure drop behaviors
between the inlet and outlet under the same mass flow rate for
the three STHXs. As a whole, the pressure drop rises with the
Fig. 6. Path lines and velocity distributions in the whole shell-side: (a) STHX-SG;
(b) STHX-CH; (c) STHX-ST.

Fig. 8. The pressure drop versus the mass flow rate for the STHX-SG, STHX-CH, and
STHX-ST.
increasing mass flow rate for all STHXs. The pressure drop of the
STHX-ST decreases about 76% and 88% compared with those of
the STHX-SG and STHX-CH, respectively. The results signify that
the power consumption in the STHX-ST is the lowest among the
three STHXs, which is meaningful to improve the comprehensive
performance of STHXs.

The relationship between the heat transfer performance and
mass flow rate are depicted in Fig. 9, in which variations of the heat
transfer coefficient and heat transfer rate are presented. The heat
transfer coefficient in the shell-side of the STHX-ST decreases by
23.9%–31.4% as the mass flow rate varies from 0.5 kg/s to 4 kg/s
compared with that of the STHX-SG, while a 29.1%–37.1% reduc-
tion is generated relative to that of the STHX-CH. The heat transfer



Fig. 9. The heat transfer coefficient and heat transfer rate versus mass flow rate for
the STHX-SG, STHX-CH, and STHX-ST.

Fig. 11. Path lines and velocity distributions for the STHX-ST at: (a) d = 0.45; (b) d =
0.35; (c) d = 0.25.
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rate keeps a similar behavior with the heat transfer coefficient, and
up to 49.2% and 59.7% reductions occur in the STHX-ST compared
with those in the STHX-SG and STHX-CH.

The relationship between the power consumption and the heat
transfer rate is designated to depict the comprehensive perfor-
mance. As illustrated in Fig. 10, the heat transfer rate of the
STHX-ST is higher than those of the STHX-SG and STHX-CH at
any given power consumption. Likewise, the power consumption
in STHX-ST is less than those in the STHX-SG and STHX-CH to
obtain the same heat transfer rate. Based on aforementioned
results, it can be concluded that the reduction of the heat transfer
rate in STHX-ST is cost-effective and meaningful considering a
more significant decline in the power consumption cost. Namely,
the comprehensive performance of the STHX-ST is considered to
be superior to those of the STHX-SG and STHX-CH.

3.2. Effects of the baffle cut d

Six values of the baffle cut d, including 0.5, 0.45, 0.4, 0.35, 0.3,
and 0.25, are taken into account for the numerical investigation
of the STHX-ST while the staggered angle b is treated as a constant
of 90� and the number of baffles n is equal to 9. Fig. 11 illustrates
path lines and velocity distributions at the baffle cut d = 0.45, d =
0.35, and d = 0.25 under the same mass flow rate M = 2.5 kg/s. It
can be found that the helical flow is induced and tube bundles
are scoured by the revolving working fluid. The flow velocity in
Fig. 10. The heat transfer rate versus power consumption for the STHX-SG, STHX-
CH, and STHX-ST.
the shell-side rises with the diminution of the baffle cut because
the flow area at the baffle diminishes with the decreasing baffle
cut. Meanwhile, flow dead zones decreases gradually due to the
enhanced scour caused by the increasing flow velocity.

Fig. 12 depicts the effects of the baffle cut d on the pressure drop
for the STHX-ST. The pressure drop increases in pace with the
diminution of the baffle cut d, which is brought into correspon-
dence with the variation of the flow velocity. Andmore specifically,
an up to 2.7 times increment is found when the baffle cut d varies
from 0.5 to 0.25 at the mass flow rate M = 4 kg/s.

Effects of the baffle cut d on the local temperature and local heat
transfer coefficient at the mass flow rate M = 2.5 kg/s are
Fig. 12. Effects of the baffle cut d on the pressure drop.



Fig. 14. Effects of the baffle cut d on the local heat transfer coefficient.
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exemplarily depicted in Figs. 13 and 14, respectively. The inlet,
outlet, and middle transverses between adjacent baffles are
selected as monitoring points for the local temperature. Besides
these positions, the flow transverses at baffles are designated for
the measuring of the heat transfer coefficient as well. The local
temperature gradually raises along the direction of the fluid flow.
Nevertheless, unlike the local temperature, the variation trend of
the local heat transfer coefficient is much more complex. The ser-
rated curves illustrate the variations of the local heat transfer coef-
ficient at cross-sections of STHX-STs with different baffle cuts in
Fig. 14. The local heat transfer coefficient slightly increases with
oscillations as the fluid flowing. Furthermore, it peaks at the
inlet/outlet zones and each baffle zone, which is owing to the
scouring and disturbed flow caused by the inlet/outlet nozzles
and baffles, respectively. The local temperature and heat transfer
coefficient increase with the decrease of the baffle cut d at the same
position.

The behaviors of the heat transfer coefficient and heat transfer
rate are presented for the six baffle cuts in Fig. 15. Qualitatively,
the heat transfer coefficient and heat transfer rate raise with the
decrease of the baffle cut d. Quantitatively, the heat transfer rate,
at the baffle cut d = 0.25, increases by 63.5% to 80.6% when the
mass flow rate ranges from 0.5 kg/s to 4 kg/s compared with that
at the baffle cut d = 0.5.

Effects of the baffle cut d on the comprehensive performance are
characterized by the relationship between the heat transfer rate
and power consumption, as illustrated in Fig. 16. The heat transfer
rate attains the maximum value at the baffle cut d = 0.45 and d =
0.4, and in contrast, the minimum value appears at d = 0.25 under
the same power consumption. For instance, the heat transfer rate
at the baffle cut d = 0.4 increases about 9.8% compared with that
at d = 0.25 under the power consumption P = 100 W. Based on
the results, it can be deduced that d = 0.45 and d = 0.4 are the opti-
mal values among the given six when the staggered angle b is kept
as a constant of 90�.
Fig. 15. Effects of the baffle cut d on the heat transfer coefficient and heat transfer
rate.
3.3. Effects of the staggered angle b

Ten values of the staggered angle b, varying from 45� to 180�,
are designated as research objects under constant baffle cut d =
0.5 and number of baffles n = 9 for the STHX-ST. Effects of the stag-
gered angle b on path lines and velocity distributions are illus-
trated in Fig. 17. The flow velocity rises with the increasing
staggered angle slightly, although the variation is not as obvious
Fig. 13. Effects of the baffle cut d on the local temperature.

Fig. 16. Effects of the baffle cut d on the comprehensive performance.
as that with the change of the baffle cut, which results from the
constant flow area at the baffle. The helical flow in the shell-side
is getting increasingly inconspicuous along with the increase of
the staggered angle till the zigzag flow is generated thoroughly
at the staggered angle b = 180�.

Fig. 18 reveals the effects of the staggered angle b on the pres-
sure drop. It can be obtained that the pressure drop rises with the



Fig. 17. Path lines and velocity distributions for the STHX-ST at: (a) b = 60�; (b) b =
90�; (c) b = 120�; (d) b = 150�.

Fig. 18. Effects of the staggered angle b on the pressure drop.

Fig. 19. Effects of the staggered angle b on the local temperature.
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increase of the staggered angle, which is caused by the gradually
enhanced flow resistance in pace with the increasing flow velocity.
The differences between the pressure drop at the staggered angle
b = 165� and b = 180� are quite small, which means that the impact
of the staggered angle at large values is slight on the pressure drop.
Compared with the results at the staggered angle b = 90�, the
pressure drop increases by 98.6%–111.4% at the staggered angle
b = 180�, and decreases by 23.9%–26.6% at b = 45� as the mass flow
rate varies from 0.5 kg/s to 4 kg/s.

Figs. 19 and 20 show the effects of the staggered angle b on the
local temperature and local heat transfer coefficient at the mass
flow rate M = 2.5 kg/s. The local temperature and local heat trans-
fer coefficient raise with the increase of the staggered angle at the
same position. The local heat transfer coefficient reaches the peak
at the inlet and outlet zones because of the strong scouring caused
by the high-speed flow through the inlet and outlet nozzles. The
disturbed flow by baffles results in the increase of the local heat
transfer coefficient at the baffle as well. As illustrated in Fig. 21,
the heat transfer coefficient and heat transfer rate rise along with
the increase of the staggered angle under the same mass flow rate.
There is almost no difference between the heat transfer perfor-
mance at b = 165� and b = 180�, which keeps consistent with the
behavior of the pressure drop. Quantitatively, the heat transfer rate
increases by 34.8% at the staggered angle b = 180�, and decreases
by 18.0% at the staggered angle b = 45� compared with that at b
= 90� under the same mass flow rate M = 4 kg/s.

Effects of the staggered angle b on the comprehensive perfor-
mance for the STHX-ST are depicted in Fig. 22. Variations of the
comprehensive performance are not monotonic with the change
of the staggered angle. Taking the result under the same power
consumption P = 75 W as an example, a more than 10% increase
is presented for the heat transfer rate when the staggered angle
varies from 180� to 120�. Similarly, it can be found that STHXs at
the staggered angle b = 105� and b = 120� get more heat transfer
rate than those at other staggered angles under any same power
consumption. As a consequence, it is safe that to regard the stag-
gered angle b = 105� and b = 120� as the best values among the
given ten when the baffle cut d is treated as a constant of 0.5.

3.4. Optimization of baffle parameters

3.4.1. Optimization procedure
The direct heat transfer problem depicted in Section 2.2 is

solved using the CFD software hereinabove. In addition, effects of
the baffle cut d and staggered angle b are studied, respectively.
However, the synthetic effect is not taken into account while the
geometrical parameters varying simultaneously. It’s unreasonable
that obtaining the optimal solution only bases on the parametric
studies in Sections 3.2 and 3.3. As a result, it is essential to conduct
an overall optimization using the professional optimization
algorithm.



Fig. 20. Effects of the staggered angle b on the local heat transfer coefficient.

Fig. 21. Effects of the staggered angle b on the heat transfer coefficient and heat
transfer rate.

Fig. 22. Effects of the staggered angle b on the comprehensive performance for the
STHX-ST.

Fig. 23. Flowchart of the multi-objective optimization procedure.
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The baffle cut d, staggered angle b, and number of baffles n are
considered as primary determining factors and design variables for
the comprehensive performance of the shell-side. The heat transfer
rate Q and pressure drop Dp, representing the heat transfer perfor-
mance and flow resistance separately, are determined as two
conflicting objectives. In view of the heavy workload of the direct
optimization by CFD method, hence the ANN is adopted as a
surrogate model to express the relationship between the design
variables and objectives. The orthogonal test table is designed to
reduce the workload of numerical simulations. The CFD simula-
tions are conducted to obtain the sample data for the ANN accord-
ing to the orthogonal test table. The networks for the Q and Dp,
trained by ANN, is applied as the objective functions. The multi-
objective optimization is carried out using the GA by commercial
software Matlab. Finally, the optimal Pareto front is solved, and
the optimal solutions are determined according to corresponding
evaluation criteria. The flow chart of the whole optimization proce-
dure is illustrated in Fig. 23.
3.4.2. Results of ANNs
As listed in Table 3, the values of three design variables are

evenly selected for CFD simulations. In terms of the rule of the
orthogonal test, an orthogonal test table named L144(121 � 62),
which means that it consists of one variable (b) with 12 levels,
two variables (d and n) with 6 levels, and 144 cases of the numer-
ical simulation with orthogonal combinations of three variables, is
designed. The results of 144 cases are used as sample data for the
ANN.

As depicted in Fig. 24, a three-layer back propagation ANN with
tan-sigmoid transfer functions at hidden and output layers is used



Table 3
Selected values of design variables for CFD.

Variables Values

d 0.25, 0.3, 0.35, 0.4, 0.45, 0.5
b/� 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 165, 180
n 6, 7, 8, 9, 10, 11

Fig. 24. Schematic of a three-layer neural network.

Fig. 26. Comparisons between CFD simulations and ANN predictions: (a) Q; (b) Dp.
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to train the data derived from numerical simulations. It contains an
input layer with three neurons (d, b, and n) and an output layer
with one neuron (Q or Dp).

The 2-norm (errnorm), Mean Square Error (MSE), and Goodness of
Fit (R2) are used as the performance functions for the ANN. They
are expressed as follows:

errnorm ¼ kXi;ANN � Xik2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1

jXi;ANN � Xij2
vuut ð14Þ

MSE ¼ 1
N

XN
i¼1

ðXi:ANN � XiÞ2 ð15Þ

R2 ¼ 1�
XN
i¼1

ðXi;ANN � XiÞ2
X2

i

ð16Þ

The number of neurons in the hidden layer has an effect on the
accuracy of the ANN. The under-fitting will occur for fewer neurons
in the hidden layer while overmuch neurons will lead to the over-
fitting. Fig. 25 illustrates the variation trend of errors along the
number of neurons. As a result, the ANNs with six neurons in the
hidden layer are adopted for the networks of the Q and Dp.

The networks are trained and tested with random 80% and 20%
data, respectively. Fig. 26(a) and (b) compares the results of CFD
Fig. 25. Performance test of ANNs for variable neurons in the hidden layer.
simulations and ANN predictions. The maximum deviations for
the heat transfer rate Q are �1.5% and 2.8%, and they are �9.0%
and 7.5% for the pressure drop Dp. Meanwhile, the values of the
MSE and R2 are close to 0 and 1, respectively. It indicates that the
outputs by ANNs and the targets by CFD are anastomotic. Based
on the above, the two ANNs, symbolized by netQ and netDp, are
determined as the objective functions for the Q and Dp,
respectively.

3.4.3. Results of multi-objective optimization
The multi-objective problem can be described as follows:

Minimization � Q ¼ �netQ ðd;b;nÞ
Dp ¼ netDpðd;b;nÞ

Subject d 2 ½0:25;0:5�
b 2 ½15�;180��
n 2 ½6;11�

The number of baffles n must be integral in view of the actual
conditions, so it is rounded in the optimization process. The fast
non-dominated sorting genetic algorithm (NSGA-II) [35], included
in the gamutliobj toolbox of the commercial software Matlab, is
adopted for the present optimization. The operating parameters
of the NSGA-II are listed in Table 4.



Fig. 27. Pareto front for Q and Dp.

Table 4
Parameter settings of the NSGA-II.

Parameter Value

Population size 600
Generations 2000
Crossover fraction 0.8
Pareto fraction 0.3
Functional tolerance 10-4

Table 5
Several points at the optimal Pareto front.

Point Design variables Objectives Q/Dp

d b/� n Q/kW Dp/kPa

A 0.49 64 7 287.6 7.295 39.42
T 0.45 79 11 386.5 11.97 32.28
B 0.34 180 10 481.6 34.75 13.86

258 X. Wang et al. / International Journal of Heat and Mass Transfer 124 (2018) 247–259
Fig. 27 shows two Pareto fronts, wherein one is the Pareto front
for all three design variables and another represents that for d and
n when b is a constant 180�. From Fig. 27, it can be seen that the
two Pareto fronts coincide in the section after the point B. That
is, the optimal heat exchanger is the STHX-SG at some situations
for the high pressure drop and heat transfer rate. On the contrary,
the STHX-ST is superior to the STHX-SG for the other situations.
The trend of the heat transfer rate under unit pressure drop Q/Dp
is illustrated in Fig. 27 as well. The Q/Dp reaches the summit at
the point A.

The Technique for Order Preference by Similarity to Ideal Solu-
tion (TOPSIS) was developed by Yoon and Hwang [36]. The TOPSIS
point out that the chosen alternative should have the shortest dis-
tance from the ideal solution and the farthest from the negative-
ideal solution. The relative closeness to the ideal solution, repre-
sented by the symbol C, is the evaluation index of the TOPSIS.
According to the change of the C depicted in Fig. 27, the individual
marked by the point T, at which the d, b, and n are equal to 0.45,
79�, and 11 respectively, is the optimal solution selected by the
TOPSIS. The values of the design variables and objectives for the
aforementioned points A, B, and T is listed in Table 5. The different
optimal solutions can be obtained based on different evaluation
criteria or decision-making methods. Consequently, it is proved
that the STHX-SG, the most commonly used STHX in industries,
is not always the best choice. The STHX-ST should be considered
to replace the STHX-SG at some applications from the perspective
of the heat transfer enhancement.
4. Conclusions

A shell and tube heat exchanger with staggered baffles (STHX-
ST) was proposed in this paper. The STHX-ST possessed the charac-
teristics of the simple fabrication of the STHX-SG and the helical
flow of the STHX-CH. Numerical analyses with respect to the heat
transfer performance and pressure drop were conducted for the
three STHXs. Effects of different parameters, including the baffle
cut and the staggered angle, were studied and analyzed for the
STHX-ST. The multi-objective optimization for the STHX is carried
out using the CFD, ANN, and GA in combination. The conclusions
can be summarized as follows:

(1) With the regularly staggered arrangement of baffles, the
helical flow is generated in the shell-side of the STHX-ST.

(2) The comprehensive performance characterized by the rela-
tionship between the heat transfer rate and power con-
sumption of the STHX-ST is superior to those of the STHX-
SG and STHX-CH. Namely, for the STHX-ST, the reduction
of the heat transfer rate is cost-effective and meaningful
considering the more significant decrease in the power con-
sumption compared with the STHX-SG and STHX-CH.

(3) Under the same mass flow and a constant number of baffles
n = 9, the baffle cut d = 0.45 and d = 0.4 are the optimal val-
ues among the six given baffle cuts for the STHX-ST while
the staggered angle b is set as the constant 90�. Meanwhile,
the staggered angle b = 105� and b = 120� are considered as
the best values among the ten given staggered angles for
the STHX-ST of which the baffle cut is treated as a constant
d = 0.5.

(4) The Pareto front for the heat transfer rate and pressure drop
is obtained. The heat transfer rate under unit pressure drop
Q/Dp reaches the summit for the STHX-ST at the d = 0. 49, b
= 64�, and n = 7. The design variable for the d = 0. 45, b = 79�,
and n = 11 is the optimal solution by the TOPSIS selection.

(5) It is proved that the STHX-SG, a special STHX-ST at the b =
180�, is not always the best choice from the view of heat
transfer enhancement. The STHX-ST can be considered to
replace the STHX-SG at some applications from the perspec-
tive of the heat transfer enhancement.

As a final point, it is safe to conclude that the STHX-ST proposed
in this work provides a preferable and meaningful solution for
more efficient energy utilization in industrial applications.
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