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Abstract
The aimof the currentwork is to determine optimal geometries andflowconditions of the chevron plate heat exchangers based on

entropy generation minimization approach (a combination of the second law of the thermodynamics and heat transfer and fluid-

flowequations). The optimization process is carried out by considering the entropy generation as target function. The all effective

parameters are taken into account including chevron angle (30� B b B 60�), surface enlargement factor (1.1 B / B 1.4),

dimensionless plate width (19 B W B 79), Prandtl number (2.6 B Pr B 6.4) andReynolds number (1000 B Re B 8000). The

results indicate that for each surface enlargement factor, there is an optimum chevron angle. Also, by increasing chevron angle,

the optimumvalues of dimensionless platewidth,working fluid Prandtl number andReynolds number decrease.After presenting

a comprehensive sensitivity analysis, the genetic algorithm is utilized to find optimum conditions at (a) designing and (b) op-

erating situations. In the first situation, the optimization process reveals optimum chevron angle, surface enlargement factor,

dimensionless plate width, Prandtl number and Reynolds number. For the second situation, a useful and practical correlation is

developed for obtaining optimum Reynolds number as a function of the geometrical parameters.

Graphic abstract

Keywords Chevron-type plate heat exchanger � Entropy generation minimization (EGM) � Second law of thermodynamics �
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List of symbols
Ac Channel flow cross-sectional area (m2)

b Corrugation depth (m)

Be Bejan number (-)

Cp Specific heat (J kg-1 K-1)

de Equivalent diameter (m)

f Friction factor (-)

h Heat transfer coefficient (W m-2 K-1)

k Thermal conductivity (W m-1 K-1)

L Plate length (m)

_m Mass flow rate (kg s-1)
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Ng Dimensionless entropy generation rate (-)

Nu Nusselt number (-)

Pr Prandtl number (-)

Q Dimensionless heat flux (-)

q0 Heat transfer per unit length (W m-1)

Re Reynolds number (-)
_S0gen Entropy generation rate per unit length (W m-1

K-1)
_Sgen;DT Entropy generation rate due to the heat transfer

(W K-1)
_Sgen;DP Entropy generation rate due to the fluid friction

(W K-1)

St Stanton number (-)

t Plate thickness (m)

T Average flow temperature (K)

w Plate width (m)

Greek symbols
b Plate chevron angle (�)
l Viscosity (N s m-2)

q Density (kg m-3)

/ Surface enlargement factor (-)

U Irreversibility distribution ratio (-)

W Duty parameter of heat exchanger (-)

Subscripts
opt Optimum

tot Total

Introduction

Heat exchanger (HE) is a device for exchanging heat

among various streams. Various types of the HEs have

been used in different places [1–3]. Plate heat exchangers

(PHE) are a kind of the HEs which offer many advantages

making it the most appropriate HE in the industrial appli-

cations. Their expandability, easy to remove and clean,

high efficiency and lower costs compared to the other

common HE types are among those advantages [4–6].

The PHEs have been subjected to many studies. The

studies could be categorized into two main topics as:

(a) investigating heat transfer and flow characteristics and

(b) optimizing design parameters.

There are a few studies about first topic. In one of the

recently published works, an experimental investigation

was carried out by Nilpueng et al. [7] to study thermal

performance of a PHE. They considered the roughness of

the plate surface in their model and developed correlations

for estimating the Nusselt number and friction factor. Their

results showed that the optimum thermal performance of a

PHE occurs at chevron angle of 30�. In another work,

Arsenyeva et al. [8] proposed an approach to design pillow-

plate HE with minimal heat transfer area. They assumed

the working fluid to be single-phase and investigated heat

transfer coefficient and pressure drop inside the HE.

Kumar et al. [9] performed an experimental study to

investigate the effect of the Reynolds number (800 B Re

B 2300) and chevron angle on the pressure drop and effi-

ciency of a U-type PHE. As a final result, they developed

correlations for friction factor and efficiency. In another

experimental work, Yang et al. [10] proposed a few cor-

relations to calculate heat transfer characteristics of the

PHE. They considered the mixture of ethylene glycol and

water (EG/W) with single-phase assumption as the working

fluid. The accuracy of their proposed correlation was 50%.

There are also a few numerical studies in this field. Lee

and Lee [11] utilized finite volume method (FVM) and

large-eddy simulation (LES) to perform a numerical study

of corrugated chevron-type PHE (CPHE). They applied

their model for both laminar and turbulent flow. They

concluded that the optimum chevron angle is 30� and 60�
for laminar and turbulent flows, respectively. Han et al.

[12] investigated velocity, pressure and temperature dis-

tribution inside a CPHE using a three-dimensional

numerical simulation. Dovic et al. [13] proposed a math-

ematical model for estimating heat transfer and flow

characteristics in a sinusoidal corrugated PHE. They also

presented new semi-analytical equations for Nusselt num-

ber and friction factor.

Recently, the researchers paid attention to perform

investigations about the second topic in order to optimizing

the heat exchangers. In one of the recently published

works, Raja et al. [14] used heat transfer search (HTS)

optimization algorithm for thermal–hydraulic optimization

of a PHE. They applied multi-objective optimization for

maximizing the total heat transfer coefficient and mini-

mizing the total pressure drop. Their optimization results

indicate 98.2% and 72.1% reduction in heat transfer coef-

ficient and pressure drop, respectively. Farzaneh-Gord

et al. [15] performed an analytical optimization of tube-in-

tube helical HE. They presented optimum values of the

geometrical parameters for both of the laminar and turbu-

lent conditions. Zhou et al. [16] found the optimal design

parameters of a plate-fin HE based on the second law of

thermodynamics. Babaelahi et al. [17] considered the

entropy generation as objective function and utilized

LINMAP1 multi-objective optimization method to find

optimal design of the cross-flow plate-fin HE. In another

study, Guo et al. [18] combined the entropy generation

minimization (EGM) and genetic algorithm (GA) methods

1 Linear programming technique for multidimensional analysis of

preference.
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for optimizing some of the geometrical parameters of the

shell-and-tube HE. They minimized the entropy generation

number (EGN) for three different examples.

Reviewing the previous literatures and the above-men-

tioned studies reveals that although there are a few studies

in the field of heat transfer and fluid-flow characteristics or

the second-law-based analysis of a CPHE, However, no

system optimization has been carried out based on the

EGM approach. The current study tries to fill the gap by

determining optimum parameters of a CPHE based on

EGM as the optimization criteria. For bridging this gap, in

present study, a complete optimization of the CPHE is

carried out using EGM approach. Firstly, a comprehensive

sensitivity analysis is carried out to study the effects of the

important geometrical parameters and flow conditions on

CPHEs performance by considering the minimizing of

entropy generation rate. The optimization is carried out by

using genetic algorithm and taking into account all of the

geometrical and hydrodynamical parameters. Finally,

based on the optimization process, a useful correlation is

developed for finding optimum Reynolds number. The

correlation could be useful during CPHE operation.

Methodology

Problem statement and geometry

The CPHE could be studied based on the only first or both

the first and the second law of thermodynamics. In the

researches, which are based only on the first law of ther-

modynamics, despite improving heat transfer, the pressure

drop also increases. In the other words, the first-law-based

analysis investigates only heat transfer characteristics of a

HE and doesn’t give any information about the pressure

drop and mechanical work lost [19–22]. However, in

designing real systems, the impact of both factors (heat

transfer and pressure drop) should be considered for finding

optimal conditions.

Bejan [23] was the first who proposed, in 1995, an

optimization method (called EGM method) based on the

second law of thermodynamics. The method could be

bridged the gap between fluid flow, heat transfer and

thermodynamics [24–28]. The main objective of the pre-

sent study is to propose a thermal optimization of the

CPHE (with the schematic of Fig. 1a) based on the second

law of thermodynamics employing EGM approach. As it

can be seen in this figure, there are two fluids which a

certain amount of heat is exchanged between them (a

constant heat flux is mounted from the hot fluid to the cold

fluid). The CPHEs have wavy walls. Those corrugations

improve heat transfer along with increasing frictional los-

ses. Consequently, the target function (for optimization

process) should be contained both of the thermal and

frictional losses.

The entropy generation represents the level of irre-

versibility during a process [23]. It could be employed as a

criterion for accessing the performance of the thermal

devices [23]. In general, the entropy generation is com-

posed of two terms: thermal and frictional entropy gener-

ations. The first term (thermal) represents the irreversibility

due to heat transfer, and the second term (frictional) is

related to the irreversibility due to the fluid flow. Therefore,

less entropy generation leads to the better system perfor-

mance [29–33].

Considering real CPHE systems which are used previ-

ously [34, 35], the effect of the geometrical parameters is

found to be important in a wide range including: The

corrugation of V shape embossed on the plates which is

termed as chevron plate angle (30� B b B 60�); the sur-

face enlargement factor, /, which is defined as the ratio of

actual heat transfer area to the projected area (1.1 B /

(a)

(b)
(effective area)1–2–3–4–5–6–1

(projected area)1–2–3–4–5–6–1

t

t = 0.6 mm

30°

1.1
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1.4

60°

b

2b = 5.08 mm

investigated range of the parameters
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p

=

β

β

φ
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≤
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≤

Fig. 1 A schematic sketch of the a CPHE, b plate and design

parameters
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B 1.4); the dimensionless plate width, W, which is

obtained as the ratio of plate width to the equivalent

diameter (19 B W B 79). The initial value of the other

geometric parameters is considered as de= 5.08 mm

(equivalent diameter) and t = 0.6 mm (plate thickness).

These parameters are presented schematically in Fig. 1b.

Problem formulation

It should be noted that the entropy generation within the

CPHE, as a thermodynamic system, is selected as target

function for optimization purpose in the current study. As a

result, in the first step, the entropy generation should be

calculated considering the effective parameters. The

entropy generation rate for an internal fluid flow could be

written as Eq. (1) [23, 36]. Details about the derivation

process of Eq. (1) are presented in ‘‘Appendix 1’’.

_S0gen;tot ¼ _S0gen;DT þ _S0gen;DP ¼ q02de
4T2 _mCpSt

þ 2 _m3f

q2TdeA2
c

ð1Þ

St ¼ Nu

Re Pr
; Ac ¼

dew

2
ð2Þ

in which the parameters q0, T , _m, Cp, St, f, q and Ac rep-

resent heat flux per unit length, average flow temperature,

mass flow rate, fluid specific heat, Stanton number, friction

factor, fluid density and channel flow cross-sectional area,

respectively. Substituting Eq. (2) into Eq. (1), the entropy

generation rate per unit length could be rewritten as Eq. (3)

[37–39].

_S0gen;tot ¼
q2dePr

2wT2lCpNu
þ 8 _m3f

q2Td3ew
2

ð3Þ

For analyzing the results in a good manner, it would be

better to present the entropy generation as a dimensionless

parameter. For this purpose, the following dimensionless

parameters are considered:

Q ¼ q0
Tk

;W2 ¼ q02q2 _m2

kTl5
de

w

� �4

ð4Þ

Combining these dimensionless parameters with Eq. (3),

the dimensionless entropy generation rate could be written

as:

Ng;tot ¼ Ng;DT þ Ng;DP ¼ 1

2Nu
þ Re5f

4W2
ð5Þ

in which:

Ng;tot ¼
_S0gen;tot
kQ

2

W

; Re ¼ _mde
Acl

¼ 2 _m

wl
ð6Þ

where W ¼ w=de is the dimensionless plate width.

In the EGM approach of the second-law-based analysis,

two important parameters (Bejan number, Be, and irre-

versibility distribution ratio, U) are used to evaluate the

contribution of the thermal and frictional irreversibility in

the total irreversibility. These dimensionless numbers are

defined as Eqs. (7) and (8), respectively [40, 41].

Be ¼
_Sgen;DT
_Sgen;tot

¼ Ng;DT

Ng;tot
ð7Þ

U ¼
_Sgen;DP
_Sgen;DT

¼ Ng;DP

Ng;DT
ð8Þ

For determining heat transfer and pressure drop, the

following correlations are used in present study to evaluate

Nusselt number and friction factor [35]. These correlations

are accurate for laminar and turbulent flow (2.6 B Pr

B 6.4 and 600 B Re B 104) through CPHEs with a uni-

form heat transfer per unit length from the hot fluid [35].

Nu ¼ 0:2668� 0:006967bþ 7:244� 10�5b2
� �
� 20:78� 50:94/þ 41:16/2 � 10:51/3
� �

� Re 0:728þ0:0543 sin pb=45ð Þþ3:7½ �ð ÞPr1=3
l
lw

� �0:14
ð9Þ

Driving target function (entropy 
generation) based on the investigated 

system and flow conditions

Formation of the entropy generation as 
a function of the effective parameters

Investigating the influence of the 
parameters on entropy generation: A 
comprehensive sensitivity analysis

Start

End

Defining the geometrical parameters and 
flow conditions based on the real situation

Fig. 2 The procedure of the problem formulation
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f ¼ 2:917� 0:1277bþ 2:016� 10�3b2
� �
� 5:474� 19:02/þ 18:93/2 � 5:341/3
� �

� Re� 0:2þ0:0577 sin pb=45ð Þþ2:1½ �ð Þ

ð10Þ

Finally, Fig. 2 presents the procedure for calculating the

system entropy generation in order to study effects of

investigated parameters.

Optimization using genetic algorithm

Generally, the systematic formulation of an optimization

problem requires the three basic steps. First, an objective

function should be identified. Secondly, there is need to

characterize a set of design variables which can influence

the optimization goals. Finally, a set of restriction(s) should

be applied to the design variables in order to constrain the

optimization problem.

There are several optimization approaches which could

be classified as enumerative methods, calculus methods

and heuristic methods. As one of the most precise heuristic

methods, genetic algorithm (GA) is widely used for opti-

mizing many systems. GAs are computerized optimization

algorithms designed based on the mechanics of natural

genetics and natural selection and known as nontraditional

optimization methods. There are some fundamental dif-

ferences between GA and traditional methods which could

be divided into five items:

1. GA works on the coding of parameters, instead of

parameters.

2. GA exploits the coding similarities to achieve a

parallel search.

3. GA works on a population of points, instead of a single

point. That is why GA is likely to find global solutions.

4. GA does not require any derivative or auxiliary

information which this benefit extends the application

of GA to a wide variety of problem domains and that is

why GA is robust.

5. GA uses probabilistic transition rules, instead of

deterministic transition rules which this option reduces

the bias in the search. Initially, the search direction is

random and as repetition progresses, GA obtains a

directed search adaptively.

Because of the mentioned advantages, the current investi-

gation employed GA as an optimization algorithm to find

optimum PHEs parameters by minimizing entropy

generation.

As it is discussed in the previous sections, the entropy

generation consists of two terms: the first term is due to

heat transfer and the second one is the impact of pressure

drop caused by fluid friction. Consequently, the entropy

generation could be studied as a comprehensive objective

function in order to optimize the HEs [42–44]. Based on

the thermodynamics laws, lower system irreversibility

follows from less entropy generation and it results in a

higher thermal efficiency. A diagram of the optimization

process is drawn in Fig. 3.

It should be noted that there are two basic kinds of

optimization design variables of any energy system such as

HEs. The first kind of optimization design variables is

related to conditions of the fluid flow, and the second one is

about geometrical parameters. If optimization process is

applied for a constructed PHE which currently is in use as a
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Fig. 3 Flowchart diagram of the optimization procedure
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part of cooling or heating facilities, we just utilize condi-

tions of the fluid flow as optimization variables and the

geometrical parameters (which describe structural features

of a system) are fixed during the process and they can’t be

varied. On the other hand, for designing a PHE, we can

utilize both conditions of the fluid flow and the geometrical

parameters as optimization variables.

Model validation

In this section, the effort has been made to validate the

calculations by comparison with the available experimental

data. Focke et al. [45] performed experiments and pre-

sented the Nusselt number and friction factor at different

Re numbers. Here, the results of the entropy generation in

present study are compared (at a compatible conditions)

with the entropy generation which are calculated based on

experimental data of Focke et al. [45]. The root-mean-

squared error (RMSE), defines as Eq. (11), has been

employed to evaluate the accuracy of the results.

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn
i¼1

e2i

s
ð11Þ

where the parameter ei represents the difference of the

experimental and the calculated values.

Figure 4a, b depicts the comparison of the entropy

generation between this study and the experimental data

reported in [45]. As it can be seen in these figures, the

results of the present approach agree well with the exper-

imental data. Comparison of the results indicates that the

amount of RMSE is 0.061931, 0.008516 and 0.06300 for

thermal, frictional and total entropy generations, respec-

tively. This demonstrates the accuracy of the present

approach for calculating entropy generation.

Results and discussion

In this section, the effects of several geometrical and

operational parameters (that are applied in practice) on the

entropy generation of the CPHEs are presented.

Sensitivity analysis

Investigating the effect of plate chevron angle and surface
enlargement factor

Figure 5a–c illustrates the effect of plate chevron angle b
on dimensionless total entropy generation, thermal/fric-

tional entropy generations and Be number, respectively. As

it can be seen in Fig. 5a, chevron angle plays an important

role in the total entropy generation. More importantly, the

graph shows that for each enlargement factor /, there is a

chevron angle in which minimum entropy generation

occurs. Obviously, by minimizing entropy generation,

exergy lost is minimized, which means the system effi-

ciency is improved. It is also worth noting that, as

enlargement factor / increases, the optimum chevron angle

decreases. For instance, for / = 1.27, 1.29 and 1.31, the

minimum entropy generation occurs at b = 46�, 41� and

37.5�, respectively. The reason can be attributed to the fact

that the increase in enlargement factor as well as chevron

angle leads to higher level of turbulence through the HE

channel. Therefore, for a plate with low enlargement fac-

tor, large chevron angle is required in order to increase

turbulence intensity, which is essential for enhancement of

0
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Fig. 4 Comparison of the a thermal and frictional entropy genera-

tions, b total entropy generation, between the results of the proposed

approach and the experimental data [45]
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heat transfer coefficient of the plate. On the contrary,

increasing chevron angle for a plate with high enlargement

factor would significantly increase pressure lost, while heat

transfer improvement would be negligible. Therefore,

according to the second law of thermodynamics, high

chevron angles should be utilized in conjugation with large

corrugation pitch and vice versa. According to Fig. 5b, as

expected, by increasing b, frictional entropy generation

increases and thermal entropy generation decreases. Con-

sequently, based on Eq. (7), the reduction of thermal

entropy generation causes the reduction of Be number (see

Fig. 5c).

Investigating the effect of plate width

Figure 6a shows the effect of dimensionless plate width

(W ¼ w=de) on the dimensionless entropy generation rate.

This figure investigates this matter for three different

chevron angles from b = 30� to b = 60�. As it can be seen,

lower chevron angles result in lower rates of the entropy

generation. In this case, the minimum Ng;tot varies from

0.0075 up to 0.0078 for different chevron plate angles. On

the other hand, the dimensionless width corresponding to

the Ng;tot

� �
min

value decreases significantly so that for

b = 30� the Wmin is equal to almost 51, while a lower

optimum dimensionless width of approximately 30 is

observed for b = 60�. Evidently, in this case, both of the

entropy generation rate and minimum plate width number

change at uniform paces as the surface enlargement factor

(/) varies.
Figure 6b illustrates the variations of entropy generation

rate as a function of dimensionless plate width for a par-

ticular value of b and /. As it is expected, frictional

entropy generation increases with W and thermal entropy

generation decreases by increasing plate width. It is
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noticeable that by increasing the width of plate, the friction

factor based on Eq. (7) ‘‘Appendix 1’’ should increase as

well as the generation of frictional entropy. Additionally,

when the surface of heat transformation rises, thermal

gradient between the surface and fluid flow will decrease;

therefore, we expect thermal entropy generation reduces.

Figure 6c shows the variations of Be number with

dimensionless plate width for different chevron plate

angles at a certain /. As it can be seen in Fig. 6c, the Be

number decreases by increasing W and it could be

understood that the Be number has the lower value at

higher chevron plate angles. For example, at W = 40,

increasing chevron plate angle from b = 30� to b = 60�
causes a reduction of 33.5% in Be number.

Based on Eq. (7) and the above-mentioned contents, it

could be realized that by increasing the amount of fric-

tional entropy generation, the Be value becomes smaller.

Investigating the effect of Prandtl number

Variations of dimensionless entropy generation rate against

Pr number for three different chevron angles are depicted

in Fig. 7a. As it can be observed, the minimum plate

chevron angle decreases by increasing Pr number. Here,

the optimum Pr for b = 30�, 45� and 60� is 4.7, 3.8 and 3.5,
respectively. Accordingly, for fluids with low Pr number

such as molten metals, high chevron angle plates are

preferable and for fluids with large Prandtl such as oils, low

chevron angle plates are recommended.

In Fig. 7b, the effect of Pr number on thermal and

frictional entropy generations is studied. As it can be seen,

the thermal entropy generation decreases by increasing Pr

number. According to Eq. (9), Nu number is related to fluid

Pr number. Therefore, increasing Pr number enhances the

heat transfer coefficient, and consequently, thermal entropy

generation decreases. Another key point in Fig. 7b is that

frictional entropy generation is more significant at higher
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Pr numbers. It is noted that in order to keep Re as a con-

stant value, mass flow rate should be increased when Pr

increases. Clearly, higher mass flow through the HE causes

higher pressure drop, which increases frictional entropy

generation.

Based on the above statements (decreasing _Sgen;DT with

Pr number), Fig. 7c indicates that by increasing Pr num-

ber, Be number decreases. So, increasing Pr number from

2.5 to 6.5 causes 23.91%, 35.28% and 48.73% reduction in

Be number for b = 30�, b = 45� and b = 60�, respectively.

Investigating the effect of Reynolds number

Figure 8a displays variations of Ng;tot with Reynolds

number for the specific values of / = 1.29 and W = 40 at

various chevron plate angles. As it could be realized, there

is an optimum Reynolds number for each b, which mini-

mizes Ng;tot. In the other words, this figure shows that the

amount of entropy generation drops as Reynolds number

increases before the minimum Ng;tot and after the minimum

point, Ng;tot increases as Reynolds number increases. Also,

the minimum entropy generation point is significantly

affected by the chevron plate angel. So, in order to opti-

mize the system in the permitted range, for Re\ 4750 the
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biggest b and for Re[ 4750 the smallest b should be

elected.

Variations of the thermal and frictional entropy gener-

ations as a function of Reynolds number are plotted in

Fig. 8b (for / = 1.29, b = 45� and W = 40). As it can be

seen, increasing the Reynolds number causes an increment

in the thermal entropy generation and a decline in the

entropy generation of frictional. Analyzing the results

indicates that the thermal and frictional entropy generations

have same order of magnitude. But, based on this figure,

for Re\ 4900, the amount of the thermal entropy gener-

ation is greater than the amount of frictional one

( _Sgen;DT [ _Sgen;DP) and for Re[ 4900, the viscous entropy

generation is greater than the entropy generation due to

heat transfer ( _Sgen;DT\ _Sgen;DP).

Figure 8c presents variations of Be number in terms of

Reynolds number for different chevron angles at a certain

surface enlargement factor (/ = 1.29) and constant

dimensionless plate width (W = 40). It could be under-

stood that for bigger chevron angles, Be number has a

lower grade. For instance at Re = 5000, the amount of Be is

decreased around 45% if b = 60� selected instead of

b = 30�. As it can be obtained, increasing the Reynolds

number at specific b causes an increment in the frictional

entropy generation and a decrease in the thermal entropy

generation; so based on the irreversibility distribution ratio

formula (Eq. (8)), increasing Reynolds number causes

more irreversibility.

Optimization results

In this section, the efforts have been made to optimize

design parameters using the EGM approach and the GA

method. As mentioned in previous sections, the optimiza-

tion process has been done for two cases:
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(1) A CPHE is under construction, and the objective is to

design the optimum parameters.

(2) A constructed CPHE is in operation mode, so only

operational parameters need to be optimized.

Due to the existence of powerful toolbox for GA opti-

mization method in Matlab software, the optimization

problem is solved by using Matlab software. According to

the reasonable range of the design variables, a random

initial population of the design variables is produced. Then

the iterative search process is given as shown in Fig. 9 until

the stop measures are satisfied. The maximum number of

generations is fixed at 500. The normalized geometric

selection, arithmetic crossover, and non-uniform mutation

are operated. After 500 generations, the optimum solution

of the CPHE optimization design problem under consid-

eration is found as Ng;tot

� �
opt

= 0.006775. The optimum

values of the investigated parameters are presented in

Table 1. The difference in the fitness function with regard

to the number of generations is represented in Fig. 9. It is

obvious that the fitness value is essentially stable and the

solution has been converged.

By considering the fact that the geometric parameters

are passive (i.e., unchangeable for a constructed system),

the provided results for geometric parameters can only be

used before the construction of the HE. For a constructed

HE, the only variable parameter with an effect on system

entropy generation is the Reynolds number. Therefore,

having a Reynolds number corresponding to the optimum

amount of entropy generation can be particularly beneficial

for the industry. Accordingly, in this section, a correlation
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Fig. 9 Convergence of the optimization process

(fitness = min(Ng,tot))

Table 1 The optimum values of the parameters after the evolution of

500 generations

Parameter Range Optimum value

Chevron angle 30� B b B 60� 40.564�
Surface enlargement factor 1.1 B /B 1.4 1.362

Dimensionless plate width 19 B W B 79 50.79

Prandtl number 2.6 B Pr B 6.4 4.485

Reynolds number 1000 B Re B 8000 2881
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R
e o
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Fig. 10 Optimum values of the

Reynolds number and fitted

curve as a function of the

geometrical parameters
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is developed to estimate the optimum Reynolds number in

terms of geometric parameters b and / (see Fig. 10 and

Eq. (12)). The error analysis including RMSE= 0.003986

and R2 = 0.9965 demonstrates the goodness of the curve

fitting process (the required formula for determining R2 is

presented in ‘‘Appendix 2’’).

Reopt b;/ð Þ ¼ m00 þ m10bþ m01/þ m20b
2 þ m11b/

þ m02/
2 þ m30b

3 þ m21b
2/þ m12b/

2

þ m03/
3 þ m40b

4 þ m31b
3/þ m22b

2/2

þ m13b/
3 þ m04/

4

ð12Þ

in which the values of the 15 constant coefficients are listed

in Table 2. Also, it should be noted that the constant

amounts of Pr = 4.485 and W = 50.79 are received from

optimization process (which are listed in Table 1)

Concluding remarks

This work intends to optimize CPHEs geometry and flow

conditions based on the entropy generation minimization

approach. For this objective, a wide Reynolds range

including laminar and turbulent flow within CPHEs is

considered and the amount of entropy generation is cal-

culated. The effect of the chevron plate angle (b), surface
area enlargement factor (/), dimensionless plate width

(W), Prandtl number (Pr) and Reynolds number (Re) are

investigated. The following remarks can be expressed as

key conclusions:

• It is found out from the sensitivity analysis that for each

/ there is a b in which minimum entropy generation

occurs. For instance, for / = 1.27, 1.29 and 1.31,

minimum entropy generation occurs at b = 46�, 41� and
37.5�, respectively.

• The amount of Ng;tot

� �
opt

and Propt decreases by

increasing b (at certain amount of the other parameters).

For example, Propt for b = 30�, 45� and 60� is 4.7, 3.8
and 3.5, respectively.

• For designing a CPHE at the optimal conditions, the

geometrical and fluid-flow parameters can be selected

as bopt= 40.564�, /opt= 1.362, Wopt = 50.79,

Propt = 4.485 and Reopt = 2881 (within the range of

the investigated parameters in present study).

• As a final result, a correlation is developed for

constructed CPHEs to estimate Reopt in terms of

geometric parameters b and /. The goodness quantities
for this curve fitting are RMSE = 0.003986 and

R2 = 0.9965.

Appendix 1

In this section, formulation for the rate of entropy gener-

ation, _S0gen (W mK-1), is derived for internal flow in a heat

plate exchanger. Consider the flow passage of cross-section

of a PHE (Fig. 11). The bulk properties of the stream _m are

T ;P; h; q; s. When heat is transferred to stream at a rate of

q0, temperature difference is DT. Focusing on slice of

thickness dx as a system, the rate of entropy generation is

given by the second law of thermodynamics as:

d _S0gen ¼ _mds� q0dx

T þ DT
ð13Þ

Table 2 Details of the constant

coefficients in Eq. (12)
m0

m00 = 1.236e?08 m01 = - 3.8e?08 m02 = 4.44e?08 m03 = - 2.3e?08 m04 = 0.444e?08

m1

m10 = - 1.13e?04 m11 = - 1.0139e?04 m12 = 2.753e?08 m13 = - 1.0767e?08

m2

m20 = 493.643 m21 = - 517.364 m22 = 140.620

m3

m30 = - 2.320 m31 = 1.072

m4

m40 = 0.005309

m

w

q
 ″

d x

.

Fig. 11 Heat transfer in a PHE cross-section
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The first law of thermodynamics is applied to same

system as:

_mdh ¼ q0dx ð14Þ

In addition for any pure substance:

dh

dx
¼ T

ds

sx

� �
þ 1

q
dp

dx

� �
ð15Þ

Substituting d _S0gen given by Eq. (13) and dh given by

Eq. (14) into Eq. (15) yields the entropy generation rate per

unit length:

_S0gen ¼
q0DT

T2 1þ sð Þ þ
_m

qT
� dp

dx

� �
ð16Þ

Dimensionless temperature difference s is negligible as

compared to unity, as a result:

_S0gen ¼
q0DT
T2

þ _m

qT
� dp

dx

� �
ð17Þ

The relationship between heat transfer rate q
0
and wall-

bulk fluid temperature is expressed in the form of Stanton

number:

St ¼
q0

2wDT

cp _m=Acð Þ ð18Þ

The friction characteristics of the fluid inside a duct are

usually reported by correlation of the friction factor:

f ¼ qde
2 _m=Acð Þ2

� dP

dx

� �
ð19Þ

Substituting DT given by Eq. (18) and dp
dx

given by

Eq. (19) into Eq. (17), the entropy generation rate per unit

length for an internal fluid flow could be written as Eq. (8):

_S0gen ¼
q02de

4T2 _mCpSt
þ 2 _m3f

q2TdeA2
c

ð20Þ

Appendix 2

The following equation can be used for determining the

goodness evaluation parameter of R2:

R2 ¼ 1� SSresiduals

SStotal
ð21Þ

where the sum-of-squares of the residuals (SSresiduals) from

the regression line (fitted curve) has n - K degrees of

freedom, where n is the number of data points and K is the

number of parameters fit by the regression. The total sum-

of-squares (SStotal) is the sum of the squares of the dis-

tances from a horizontal line through the mean of all Y

values.
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