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Abstract

The pillow-plate heat exchanger (PPHE) is a kind of heat exchanger constructed by a set of wavy surfaces like a pillow.
In this study, the influence of pillow-plate geometrical parameters (including dimensionless channel height, dimension-
less plate width, and pillow plates number) and flow specification (including Reynolds and Prandtl numbers) in terms of
derived dimensionless parameters on their thermo-hydraulic performance is evaluated through a comprehensive parametric
investigation. The fully developed regime in PPHE channel is assumed and fluid flow, heat transfer, and thermodynamics
principles are combined in terms of the entropy generation minimization (EGM) approach. Afterwards, a multi-objective
optimization method is applied by using the non-dominated sorting genetic algorithm (NSGA-II) to find the optimal design
of PPHE. In this way, the maximization of performance evaluation criterion (PEC) against the minimum total entropy
generation for PPHE is eventuated. The behavior of PPHE’s important evaluation criteria are illustrated for different Reyn-
olds numbers from 1000 to 6000 by varying Prandtl number and the proposed dimensionless geometry parameters. Also,
contrariness between two parts of non-dimensional entropy generation (NDEG), i.e., thermal and frictional, is concluded
from the result for Pareto-optimal front. It indicates there is an optimum Re number that minimizes (NDEG),,, at any geo-
metrical parameters. On the other hand, multi-objective optimization results show the conflict between two main objective
functions namely PEC and (NDEG),,, that reveals any geometrical change to increase in the PEC of heat exchanger leads
rising in total entropy generation and vice versa. The final optimum values of the objective functions are PEC,,,=1.3712
and (NDEG),,, ,,,,=0.0145 which occurs at Re =3265.
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AP Pressure drop, kPa
AT Temperature difference, K

U Overall heat transfer coefficient, W/(m?.K)
\% Channel flow velocity, m/s

w Dimensionless plate width, -

W, Width of edges of the pillow plate, m

(0] Heat load, kW

Subscripts

hyd Hydraulic

sp Spot welding point

p Pillow plate

AT Thermal
AP Frictional
tot Total

Greek symbols

u Fluid dynamic viscosity, Pa-s
p Density, kg/m*
n Efficiency

1 Introduction

Heat exchangers (HEs), as devices that are utilized for
exchanging heat and thermal energy between fluids, are
considered a noticeable component in different industrial
applications such as power generation. These devices have
been employed to exchange heat among two or more fluids
or between a fluid and a rigid plane at different tempera-
tures and in thermal contact. Various HEs have been used in
many thermal engineering and energy systems [1-5]. Plate
HE (PHE) is a kind of HEs that includes some thin plains
or wavy plates separating hot and cold fluids. PHE offers a
lot of advantages that make it many attractive HE in indus-
trial applications. From these advantages, it could be named
to their expandability, high efficiency, easy cleaning and
removing, and lower related costs compared to the other
kinds of HEs [6, 7]. The distinguishing features of PHEs
are their high surface area density and thermal effective-
ness, resulting in reduced size, weight, and space compared
to other types of HEs [8]. Nowadays, the growing attention
to developing an efficient type of HE has urged researchers
to improve the design of geometries and features of PHEs
for different applications. So, a novel type of PFHE as the
Pillow-Plate Heat Exchanger (PPHE) has been investigated
towards the better geometry of plates and welded construc-
tion with the different cross-sectional areas of fluid chan-
nels, low cost of production, and small pressure drop of HEs.
The PPHESs have wide practical uses in different industries.
This type of HE was initially proposed to be applied in the
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food industry [9] and because of their advantages, they were
later used in other industries such as chemical and oil refin-
ing industry [10], thermal energy production/storage systems
[11], refrigerating application [12] and etc.

PPHE consists of two metallic sheets which are point-
welded over the whole surface according to a specific pat-
tern, whereas the edges are continuously seam welded. The
inner channel of PPHE has a complex shape that locates
between the sheets by applying the hydroforming technique.
The PPHE construction could be considered as multiple
panels of pillow-plate located together adjacently. This
arrangement of panels configures the outer and inner chan-
nels alternatively as heat exchanging zones. So, there are two
channels for heat transferring which one is built between two
neighbor panels of welded pillow-plate as an outer channel
and another is formed inside a panel of welded pillow-plate
as an inner channel. This leads to considering hydraulic
diameters and cross-sectional areas for channels. It should be
noted that the technology for manufacturing PPHEs is com-
mutable and their geometries are involved in a wide diversity
[13]. The main feature of PPHE is the wavy surfaces in the
shape of a pillow that improves heat transfer between flu-
ids. In other words, the special geometry of this kind of HE
affects thermal performance. High operating pressure, sealed
construction, and pretty light weight are other features of the
PPHE in compression of other HEs [14].

In the available literature, some studies had focused on
the evaluation of the heat transfer and flow characteristics
in PPHEs based on numerical and experimental works. Dor-
mohammadi et al. [15] investigated the entropy generation
minimization (EGM) approach for heat transfer optimization
through a wavy channel by using nanofluid. They discretized
equations by employing finite volume method. Results of
their work showed that the Nusselt number (Nu) increases by
an increase in volume fraction of nanoparticles. Arsenyeva
et al. [16] concentrated on the design of PPHE by consid-
ering the minimum heat transfer area. They tried to find
pressure drop and heat transfer coefficient inside the HE by
assuming the single-phase working fluid. Piper et al. [17]
directed simulations by CFD (Computational Fluid Dynam-
ics) method for a particular geometry of pillow-plate that
flow streams of heat exchanging were in a turbulent manner.
Their work resulted in the suggestion of correlations for the
heat transfer and friction factor coefficients. In another work
by the same research group, Piper et al. [18] carried out a
detailed study of turbulent fluid flow within a pillow-plate
panel based on CFD for several geometries. The simula-
tions revealed that the pillow-plate channel coefficient of
heat transfer was proportional to Re®’” and Pr**. The con-
clusion of their work stated that increasing the Re number
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causes decreasing in the thermo-hydraulic efficiency of the
pillow plate channel that highest efficiency is achieved at
the Re=1000. In another investigation, the experimental
evaluation of heat transfer and coefficient pressure drop for
inner channels of PPHE for a single-phase fluid flow by
considering different geometries was presented by Tran et al.
[19]. They proposed the relations for heat transfer coefficient
and friction factor depending on the geometry of the pillow-
plate panel. In other research, Tran et al. [20] carried out
single-phase fluid flow and two-phase condensation heat
transfer experiments on different pillow plate geometries
as numerical results were compared with results obtained
with the bundle of plain and rough tubes. Measurements
expressed the total relative uncertainties below 3% for the
coefficients of heat transfer in cooling-side and below 2% for
pressure drop. Also, the derived correlations for Nu number
and friction coefficient are validated for 300 <Re < 10,000
and 2 < Pr < 80. Mitrovic and Peterson [21] experimentally
studied forced convection heat transfer in the PPHE with
oil and distilled water as the working fluids. Piper et al.
[22] tried to simulate the hydroforming process by using
Finite Element Analysis (FEA) to obtain the wavy profile
to reach realistic profiles. The simulation results illustrated
that the surface area enlargement from the waviness is about
2 —7% in relation to a plane surface. Mitrovic and Maletic
[23] carried out varying geometrical and process parameters
for the pillow plate channel by numerical simulations. They
considered heat transfer of single-phase fluid flow inside
the channel as an objective to be maximized. The presented
results showed that for Re numbers greater than 500, the
PPHE Nu number was higher than the flat channel; and for
Re numbers less than 500, the secondary flows became weak
and heat transfer caused by the recirculation zones and Nu is
fallen, consequently. Geometrical optimization for panels of
pillow-plate was taken into account by several approaches,
such as asymmetrical changes in the diameter of round weld-
ing points or variation in the welding spots patterns like
distances between these spots [24]. Alizadeh and Ganji [25]
investigated the effects of using longitudinal fins on the out-
side of the two-phase thermosyphon condenser by develop-
ing the central composite design approach. They considered
thermal resistance and efficiency of thermosyphon as the
system responses and employed an optimization procedure
by response surface methodology. Optimization results
showed that 0.168° C/W as a lowest thermal resistance and
93.89% as a highest efficiency. In another study, Alizadeh
et al. [26] developed a numerical model and they optimized
producer of the solidification process by using nanoparticles
within a latent heat thermal storage system. They employed
response surface method for fin geometry optimization and
considered solidification time as the objective function.
Optimization result illustrated 1269 s for completing the

solidification by given fin configuration which leads to a
reduction of 61.54% in solidification time.

As another category in the field of study, one of the prac-
tical tools for assessing the heat transfer improvement is the
analysis based on the second law of thermodynamics by con-
sideration of both trade-off factors. The EGM method as a
thermodynamic-based optimization is employed as a crite-
rion for optimal analysis to evaluate the thermal performance
of any system. The EGM is working based on the identifi-
cation and formulation of irreversibilities due to heat and
mass transfer or simply fluid flow [27]. The performance
assessment criteria for HEs are generally distinguished into
two groups based on the first law of thermodynamics and
based on the combination of the first and second laws of
thermodynamics. Recently, the second group has been more
attractive and noticeable. Often, the heat transfer in HEs
involves the heat transfer under limited temperature differ-
ence and the fluid friction under finite pressure drop that
these thermodynamic processes are identified as irreversible
non-equilibrium processes [28]. Maximum efficiency and
minimum exergy loss together with minimum heat transfer
area for a particular application are two important issues in
the design of HEs. So, optimization of HEs is necessary to
reach the best of these objectives.

Hence, a good criterion for geometric optimization per-
formance evaluation of various types of HEs is EGM which
is widely applicable. Bejan [29] investigated the relation-
ship between dimensionless entropy generation and heat
transfer effectiveness in cases of frictionless fluid flow.
Recently researchers paid attention to carrying out stud-
ies about the optimization of HEs. Zhou et al. [30] studied
the second law of thermodynamics for thermal systems and
reached the parameters for the optimal design of a plate-
fin HE corresponding to this law. Farzaneh-Gord et al. [31]
carried out an optimization of concentric tubes helical HE
analytically in the view of thermodynamic. Results of their
work presented optimal geometrical parameter values for
flow streams in turbulent and laminar conditions. Sodagar-
Abardeh et al. [32] investigated chevron plate heat exchanger
geometry optimization using the EGM method. They studied
the effects of geometrical parameters as results showed that
there are the optimum values for each of them. Also, they
found that each variable could minimize the entropy genera-
tion. For example, the minimum value of entropy genera-
tion occurred at surface enlargement parameter and chevron
angle of 1.27 and 46°, respectively. A combination of the
EGM and genetic algorithm methods was used by Guo et al.
[33] and several geometrical parameters of the shell and tube
HE were optimized by them. Their work aimed to minimize
dimensionless entropy generation by considering a finite
temperature difference and pressure drop. Results indicated
that the Pareto optimal solutions were trade-off between the
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pumping power and heat exchanger effectiveness that the
required pumping power was 260 W for the effectiveness of
about 0.71. Shi and Dong [34] studied the entropy genera-
tion of a rotating helical tube HE to optimize total entropy
generation and parts of it. Investigation of heat transfer and
entropy generation of three various types of HEs carried out
by et al. [35] that they evaluated the usability of nanofluid
as a coolant for a HE. A combination of the EGM approach
and genetic algorithm was used by Ebrahimi-Moghadam and
Moghadam [36] to optimization of geometric and hydrody-
namic parameters for the corrugated HEs. They employed
Al,O5 nanoparticles in water and their results illustrated that
adding nanoparticles promoted heat transfer. However, there
was a little increment in irreversibility which 5% rising in
irreversibility caused by adding 4% nanoparticles. Deymi-
Dashtebayaz et al. [37] prepared a parametric thermo-
hydraulic study based on the optimization of CuO/water
nanofuid flow inside dimpled heat exchangers through the
combination of the mass and heat transfer and the second
law of thermodynamics. Results showed that the effects of
the flow mean temperature and HE pitch ratio on the entropy
generation were the lowest and highest, respectively. Also,
the optimization producer revealed that optimum Re number,
pitch ratio, non-dimensional flow mean temperature, and
fraction factor were 4610, 0.00326, 1.077, and 0.000216,
respectively. Rostami et al. [38] studied the solidification
process of a phase change material (PCM) in a maple leaf-
shaped storage system. They carried out numerical investi-
gation to enhance the heat transfer using nanoparticles as
the direct and indirect methods. Optimization was done to
accelerate the solidification process and decrease its time.
Optimized results show that the leaf form veins fins reduce
solidification time as 42.6% which is much more effective
than making nano-enhanced phase change material with a
25.5% time reduction. Alizadeh et al. [39] investigated the
role of new branching fins and nanoparticles to increase the
heat transfer and theirs effects on the solidification of a PCM
within a hexagonal storage. They studied the phase-change
process during the time-dependent boundary conditions
together with exergy efficiency of the system. Also, they
used the finite element method to simulate the procedure.
Results indicated the employing innovative fin was more
effective than making nano-enhanced phase change material
by 30% solidification time reduction. Kotcioglu et al. [40]
considered a cross-flow HE and made an entropy generation
minimization based on the second law analysis of it. Youseli
et al. [41] implemented a PFHE optimization by minimizing
the number of total entropy generation units under a certain
pressure drop and heat load by applying the competitive
algorithm. Alizadeh and Ganji [42] conducted the experi-
mental study on thermal performance of an externally finned
thermosyphon. They developed empirical correlations to
obtain evaporator and condenser heat transfer coefficients.
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Response surface method was applied to optimize the ther-
mosyphon operating parameters to achieve the best perfor-
mance. Results showed that the presented correlations have
a high accuracy to predict mentioned coefficients.

Taking into account the available published studies,
there are many kinds of research, investigated the heat
transfer and flow characteristics of the PPHEs based on
different numerical and experimental approaches. It could
be realized, despite studies around the second-law-based
optimization of the HEs, there is not any investigation
about the optimization of the PPHEs based on the second
law of thermodynamics. Accordingly, to fulfill this gap,
a parametric model based on the EGM method is firstly
developed for evaluating the sensitivity of the thermo-
hydraulic criteria of the PPHE to the design parameters,
including both geometrical and flow parameters. This
method could be considered as a bridge between heat
transfer and fluid mechanics (a robust objective for the
assessment of PPHEs). To make the study even more com-
prehensive, the performance evaluation criterion (PEC)
is also investigated as another function. Finally, the most
appropriate design parameters and operating conditions
are sought through a powerful multi-objective optimiza-
tion procedure. The non-dominated sorting genetic algo-
rithm (NSGA-II) is employed for multi-objective opti-
mization of a PPHE while the entropy generation (to be
minimized) and performance evaluation criteria (to be
maximized) are considered as two objective functions.

2 Methodology
2.1 Thermo-hydraulic design of PPHE

Since PPHE has a pretty complex geometry, the determina-
tion of all the geometrical design parameters such as hydrau-
lic diameter and effective areas (including cross-sectional
and total heat transfer area) is not an easy procedure. As
shown in Fig. 1, the geometry is defined by the following
parameters: spots welding diameter (d,,), the longitudinal
pitch (S;) and transverse pitch (S;) of weld spots, metal
sheet thickness (t,,), maximum height of pillow plates due to
inflation that is adjusting by specific pressure in the hydro-
forming process (e;), and distance between pillow panels
that constructs the outer channel (e). These heights represent
important design parameters of pillow plates. All of these
geometrical parameters are illustrated in Fig. 1.

So, in this section, the determination of design parameters
and influential parameters for PPHE is presented. Equivalent
diameter and channel cross-sectional area of the inner and
outer channels can be calculated respectively according to
Egs. (1-4) [22].
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Fig. 1 The shape and geometrical parameter of pillow plate heat exchanger channel
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In these relations, w, is the plate width and w, is the edge
thickness of pillow plates.

In the current study, to present a better sense of role of
pillow plate geometrical parameters on the results, the fol-

lowing dimensionless parameters can be used:

€
Vi = S_T o)
d
__%
=g (©)

28,
Yp = S_r @)

Darcy friction factor, f, is described as a function of
the Re number and is represented by a curve which can be
approximated with a power-law function as following equa-
tion [16]:

f=mRe" ®)

The adjustment parameters n; and m; in Eq. (8) were
estimated by plotting f over the Re number carrying out in
[18] by using CFD simulations. The Re number is expressed
as Eq. (9) [43].

p WA ®

So, the pressure drop for channels can be defined as
below:

L.p-V?

AP =f——
f Zdhyd

10)
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where, L, as an operative length of the pillow plate is
described according to Eq. (11).

Ly =L, —2w, (11)

For designing the PPHE in the sense of thermal consid-
eration, the Dittus-Boelter type power-law function is used
in this work that is based on dimensionless parameters.
Accordingly, the power-law type equation for estimating
the Nu number could be presented by Eq. (12) [16].

Nu = n, Re"™ Pr™ (12)

It should be noted that parameters n,, m, and mj; are
dependent on the geometry of pillow-plate and are esti-
mated numerically in [18] by the CFD approach.

The best-fit functions to estimate the parameters of n,,
n, and m;, m,, ms in Eqs. (8) and (12) are expressed in
Egs. (13)—(17). The range of validation for the Re number
is around 1000 to 8000 and for the Pris 1 to 150 [18].

n; =2.8y,+1.35y,+0.92 (13)
ny, =0.711y; = 0.163y, + 0.022 (14)
my; = 0.53y; + 0.3y, — 0.29 (15)
m, =0.29y, —y;+ 0.8 (16)
my = 0.4 (17)

As aresult, by using Nu number relation, Nu=h.dj, 4/k,
the overall heat transfer coefficient is given by the inverse
of convection heat transfer coefficients and thermal resist-
ances presented in Eq. (18).
tW

1 1
—+—+2 4R +R
h, " h,  k, fi o (18)

1
U

The total area of heat transfer for HE is calculated as
follows [44, 45]:

0
Ay=—
" UAT o (19)
(Th,in_ cout) (Thout Tc,in)
ATy = =T ) (20)
ln((Th T )

where, the values of AT} \,rp and heat duty (Q) are specified
by the steams conditions are known. All other parameters
depend on the design of HE and geometry of its channel such
as the number, size, and geometry of plates that changing
them can cause different channel geometries, velocities of
fluid flow, and therefore Re and Nu numbers inside the HE.
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2.2 Entropy Generation Minimization approach

It should be noted that the heat transfer and amount of pres-
sure drop are two important factors in the designing process
of any thermal systems. It is necessary to consider their
impact to reach an optimal condition of the system based on
these factors. For this aim, the first law of thermodynam-
ics is not enough because it cannot offer any information
about the quality of available energy. The entropy genera-
tion is a criterion of irreversibility quantity during a pro-
cess that is composed of thermal entropy generation (which
comprises the irreversibility result in heat transfer) and fric-
tional entropy generations (that indicates irreversibility due
to the fluid flow). Consequently, the objective function in
the design and optimization processes of the system should
be included in both frictional and thermal losses. Thus, the
entropy generation should be minimized for the effective
parameters to reach a more effective system [46].

By considering the both 1th and 2nd laws of thermody-
namics for an element of fluid flowing inside channels of
HE with specific heat flux, the following equations could
be extracted [29]:

mdh = g dx 1)

"dx

ds,,, = nds — T—kquT/Z 22)
where, the parameters 71, h, q/ 3 X5 Sgens S, and T denote mass
flow rate, specific enthalpy, heat transfer per unit length of
the channel, length direction, entropy generation rate, spe-
cific entropy, and average flow temperature respectively.
By using these equations and the relation of enthalpy and
entropy in constant volume, Eq. (23) is expressed [47]:

By ., _qdT i dp

dx :Sgen: T2 +p_T(_a) (23)

where, the parameters s o Ps and p represent entropy gen-
eration rate per unit length of channel, pressure, and fluid
density, respectively.

Finally, the rate of entropy generation per unit length for
fluid flowing inside any desired channel could be presented
as Eq. (24) [48, 49]:

§ q—/z Aha | 200
genjtot 4T 2 m. C St ,02 T ‘ dhyd'Agf

(24)

In the last equation, the Stanton number (St), the rate of
thermal entropy generation rate per unit length (concerning
heat transfer), and the rate of frictional entropy generation
rate per unit length (concerning fluid flow) are respectively
expressed as Egs. (25)-(27):
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q,/pAT Nu
St = —
G.c, Re.Pr (25)
¢ 4" dpa_ 4 dyaPrRe Ny
semAT " 4T2 g, St 4T2iin.c,.Nu (26)
oo
Ssendy =0T, A2 @7

Consequently, the total entropy generation rate per unit
length for PPHE with pre-defined geometrical parameters
could be rewritten as follows:

q'"* dyyq. Pr 8’ f

pZT.dZyd.(wp —2w,)?
(28)
For analysing the results in a better shape, the entropy gen-
eration can be represented into the dimensionless parameters.
Therefore, the following non-dimensional parameters are
derived:

Sg’en,mt = 2T2 ( _ 2 ) N
.H.CP. Wp w,).Nu

q/

kT 29

(p:

q’.p.m.dﬁyd
w= (30)

VKT 32 (w, —2w,)?

So, the non-dimension entropy generation (NDEG) could
be expressed as below relations:

(NDEG) _ Sgen,tot
ot = T g . 31
ke z.(—(wp_”-;w) (3D
1
(NDEG) 7 = NG (32)
f.Re®

Also, there are two dimensionless factors, so-called Bejan
number (BJN) and ratio of irreversibility issue (ROI). These

criteria are employed to evaluate the thermal and frictional
irreversibility portions of the total system irreversibility.
Equations (34) and (35) define foresaid dimensionless num-
bers, respectively [50].

o

S

BIN = 227 (34)
sgen,tot
LN

ROI = =2 (35)
Sgen,AT

As before said, because of the importance of proper per-
formance for HE it is necessary to optimal design of this
equipment and its operating conditions. So, a useful criterion
as a valid and acceptable indicator is required. Here, a per-
formance evaluation criterion so-called PEC, is employed.
The PEC parameter represents the system improvement to
reach a better operation in comparison with the base or ini-
tial condition. In this study, as PPHE is the novel type of
PHE that has been subjected to some geometrical changes
to better performance, the PEC parameter is defined propor-
tional to ratio of PPHE to PHE relationships by Egs. (36)
and (37) [51].

(Nuppyg )/ (Nupgg)
PEC =
[(foprr)/ (Forr )11/ (36)
my 3 0.8 .04
PEC = (n, Re™ Pr')/(0.023Re™® Pr'") an

[(n,Re™)/(0.046 Re~"%)]1/3

The required air specifications as a working fluid and
geometrical data of PPHE are indicated in Table 1.

The solution procedure as shown in the flowchart of
Fig. 2, could briefly be summarized as following steps:
determining the geometrical parameters and required
thermo-hydraulic factors, constructing the entropy gen-
eration in relation to effective parameters, defining objec-
tive functions according to system design and flow con-
ditions, carrying out sensitive analyze by investigating
effects of parameters on objective functions, performing
the EGM optimization process, and express the optimal
values of decision parameters and optimum points of the
system.

Table 1 Required data values of

PPHE for simulation process Parameter L, (m) e (m) £, (m) w, (m) Q (kw) ST (m)
Value 3 0.005 0.001 0.030 150 0.072
Parameter P (kg/m3) u (kg/m.s) Rf (m2.K)/W Cp (kJ/kg.K) AT prp (K) S; (m)
Value 0.6 0.000041 0.0035 1.04 22 0.042
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Fig.2 Flowchart of the mod-
eling process steps
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3 Results and discussion

In this section, the accuracy of the developed model is firstly
proven. Afterwards, the effect of several geometrical and
operational parameters on the entropy generation rates of the
PPHE is presented. In this work, due to the importance of
the geometrical effect of PPHE on its performance and flow
pattern in PPHE channels, the influence of changing channel
height in terms of dimensionless parameter y; is investigated
at different Re numbers. The other studied effective dimen-
sionless parameters are included dimensionless plate width
(w=w,/L,), number of pillow plates (Np) and Prandtl (Pr)
number.

3.1 Model validation

To validate the proposed design modeling, the comparison
of the results (thermal and frictional entropy generations)
between the outputs of the present work and the results
obtained by the reference work is depicted in Fig. 3a. As
it could be seen in this figure, there is a good consistency
between the results of cases. So that, the average of the
relative difference is 1.21% and 0.56% for (NDEG),; and
(NDEG) Ap respectively. Also, for a more detailed validation,
the result of the change in pressure drop along the channel
and variation of the Nu number for different Re numbers are
compared with the experimental results by [18] which are
presented in Fig. 3b. It reveals that there are 2% and 1.75%
relative differences for AP and Nu, respectively. It should
be noticed that the pressure loss used for the validation was
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measured between two measuring ports placed far enough
from the inlet and outlet which guaranties considering the
fully developed flow region. The experiment was performed
over the range of Re numbers 1000 to 8000 and for Pr=6.0.
Also, to obtain results of Nu number variation, the constant
wall heat flux boundary condition is considered because of
heating the pillow-plate wall electrically. The geometrical
date which used in this validation are listed in Table 2.

3.2 Evaluation of total non-dimension entropy
generation

To investigate the influence of PPHE’s channel height,
plate width, number of pillow plates and Pr number on
non-dimensional total entropy generation (NDEG),,,,
results are depicted for different Re numbers in Figs. 4a
to d. These figures display the behavior of (NDEG),,, for
changing above mentioned variables that for each value
of them, there is a specific Re number as an optimum Re
in which minimum entropy generation happens and vice
versa. As shown in Fig. 4a, the minimum of (NDEG),,,,
for example, for y;=0.04 is about 0.027 and occurs at
Re =2500. However, this minimum value of (NDEG),,,
becomes smaller by increasing y; and the corresponding
amount of the Re (i.e. optimum Re number) is grown,
although large channel height is not really applicable.
Obviously, the efficiency of the system is improved when
the entropy generation and exergy loss are minimized.
Consequently, a high y; value is required for an optimal
operation which leads to decrease the pressure drop of
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Fig.3 Comparison between the outputs of the present work and experimental data obtained from [18], a thermal and frictional non-dimension

entropy generations, b pressure drop and Nusselt number

the HE. On the contrary, increasing channel height in
terms of y; would significantly debilitate the coefficient
of heat transfer. Thus, according to the second law of
thermodynamics, it is required to identify optimal y, and
Re number which is affected by mass flow rate. This mat-
ter will discuss later. Figure 4b illustrates the effect of
dimensionless plate width (w) at different Re number on
the (NDEG),,, that both minimum value of it and opti-
mum Re are increased by rising w. This figure shows the
direct relation between (NDEG),,, and w at a constant
Re number. The variation of (NDEG),,, by changing the
number of pillow plates is presented in Fig. 4c. It shows
the lowest values of (NDEG),,, for N, =50 to N, =70 has
a descending trend and this minimum of (NDEG),,, will
be disappeared in upper amounts of N,. Also, the opti-
mum Re number is increased by increments of N,. Fig-
ure 4d depicts the influence of Pr number on (NDEG),,,
by variation of Re number. According to this figure, there
is a minimum value for (NDEG),,, corresponding to the
certain optimum Re at any Pr that has an indirect relation
with Pr.

Table2 The geometrical design parameters of the reference work
(18]

Parameter Sr Y} d e; t,

sp

Value (mm) 42 36 10 3.0 1.0

3.3 Evaluation of thermal and frictional entropy
generation

Figure 5a—c illustrate the effect of some influenced geo-
metrical variables as well as Fig. 5d shows Pr effect on the
non-dimensional thermal and frictional entropy generations
for different Re numbers. As for these figures, the (NDEG),,
rises and (NDEG), reduces by increasing y;, w, Np and
Pr because of the direct relation of frictional entropy gen-
eration with f and the inverse relation of thermal entropy
generation with Nu number. Also, it is found that there is
a conflicting behavior of (NDEG),; and (NDEG),, by
varying Re number for each certain investigated param-
eter. For example in Fig. 5a, the amount of (NDEG),; and
(NDEG),,, for Re=3100, 4300 are 0.016, 0.01 and 0.013,
0.022, respectively. This figure shows at any Re, (NDEG),
and (NDEG),, become lower by increasing y;. The inverse
relation is observed in Fig. 5b and c between (NDEG),
and (NDEG),, at specific Re by advancing w and Np,
respectively. In this way, Fig. 5d demonstrates the role of
Pr on parts of entropy generation that at a particular Re,
(NDEG), is reduced and (NDEG),, is grown by rising Pr.

3.4 Evaluation of Bejan number
The Bejan number (BJN), according to Eq. (34), is a defined

parameter to specify the amount of thermal entropy gen-
eration to the total entropy generation. Figures 6a to d are
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Fig.4 Variation of non-dimensional total entropy generation of PPHE at different Re numbers by changing, a dimensionless channel height, b

dimensionless plate width, ¢ pillow plate numbers, and d Prandtl number

depicted to analyze the influence of geometrical parameters
of the PPHE and Pr number on BJN. Figure 6a shows the
effect of y; on BJN for varying Re that this dimension-
less parameter is raised by increasing y; at any Re which
could be described by increasing the rate of heat transfer
in higher y; values and so smaller amount of (NDEG) .
On the other hand, increasing Re number and entering to
turbulence regime of the stream leads to formation of recir-
culation zones and increasing Nu number and heat transfer,
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consequently. However, smaller recirculation zones are
resulted by increasing channel height or hydraulic diameter
which they limited to the near wall region. It could also be
seen in [17, 18]. This means that the Nu number increases
intensely in high Re numbers with an increase in the chan-
nel height and hydraulic diameter. It could be exacerbated
the difference between the columns at the higher Re number
in Fig. 6. Also, another result of reduction in the recircula-
tion zone affected area is the decreases in pressure drop as
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Fig.5 Variation of non-dimensional thermal (left) and frictional (right) entropy generation of PPHE at different Re number by changing, a
dimensionless channel height, b dimensionless plate width, ¢ pillow plate numbers, and d Pr number

the channel height y; or Nj increases which could ampli-
fies difference between the columns of BJN at the higher
Re. The change of BJN for different w and Np values by
varying Re is illustrated in Fig. 6b and c that has a same
behavior as the previous figure. It could be deduced from
these figures, increasing heat transfer due to growing heat
transfer area by augmenting of w and N, causes decreas-
ing BIN. For instance, in Fig. 6b, the BJN advances from

0.5 to 0.68 by increasing w from 0.4 to 0.6 at Re =4000.
In this way in Fig. 6¢, the BJN reduces from 0.8 to 0.4 for
Re=2200 to 4000 at N, =60. It is obvious that an increase
in the BJN at any w or N; is more noticeable in higher Re.
Ultimately, Fig. 6d shows the conflict trend between Pr and
BIN in all Re numbers by which could be interpreted by a
direct and inverse relation between Pr and Nu and Nu and
BIN, respectively.
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3.5 Evaluation the rate of irreversibility

Another beneficial parameter in EGM analysis is the rate
of irreversibility (ROI) that defined as a ratio of frictional
to thermal entropy generation and is depicted in Fig. 7a to
d with the variation of y;, w, Np_and Pr at various Re. As
it can be seen in Fig. 7a to c, the ROI parameter reduces
by advancing in values of PPHE geometrical variables
at any Re which presents decreasing the contribution of
(NDEG)AP versus (NDEG) ;. Also, it is found that ROI
increases by augmentation Re number which this trend
is more intense in lower values of geometrical param-
eters. This demonstrates the domination of (NDEG),
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to (NDEG)AP at low Re numbers and (NDEG)AP to
(NDEG),  for high Re numbers that should be considered
in designing HE corresponding to the range of operation.
Figure 7d illustrates the compatible behavior of Pr and
ROI that by growing Pr at any Re, the higher values of
ROI can be attained and role of (NDEG),, would be more
significant. The similar differences between the results at
the higher Re number have been seen in Fig. 7 which could
be justified like what is mentioned for Fig. 6.

Here, it could be beneficial to compare the obtained
PPHE performance result with the conventional flat plate
heat exchanger (FPHE) at different Re numbers. So, details
of this comparison are presented Appendix A.
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Fig.7 Variation of irreversibility rate of PPHE at different Re numbers by changing, a dimensionless channel height, b dimensionless plate
width, ¢ pillow plate numbers, and d Prandtl number

3.6 Performance evaluation criteria is stronger than pressure drop due to power of 1/3 for fric-

tion factor in PEC equation. Hence, PEC criterion has the
According to previous outline, PEC is a parameter to indi-  higher value by growing y; at any particular Re. Also, Fig. 8
cate the improvement in a system to achieve the better per- ~ shows PPHE performance is acceptable in y; values upper

formance and higher efficiency. Figures 8 and 9 reveal the  than 0.04 to about y;=0.085 which higher y; values have
variation of PEC of PPHE with different Re. The influence  not significant effect or negative consequence. Also, it is
of channel height in terms of y; on PEC is depicted in Fig. 8.  seen that the PEC behavior depends on the flow regime
As before said, increase in y; leads the increase the Nu and and is increased by augmenting the Re for each y;. This
pressure drop in investigated PPHE which Nu augmentation ~ could be described by the fact that Nu is much higher in
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Fig.8 Variation of performance evaluation criterion by changing
dimensionless channel height at different Reynolds numbers

turbulent flow stream than laminar and better values of Nu
ratio in PEC equation can be achieved by using heat transfer
increasing techniques. Furthermore, turbulent regime’s fric-
tion factor is lower than of the laminar flow.

The change of PEC with w, as another PPHE geometri-
cal parameter, is illustrated in Fig. 9. This figure reveals
that high PEC amounts occur in advance Re numbers for
various w because of increase the Nu and heat transfer for
higher Re values. On the other hand, the increasing cross
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Fig.9 Variation of performance evaluation criterion by changing
dimensionless plate width at different Reynolds numbers
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sectional area of PPHE channel is another consequence of
bigger plate with of w. So, the Nu and f of PPHE would
be decreased and lower PEC values are resulted in any Re
number as shown in Fig. 9.

3.7 Optimization procedure
3.7.1 Single-objective optimization

An optimization in form of single-objective is individu-
ally applied for each objective function in the investigated
range for each of the effective decision variables. Here,
(NDEG),,, and PEC are investigated as two objective func-
tions which should be minimized and maximized, respec-
tively. Selecting the best individual for each generation
in the evolution process is done by applying optimization
using a genetic algorithm (GA) which considers the fit-
ness function values of every individual. In this way, the
design parameters of PPHE such as the plate width, pil-
low height, number of pillow plates, and Re number are
used as decision variables. Performing single-objective
optimization (SOO), Figs. 10a and b show variations of
these functions with respect to the number of generations
that have converged to the best value of them. Finally, the
corresponding optimum values of (NDEG),,, and PEC and
decision variables are obtained according to Table 3. It
is worth mentioning that in this table, the (NDEG),,, and
PEC are respectively considered the objective functions
in SOO, and SOO,.

3.7.2 Multi-objective optimization

A multi-objective optimization (MOO) problem is a proce-
dure with simultaneous optimizing two or more objective
functions with different constraints. This procedure usually
expresses a probably uncountable set of solutions to evaluate
vectors to reach the best possible trade-offs. In other words,
each objective function gives a vector including the set of
objective values corresponding to the primary objectives to
be optimized [52-54].

Moreover, to obtain a suitable balance between the objec-
tives and perform complete exploration for the determined
tradeoffs range within the space of objective, the multi-
objective GA is utilized to solve this MOO problem. Thus, it
causes to find a set of solutions that indicate the best relation-
ship between the two objective functions. The Pareto opti-
mal front is employed to illustrate the relationship between
results of MOO in order to specify the best possible solution
among obtained ones [55, 56]. The notable tip is that all of
the points on the Pareto frontier could be considered as an
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evaluation criterion

optimal point candidate, which the designer should select
one point based on the desirable design conditions and limi-
tations. This process is done by applying a decision-making
approach. Taking into account previous works in the field,
the LINMAP decision-making approach could be considered
a reliable approach that is based on the minimum distance
from the ideal point on the Pareto frontier [57, 58].

Firstly in this study, for better recognizing and designing
of the system the criteria of (NDEG),; and (NDEG),,, are

used for simultaneous optimization because of their conflict-
ing behavior. Figure 11 represents the Pareto front obtained
by performing the MOO producer that leftmost point of this
curve reveals that (NDEG), p has its minimum value, while
(NDEG), reaches its maximum amount. This figure indi-
cates the conflicting behavior of the MOO solutions which
exists between the thermal and frictional entropy generations
as irreversible losses. As a result, the entropy generation
due to fluid friction is not negligible in the MOO procedure

Table 3 Single-objective

L Objective functions/ (NDEG),,, PEC Yi w N, Re
optimization results and Decision variables
optimum value of variables
Range - - 0.04-0.1 0.4-0.8 50-100 1000-5000
Optimum value in SOO;  0.01416 - 0.067 0.63 78 3100
Optimum value in SOO, --- 1.3807 0.054 0.58 66 3700
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erations)

and plays an important role in characterize the optimal solu-
tions. It should be noted that the relationship between the
optimal values of the two objective functions (i.e. (NDEG),
and (NDEG), p) for all optimal solutions located on the dis-
cussed Pareto front can be derived by curve fitting which is
denoted in Fig. 11. It is beneficial to say that R? factor is a
criterion to evaluate the accuracy of the developed equation
that here is R>=0.959 indicating the acceptable accuracy
of the fitted curve.

As a main step of MOO in the present study, by atten-
tion to the role of PEC and (NDEG),,, as the two impor-
tant factors in PPHE evaluation which have an adversely
behavior, it could be advantageous to consider them as the
objective functions in MOO, process to find the optimal
values of system variables. Figure 12 illustrates the result
for Pareto-optimal front and the trade-off between its two
objective functions, i.e., (NDEG),,, as the horizontal axis

Table 4 Coefficients of the optimal PEC-(NDEG),,, fitted correlation

Constant a b c d

Value 6x 107 -3%10° 39,398 -191.89

Fig. 12 The Pareto-optimal front for MOO, using NSGA-II (objec-
tive functions: PEC and non- dimensional total entropy generation)

and the performance evaluation criteria as the vertical
axis. In this figure, the ideal or best point D shows the
highest value of PEC and lowest amount of (NDEG),,,.
However, due to pint D is really unavailable, the opti-
mum point of B can be specified by LINMAP method
that considers the minimum distance to the point D Point
among other optimum points on the Pareto curve. It can be
seen that by any changing of geometrical variables which
reduces the total entropy generation, the PEC is increased
and vice versa although, each point on the Pareto front
represent the optimal value, naturally.

The relationship between the optimal values of PEC and
(NDEG),,, could be derived by curve fitting in form of a
third-order polynomial equation that presented in Fig. 12.

The constants of this correlation are expressed in Table 4.
It is beneficial to say that R? factor is a criterion to evaluate
the accuracy of developed equation that here is R>=0.998
indicating the high accuracy of fitted curve.

As the final results of the MOO procedure, the optimum
values of the objective functions and decision variables are
tabulated in Table 5.

Table 5 Multi-objective

optimization results and Moo, [NDEG)7l [(NDEG), L,y idope Wope Nodope (Re)yp,
optimum value of variables 0.0130091 0.000404 0.051 0.43 57 4425
MOOZ [(NDEG)tot]opt (PEC)opt (Yi)opt (w) opt (Np)opt (Re)opt
0.014502 1.3712 0.059 0.62 69 3265
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4 Conclusion

In this study, the optimal analysis of pillow plate HE based
on the second law of thermodynamics and EGM, as well as
its thermo-hydraulic modeling, includes the heat transfer and
fluid flow characteristics were investigated. As expected,
thermo-hydraulic results indicated a good performance which
could be due to the wavy shape of the pillow-plate channels
on the flow condition and useful turbulence in flow streams.
By deriving non-dimensioned parameters, the influence of
several geometric parameters such as longitudinal and trans-
verse pitch, channel height, and diameter of the weld spot of
PPHE were considered for a wide range of Reynolds numbers.
It was found out that for each geometrical variable include
the channel height of PPHE, plate width, number of pillow
plates, and Pr number, there was a particular Re number in
which minimum entropy generation occurred. For example,
for the dimensionless channel height y;=0.04, minimum
total entropy generation was equal to 0.027 and happened at
Re=2500. Also, results illustrated that amount of (NDEG),,,,
decreased by increasing the y;, as well as, there was a con-
flicting behavior of (NDEG), - and (NDEG),,, by varying Re
number at any channel height. For instance, at y;=0.06 the
amount of (NDEG),, and (NDEG) Ap for Re=3100, 4300
were 0.017, 0.08 and 0.013, 0.021, respectively. For com-
pleting analyzing of EGM for PPHE, the behaviors of BIN
and ROI as the two other beneficial EGM parameters were
investigated for different model variables and Re numbers.
For finding the optimal condition of system design, the
considered objective functions were taken into account by
applying the GA optimization approach in the form of SOO

07
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5 L
o~ e A
04 - . SRS *
] — 0 e o
03 2 M
A o
. o= f. PPHE
2 A A ceeetnee £ FPHE
ul A+ Nu-PPHE
A~ Nu-FPHE
0
1000 2000 3000 4000 5000
Re
(€Y
Fig. 13
(NDEG),,

Nu

and MOO and the optimum PPHE dimensionless design
variables of channel height, plate width, number of pillow
plate, and Re number were obtained. In this research, the
PEC was introduced and used as the objective function and it
optimized against the (NDEG),,,. The obtained Pareto opti-
mal front showed the conflicting behavior between PEC and
(NDEG),,,, that increment of PEC was required to increase
in (NDEG),,,, and hence, the optimal value of them by LIN-
MAP decision-making method was achieved and their cor-
relation was derived. Considering the PEC and (NDEG),,,,
as two objective-functions in a MOO procedure, the final
optimum values of the objective functions were obtained as
PEC,,,=1.3712 and (NDEG),,, ,,,,=0.0145 which occurred
at Re=3265.

Appendix

This appendix deals with the general comparison of PPHE
and conventional FPHE modeling result. In this way, the
FPHE model with similar dimensions of PPHE has been
developed using particular hydraulic diameter and correla-
tions of fand Nu as follows [59]:

dyya = 2€; (A1)
f =3.44Re™ " (A2)
Nu = 0.143 Re*”' Pr®3 (A3)
0.035 0.018
(NDEG)T-PPHE
o° * (NDEG)T-FPHE o | oo
003d . —— (NDEG)tot-PPHE ’ :
. = + (NDEG)tot-FPHE Ja
\ —— (NDEG)P-PPHE / 0.014
0.025 1 . = <= (NDEGP-FPHE .
0.012
0.02 00!
0.015 0.008
0.006
0.01
0.004
. 0.002

0 X . . . . .
1000 2000 3000 4000 5000 6000 7000
Re

(b)

Comparison of PPHE and FPHE at different Re numbers, a changing friction factor and Nu, b changing (NDEG),,,, (NDEG),; and
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Based on the above equations, to observe the f and Nu
trends as the evaluating parameters by varying Re, results of
the developing numerical code for the FPHE are compared
with the PPHE. This comparison is depicted in Fig. 13.

It could be seen in Fig. 13(a) that friction factor and heat
transfer of PPHE are lower and higher than FPHE, respec-
tively. By attention to the structure of PPHE and consequent
redirected flow around the welding spots inside the chan-
nel, formation of boundary layer leads to improve the heat
transfer comparison to FPHE. However, this could slightly
increase the pressure drop in PPHE channel depending
on welding points pattern and theirs distances. Fig. 13(b)
illustrates variation of main EGM assessment parameters
i.e. (NDEG),,, (NDEG),7 and (NDEG),, in different Re
numbers for both PPHE and FPHE. As expected, because
of some PPHE structural features against the FPHE which
have been led to improve heat transfer and totally reduction
in pressure drop, the derived thermal, frictional and total
form of non-dimensional entropy generation in PPHE are
lower than FPHE.
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