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Abstract

The working fluid plays a major role in improvingget efficiency of the energy system, so
the method and criteria of choice are extremelyartgnt. Nevertheless, these methods are
usually based on the First Law of ThermodynamidsT§{Fwhile the concepts of entropy
and irreversibility on which the Second Law of Tiedynamics (SLT) is based are often
ignored in the choice of the fluid. In this papgnew approach is proposed to select a fluid
among a group of fluids in order to use it as akway fluid in a Minichannel Flat Plate Solar
Collector (MFPSC). For this, a numerical simulatiwas performed on a fluid in laminar
flow in a small rectangular channel subjected tm#iorm heat flux of (1000 W/&). The
use of Computational Fluid Dynamics (CFD) basedtlma finite volume method was
implemented to solve the governing equations. Tésemtial parameters on which the
selection is based are the entropy generation jStenirreversibility of entropy generation
number (Ns), the Bejan number (Be), and the En@gyormance Criterion (EPC). The
analyses were performed on a group of five fluwis tonventional (water and methanol),
the rest are nanofluids (Ads-H20, CuO-HO, and FeOs -H20). Multiple parallel-
computation phases are defined by user-defineditumec(UDFs) for all fluids. It is found
that nanofluids offer higher heat transfer abitign conventional fluids, and the behavior
of the nanofluid (CuO-ED) shows on average a minimum total entropy geioerat
(minimum irreversibility) compared to other fluigsonventional and nanofluids), which
reduces the energy degradation and improves thdraeafer. Therefore, it is chosen as the
working fluid for the MFPSC.

Keywords: Collector, entropy generation; irreversibilityjmthannel, nanofluid

1.Introduction

Rationalizing energy consumption and shifting toemeable energy are now clearly two
compelling strategies in the policy-making of mosuntries in the world, given the growing
danger of climate change due to carbon dioxidexjG€nissions, the principal source of global
warming resulting from the increasing consumptibfoesil energy sources. Solar energy with
its two components (solar thermal and solar phdtaig) is one of the most promising energy
sources in the world. Nevertheless, its efficiemtversion into a usable form remains an active
research topic for scientists [1].

" Corresponding Author Emaipuragbilakhdar@gmail.com




Journal of Computational Applied Mechanics 2021, 52(4): 664-681 665

Solar systems used to heat fluids (liquid or gasjhie industrial or domestic field are
important in many solar thermal sector applicatiortse solar collector is considered the key
element of these systems, as it is the main commpeasponsible for converting the energy of
the solar radiation into heat and transferring ithte fluid to be heated directly or to a working
fluid. Furthermore, this heat can then be storegsed directly [2].

Solar water heaters, especially flat plate soldlectwrs (FPSC), are largely used in most
countries worldwide. They are mostly installed ba toofs of residential buildings. Research
on solar thermal systems focuses on improving tleegy performance of these components
(FPSC) and, in particular, increasing conversiditiehcy.

To make these solar collectors more energy-efficéen less expensive, the researchers’
efforts focused on three directions. The firsgldar/outdoor design and construction materials,
where the various designs of solar collectors, udicly solar water heaters, have been
extensively studied and analyzed by many reseasched there are many references in this
research area [3- 6]. The second, the working tluioe used in the solar collector. The research
in this area has not been limited to conventiohad$ but has led to other areas such as
nanofluids and hybrid nanofluids; one can lookret turrent research and developments in
these review articles, [7-13]. Finally the concepieories, and methods of study as well as
analysis and design tools that continue to incraaseexpand, especially with the development
of programming languages and numerical simulatiodes (CFD: Computational Fluid
Dynamics), as well as the storage capacity anddspeeomputers to perform calculations, in
order to clarify some trends for this aspect, lmeesome References [14-17].

In this paper, we mainly aim to compare the enedethavior of five fluids to classify them
and choose the best fluid to be used as a working) ih a solar water heater to improve the
thermal efficiency of the solar collector. It Ha=en observed that theoretical or experimental
studies of comparison and selection of workingduiHowever, they offer new methods, have
often been based on the first law of thermodynafRICE), and thus neglect the energy
degradation due to the irreversibility phenomen@i expresses entropy generation, a concept
that the second law of thermodynamics (SLT) is base

Since the publication of Adrian bejan [18], themher of publications in this field has
multiplied, and a recent field has emerged, caliettopy Generation Minimization (EGM) or
irreversibility minimization. In this work, the nraidea on which we are based in the search
for a working fluid that behaves with minimal ergyogeneration; we perform a three-
dimensional simulation of the flowing fluid with @afrom a real model of a rectangular cross-
section minichannel solar water heater, built figperimental and study purposes by Duong
[19], which is detailed in her thesis.

We took pure water and methanol for the studied$luwhich are well known in solar
energy applications, especially in heat pipes. Tha®ufik et al. [20].studied the impact of
these two fluids on the performance of a solarectdlr using a screen mesh heat pipe. They
found that water is better than methanol, wherdrtstantaneous efficiency of the collector is
close to 60%. However, this study was only basetherFLT, which ignores the behavior of
the fluid towards irreversibility, and the resuitey be different if the concept of entropy
generation (i.e., SLT) is introduced.

For this purpose, we added to these two converitiluids (water and methanol) three other
nanofluids (water-AO3, water-CuO, and water-g@s), which are also known for their
excellent heat transfer properties. Nanofluid rea kind of heat transfer medium. However,
the influence of several parameters, such as sigeshape, phenomena at the interfaces
between the liquid and the particles, which ailemtiorly understood and distinguished is still
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being researched and experimented [21], we wilbdoress them in this paper, but we consider
them as fixed in the properties, as will be cladfin paragraph (§ 2.5).

The behavior of these three water-based nanof(@ib©s, CuO, and F£y) towards heat
transfer by convection has been studied by GolkamdbSrinivasa [22]. However, their study
was done only under turbulent flow conditions antheut introducing the concept of entropy
generation, which is more apparent due to the tertme of the fluid during its motion. We also
refer to another numerical study of these threeoftaids carried out by Arani&t al. [23],
which also analyses their energetic behavior. Henehe geometry is different from ours; we
record that if they included the concept of entrgpyeration in their investigation, the results
would have been richer.

In the present paper, we propose an alternativeoapp for selecting one of a group of fluids
to be used as a working fluid in a minichannel fligte solar collector (MFPSC).

For this purpose, we use the Computational Fluishddyics (CFD) based on the finite
volume method, a numerical simulation has beenopadd for each fluid in laminar flow
inside a minichannel with a rectangular sectionandiform heat flux of (1000 W/happlied
to its upper surface. The main parameters on whieelection method is based are the entropy
generation (Sgen), the irreversibility of entrogngration number (Ns), the Bejan number (Be)
and the energy performance criterion (EPC). AgHervalidation, it is done mainly using the
Nusselte number

2.Mathematical Modeling
2.1 Model

We consider a solar flat plate collector (MFPSChhweectangular minichannel as shown in
Fig.1. The nomenclature of the solar MFPSC usdlarcurrent work is taken from a study of
Duong and Sagt al. [19,24] The minichannel channel tubes are madeopper, which the
copper MFPSC has shown promising results usingmiedium temperature process heating
applications. The internal dimension of channeltivid 2.5mm, channel height is 2mm and the
channel length is 300mm, and plate thickness= (B3, E=0.15). A constant heat flux
(1000W/m2) is applied at the outside of the topl whthe minichannel outside of the top wall
of the minichannel (Table.1). The working fluidslamanofluids used in the simulation are pure
water, methanol, AD3-H>0, CuO-HO, and FeOs-H20, respectively.

The steady-state flow is supposed to be laminad arompressible. The inlet
velocity=0.04m/s is axially imposed and the temper is 300k in the entrance of the
minichannel. A conjugate heat transfer from theeowtall to the fluid is considered, which
combines thermal conduction in the solid wall amtwective heat transfer from the inner
surface to the fluid.
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Figure 1. lllustration drawings of the computational domaon & single rectangular
minichannel. (a) Dimensions of the minichannelBbundary conditions applied to the
computational domain. for thermal analysis
Table 1 Dimensions of single rectangular minichannel

Parameters a b A B L Ev Eh
Values(mm) 252 28 2.6 300 0.15 0.3

2.2 Governing Equations

The following assumptions are given to simplify thathematical modeling: (i) the fluid flow

is laminar and the heat transfer occurs at a stetadg, (i) all fluids considered here are
incompressible and Newtonian, (iii) The temperatfréhe air between plate and glass cover
is uniform (iv) properties of fluids are constaatsl appraised at the reference temperature, (v)
Viscous dissipation terms are neglected, (vi) Ttvedactive heat transfer along the length of
the channel (axial direction) is considered, (Riate material properties do not vary due to
changes in plate temperature.

Based on the above assumptions, the considereddémwbe controlled by the continuity,
momentum, and energy equations widely detailechéntteat transfer and fluid mechanics
literature. For more details, one can see [25,2Blese equations can be expressed as:

v Continuity equation:

du v ow

Tyt =0 (1)

v X-momentum eguation;

(u ou . ou tw au) 9P (62u 0%u azu)
P ax ay az)  ox 0x%2 = 0y?2  0z2

(2)
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v Y-momentum equation;

v apP %v  9%v  9%v
plugstvi+wi) =T+ u(E+55+5%) (3)
v Z-momentum equation:
ow ow ow oP 22w 9%w | 93w
p(usstvi+wi) =S +u(GE+ 55+ 5% 4)

v Energy equation

oT oT oT 92T = 9%T . 9%T
pCp(ua+v£+W£)—+k(—+—+—) (6)

2.3  Entropy Generation

In the following, we present the definition £f,,, entropy generation in a system, but we only
write the crucial relations used in our calculasipand anyone who wants to know more can
refer to [27,28,29]. According to Bijan. [25], far control volume of finite size x y z at an
arbitrary point (x, y, z) in a flow field, the enpy generation rate per unit time and unit volume
is :

Sgen = Sgenh + Sgen = 0 (7)

gen,

12

WhereSé’én'h and'Sf’gen,f are the 3D volumetric thermal and viscous entrgpgieration rates,
respectively, and are expressed as:

o= 2+ (3 + () ®
s =4 (7 )+ () + (0 2"+ @)+ (242
)

Wherek andu are the fluid’s thermal conductivity and dynamisoosity, respectively, which
are assumed to be constafitepresents the reference temperature taken equbktmlet
temperature of the fluid;, .

The global entropy generation rate is determinéalguthe volumetric entropy generation over
the full domain. The equation is linked as follows:

Sgen = Jff,, Sgen dQ (10)
Where() represents the computing volume.

2.3.1 Bejan Number

Bejan number Be was recently introduced by Paole#ti al. [30] and Benedetti and
Sciubba[31]. It is an alternative distribution ftiao of the irreversibility. It is the ratio betwee

the entropy generation from heat transfer and ¢i@ &ntropy generation. It is written as
follows:
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g h
Be = <117 gen,‘m (11)
Sgen,h+sgen,f

2.3.2. Entropy Generation Numbers

The dimensionless entropy generation numhi@gj (s defined as the global entropy generation

Sggn divided by the heat capacity rate’,, = Q/T;,of the fluid. It also represents irreversibility.
N, =5 (12)

WhereQ is the heat transfer rate, afis the reference temperature that is assumed ¢oj e

to the inlet temperature of the fluid.

2.3.3. Energy Performance Criterion (EPC)

This factor represents the ratio between the thepmaer exchanged with the fluid and the
pumping power required to pass through the heahange between the outlet and inlet
temperatures of the flui@r,,, T;;,) [20],commonly called the Energy Performance Cioter
(EPC):

_ mCp(Toue—Tin)
EPC = —2-2r— (13)

Wherem(Kg/s), AP(Pa) represent mass flow rate, volume flow rate, andsane drop.
2.4. Thermophysical Properties of Fluid

The nanofluid is a new type of heat transfer flitadisisting of stable and uniformly distributed
nanoparticles of different shapes, ranging in &iam 1 to 100 nm, suspended in a base fluid
such as pure water or another solution. In thiskwfve fluids are chosen for the comparative
study in a liquid state under normal conditionse3dfluids can be used as working fluid in flat
plate solar collectors. Two of them are ordinamn@mntional liquids: pure water and methanol.
As for the other three liquids, they are so-catledofluids, in the composition of which pure
water is used as a primary element with the addiia specific percentage of mineral particles
to improve its properties and thermal performaneeely: (AbOs + H20), (FeOs + H.0) and
(CuO + HO).

The fluids have physical properties assumed conhsteith temperature such as

(pnf, Hnfr Cpppr knf), these parameters are obtained from the propeibtes but for the

others, it depends on the volume fractjoof the solid particles in the suspension and tlageh
of the particles added in pure water. In this paper tookg = 0.5% for Al>Os studied
in[32],¢p = 0.15% for CuO studied in [33], ang = 0.8% Fe&04 studied by Saidet al.[34].
Thermophysical properties at temperature T=300&giwven in Table 3, they are calculated
from equations (14-17) using the values in Table 2.

- Thermal conductivity

_ (ot Dkp—(n-1)e(kps—kp)
knf _< kp+(m—Dkps+o(kpr—kp) kbf 4

Where n is the solid particle shape factor (n ar3spherical particles assumption).
- Dynamic viscosity
tns = tpr(1 + 2.5¢) (15)
- Density
Pnr = (1= @)ppr + @pyp (16)



670 Bouragbi et al.

- Heat capacity
cpy = (1= @)cpnr + @cp, 17)

where ¢ represents the volume fraction of the mineral ipad, the subscripts<
nf,bf,and p > are for the nanofluid, the base fluid (pure watand the particle, respectively.

The flow rate, volume fraction, and particle sig@sgly influence the thermal conductivity of
nanofluids [35]. To avoid their effect, in thisudy, we took these parameters as constant. All
properties at temperatufe= 300°C are grouped in Tables(2-3).

. Boundary Conditions

As illustrated in Figure 1 b, the applied boundemynditions are defined as follows:
At the inlet of the minichannel, we get uniformaety and temperature profiles at which:
u=v=0,w=wy, =0.04m/s,and T =T;, = 300k (18)

A constant uniform heat flow is applied to the uppeternal surface of the minichannel,
whereq,, = 1000 W /m?

Pressure gradients at the outlet of the minichaegedal to zero

AT,
G = —ks 3= (19)

The two vertical wall surfaces (left/right) of thalculation domain (Figure 1) are defined as
symmetry, i.e., no diffusion flux takes place thgbuhe symmetry surfaces.

ks T2 = 0 (20)
The bottom surface is defined as an adiabatic wall.
Inside the minichannel, the solid/fluid interface defined as a wall to couple fluid
convection and solid conduction, and the velocitsnponents are zero:

aTs__k an
Son f on

u=v=w=0;Tg =T —k (21)

Table 2. Thermophysical properties Al20s, CuO andFesOsat T=300 K36-39].

Material Thermal Density Heat capacit
conductivity  p(Kg/m?) C,(J/Kg.K)
k(W /m.K)
Al203 36 360( 76E
CuO 76.5 640( 531
FesOq 17.6¢ 518( 104

Table 3. Thermophysical properties at temperature T=300 #efstudied fluids.

Fluids Volume  Thermal Dynamic Density Heat
fraction conductivity  viscosity  p(K/m3) capacity
%) k(W/m.K) w(Kg/m.s) C,J/Kg.K)
Water (F20) - 0.61: 0.00100: 996.£ 4181.:
Methanol CHzOH) - 0.198: 0.000528 784.¢ 2561,0(
Al20s-H20 0.0t 0.71( 0.0011283  1146.7¢ 4009.4-
CuC-H20 0.0t 0.70z 0.0011283  1268.2¢ 3997.7:
FesO4-H20 0.€ 0.781 0.001203  1332.74. 3854.1(
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3 Numerical Procedure, Grid Testand validation
3.1 Numerical procedures

In this study, the OpenFOAM software, which is lthsa the finite volume method [41], is
used in all simulations. The SIMPLE algorithm [4&2]chosen to allow the pressure-velocity
coupling. Momentum and energy equations are apprabdd with a second-order difference
scheme. The solution is considered convergent winewalues of the residual criteria attain
10° for all variables. And then, the solution datasets loaded directly into CFD-Post to be
processed and examined to extract the relevant Inobdervations for discussion. Regarding
the generated entropy represented by equatio®s 97,and 10), we can evaluate velocity and
temperature fields from a CFD calculation to knalvtlee mean velocity and temperature
gradients for the problem. Therefore, the entragyegation rate for each fluid can be calculated
in a post-processing procedure.

3.2Grid Independence Test
Taking into account that the aspect ratio (L/a 5120careful choice of the grid is needed to
ensure good accuracy. A mesh with quadratic elesnessis selected; the details of grid
independence tests are shown in Table 4. The mfief the number of control volumes on
the precision of the results was studied, wheratteeage Nusselt number through the top wall
average temperature in function of number of céntotume in the computational domain is
represented. As we increase the number of contiohves above 7338552 the average Nusselt
number becomes almost constant. Consequently ritheiy7338552 nodes has been used in
all calculations of this study.

Table 4 .Grid independence test

Node:  Av-Nu Tm (at z=0.15 an

601823. 4.14 300.1¢
652654 4.2¢ 300.1¢
703349 4.3C 300.2¢
721323. 4.3¢ 300.30:
733855. 4.3¢ 300.30:
743936( 4.3¢ 300.30:

3.3Validation

First, these results obtained are validated wighrésults found in the literature. Fig.2 shows
the temperature profiles of the fluid at the cemtall, the inner and outside wall. It can be seen
that the temperature curves of the fluid at thdeyeof the minichannel and that of the wall are
parallel in the region where the flow is fully démeed (from z=0.075mm); this is in good
accord with the literature in the domain of heahsfer for a heated fluid flows in a pipe by a
constant uniform heat flow applied to its extersaiface (see page 426 of reference [25].
Secondly, the simulation results are validated \miuating and plotting the average Nusselt
numberNu as a function of the z distance compared to tpes®mrmed by Shah and London
[40]. The equation of the average Nusselt numbed @isr the validation is given by:

_ q"dh
Nu = kg (Tw=Tm) (@2)

WhereT,, is the average temperature at the boundary; iesemts the internal temperature of
the heated walll},,is the mean temperature, for incompressible floa minichannel with an
equivalent hydraulic radiug = d, /2) the expression df,is given by:

T = JemoTrdr 23)

ff: owrdr
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The average Nusselt number that is given in[36]ehasnstant curvidu=4.36, which is given

by the classical empirical solution. In contraisé average Nusselt number calculated by CFD
presents high values at the inlet in the area wher8.075m, this difference is due to the
velocity applied at the inlet being constant, andarm in the current study (V = 0. 04m/s) are
profile stabilizes from the area defined by z>0.Witere the flow becomes fully developed.
The two curves coincide well in this region, whitleans the excellent agreement between the
simulation results and experimental data giverdidy.[

T T T T T T
] T
30144  —=—T_(fluid at the centre) ) .
301,2 4 — Tuin (inner.wall) b
—4— T, ou (Outside wall)
301,0 1 T
Qy— — — — —_—

2300,8 1

£
 300,6
: = Bulk temperature, Th
300,4 i

“— Wall temperature, T

300,2 B

300,0 l——l/r Fully developed B
,,,,,,,,,,,,,, -

|
0,‘00 0,2)5 0,‘10 0,‘15 0,‘20 0,‘25 0,‘30 (1] I *
(b) e,
() Z[m]

Figure 2. Variation of the mean temperature alonghe duct with uniform heat flux
comparison betweend) present work and (b) [25] (see page 426).
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4 _

24 4
T T T T T T
0,00 0,05 0,10 0,15 0,20 0,25 0,30
Z[m]

Figure 3. Average Nusselt number vs Z- distance

3. Results and discussions

For all simulations, the heat flux is fixed at 19@n? the inlet temperature is T=300K.
Although solar irradiation was a driving factor fallector performance, it was also found that
fluid inlet temperature also held a very high siigaince. In this context, the influence of
nanofluid on the increase of the outlet temperawitebe examined. Therefore the entropy
generation, the minimum irreversibility, the enemggrformance, and the convection heat
transfer using for analysis. The analyses were danseveral nanofluids and then compared
with methanol and pure water. Commonly, the pertoroe of MFPSC is ascertained based on
two performance measures, collector efficiency,fand outlet temperature. By regarding Fig.
4a, which presents the contours of isotherms &reifit plans along the direction (oz-axis) of
the fluid flow for the case of CuO nanofluid (Rdswdre similar for other fluids), it is noticed
that the temperature at the outer increase witleasing z-distance of the minichannel.
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The variation of the average Nusselt number widistance is presented in Fig. 4b, where
pure water, methanol, and other nanofluids are emath It can be seen thd monotonically
decreases with an increase in z and approachles t@lue of the conduction limit. We observe
that all the studied fluids (conventional or nanf) have the same behavior whether in the
fully developed zone or before this zone Howeuee, lighter hot fluid near the walls of the
minichannel surrounds the cold fluid which concatas in the middle of the minichannel. It is
observed that at a fixed z-distance, the valuswfor methanol is greater than those obtained
in the cases of pure water and nanofluids. We calecthat the use of methanol results in more
improvement in heat transfer compared to othed#l@nd nanofluids, but uncertain that it is a
feasible fluid for maximum performance, which via# discussed in detail in the next section.

Temperature Temperature Oulet 25 T T T T

: : r
—=— Shahé&London

Inlet Outlet 4
30014 301,00 203 % E
' 30043 | 301.06 —e— Water
300.42 301.03 | —— Methanol
30011 301.00 R
30010 300.88 154 | —v— AIBO2-Water 3
300.09 300.95 CuO+Water

300.09 300.92
300.08 £ 300.80
I 300.07 300.87
300.06 300.84
300.05 300.82
300.04 300.79
300.03 300.76

£ 30003 | F300.74
300.02
300.01
300.00

K] K]
T T T T T T T
0,00 0,05 0,10 0,15 0,20 0,25 0,30

@ ‘—”L
Z[m]

Figure 4 (a) isotherms in different plan (b) compaison of average Nusselt number for
several nanofluids

Fe4O3+Water

Fluid: CuO-Water
(b)

4.1  Energy Performance Criterion (EPC)

Figure 5. illustrates a comparison of the numbé?®©Es obtained from the relation (13) for the
concerned fluids, where the calculation resultgdareloped in (Table 4). It is clear that the bar
of methanol is the highest, it reaches a valueRE Eequal to 90574.72, this means that the
thermal power transferred by methanol along theighannels is the most important both the
pumping power and the lowest. This is due to s density784.&g/m?3, which is the lowest
among the other liquids. On the other hand, we tivad the Fe304-H20 nanofluid records the
lowest EPC value, which is also due to its highsitgnthe reason why they are considered as
reference points for the calculation of the peragetof the PCE increase. We also observe that
the pressure drop and pumping power of methandoaretimes lower than that of water and
more than 16 times lower than that of nanofluide@&Water and CuO+Water). The specific
heat values of water and nanofluids are very chosg higher (by about 1.5) than that of
methanol, although the influence of density is dwmni than the fluid's ability to heat. we
conclude in this paragraph that methanol is thé¢ tesdidate to be the working fluid. But it
should be noted here that a selection based onBE®)is an incomplete selection, because it
is based only on SLT, and does not show us whistesy (Fluid+ Minichannel) degrades the
most energy, or where or how, because it is coeckwth balance and conservation of energy
and neglects the point of view of energy degradaltoown as irreversibility or entropy
generation on which the SLT is based, which wildisxussed in more detail in the following
paragraphs.
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Table 5. Histogram of the number of energy performanceigdan EPC of fluid

Fluids p Cp Touw AT AP EPC %
(Kg/m®)  (/KgK) (O (°C) (Pa) *)

Water (F0) 996.t 41810  300.91! 0.91¢ 72.C 52950.1 20.14
Methanol CHsOH) | 784.¢ 2561,00 301.8¢ 1.84 40.8: 90574.7. 100.00
Al205-H20 (f=0.05 | 1146.7¢ 4009.4: 300.83° 0.837 82.E 46648.6! 6.76
CuC-H,O (f=0.05 | 1268.2¢ 3997.7.  300.75. 0.751 83.z 45766.7. 4.89
FesOa-Ho0 (f=0.8. | 1332.74 3854.1(  300.74¢ 0.74¢ 88.4 43462.9. 0.00

(*)The percentage values in the last column areutafed in relation to the increase between
the min and max PEC values (i.eAPEC = PEC,,,x — PECyin, and % = (PEC —
PEC,;,) * 100/APEC).

90000 90574,72

75000

60000

52950,11

% 46648,65
1T 45000

45766,71

43462,93

30000

0

Wate
(H20,

(f

15000

Methanol
(CH30H)

| Fe304-H

0

Figure 5. Comparison between the EPC number’s

4.2 Entropy Generation

In Fig.6(a) it appears that methanol presents anmim of entropy generatiof;; due to
friction forces, which shows an agreement with gmevious observation of the low EPC
number of pressure losses compared to other fltdldscever, the entropy generation due to
heat transfer presents maxim@py (Fig.6b) . That is to say, the thermal behaviomefthanol
presents the maximum irreversibility (maximum eedggradation), which makes its choice
as a working fluid very unlikely. As for the othimids, we also observe that the nanofluids
(Al203-H20O and CuO-HO) present a very similar behavior and are globptgitioned in

middle-order in terms of entropy generation.
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Figure 6. Vaﬁi;tion of (a)zl[o]cal viscous entropy geeration rate and (b) thermal entropy
generation rate Vs z-distance.

It is also noted that the values of the entropyegation by the heat transfy;, is higher
about 16 times compared to that of the entropy geioe due to the frictional forces; (i.e.,
Sgn = 165,¢), the reason for which the curves of the totalayt generatios, coincide much
with that ofS,;, as shown in Fig 7(a). This figure also shows titofluids present almost
constant local entropy generation values with ditaand less than conventional fluids.
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However, in Fig. 7(b), the total volumetric entroggneration increases with the fluid
volume along the minichannel's length. Nevertheltss superposition of the two nanofluids
(Al203-H20 and CuO-HO) previously noted persists. On the other hahne,durve for the
nanofluid (FeOs-H20) shows that it moves away a bit downward, formanglecrease in
volumetric entropy generation as a function of waduincrease along the length of the
minichannel. Therefore, this nanofluid ger-H20) becomes the candidate to be the working

fluid instead of methanol.
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Figure 7.Change of local total (a) entropy generatfg[W/m3K]With distance,
(b)volumetric entropy generation Sg/KY with distance

4.3 Bejan Number
The Fig. 8 shows the variation of the Bejan nunBeeas a function of the distance (z) covered
by the fluid inside the minichannel. The Bejan nembxpressed by the equation (11) also
allows us to see which mode of irreversibility artrepy generation gen.hs Sé’,’e’n.f) is
moreover manifested for each flow of the fluid.
Starting from the region where the fluid is fullgwkloped, we observe that all fluids have
curves of Be = f(z) more significant than the ager&ejan number Be=1/2 which means that
irreversibilities due to heat transfer are in thajarity, this may be caused by the amount of
heat of 1000W/rhapplied to the external surface of the minichanMdreover, methanol
presents values very close to unity (Be=1), whidans that the irreversibility due to heat
transfer dominates and that the irreversibility tmeriscous force is negligible. On the other
hand, the nanofluid (E®4-HO) presents irreversibility due to the viscous éotlat can be
high, which leads to a degradation of energy ankientlae pumping power higher compared to
the other fluids.

This may be due to the density of the nanofluick@zeH20) being the highest (1332.744
kg/m3) and conversely that of the conventionalfioiethanol being the lowest (784.8kg/m3),
but the density of the (E®4-H20) comes down to two factors: the geometry of the particles
and the fraction of these particles suspendedeimiiter (f=0.8). This is an issue that requires
further research, which we cannot address here.
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Fig.9 displays the evolution of the entropy gernierabhumber calculated from the relation (12).
Here it is clear for the two conventional fluidaththey have different and divergent behavior,
for methanol the number of entropy generafigrincreases with the increase of the volume of
the fluid, that is to say, with the length of théniahannel, on the other hand, pure water has
almost constant values, especially in the regioereltthe flow is fully developed, its average
value is abou? x 10712,

As for the AkO2-Water nanofluidsNy number increases with the minichannel length, but
their curves coincide for the other two nanofluksOs-H20 and CuO-HO. They present a
similar behavior and are close to the behavior atiewy which favors the use of nanofluids as a
working fluid, especially when there is a possthiliof controlling and adapting their
physicochemical properties. From these resultantbe seen that CuO-Water nanofluid is the
best candidate for working fluid in the minichangelar collector.
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Figure 9.Change of entropy generation number

5. Conclusion

This paper has used a numerical simulation to aradyd predict the performance of a solar
minichannel flat plate collector. Five fluids, inding three water-based nanofluidsA®d and
CuO and F€04) and two conventional, pure water and methanoeHasen performed. The
numerical estimation in three dimensions of theayt generation of these fluids circulating
in a heated rectangular minichannel, numerical yasigl and comparison of their thermal
behaviors are performed. The main conclusionsteréailowing:

v In minichannel solar collectors (liquid without Hea change), pure water-based
nanofluids show remarkable convective heat transfier improvement. They seem to be the
best replacement for conventional pure fluids.

v The classification by order of preference of thedstd fluids that we have obtained
through this discussion is the following: CuQeq FeOs-H20, AlzO.-Water, pure water,
Methanol. Therefore, CuO-Water nanofluid is thetbesmndidate for working fluid in the
minichannel solar collector.

v The behavior of methanol in the minichannel shoiws highest rate of entropy
generation due to heat transfel,) compared to other fluids, while the rate of epyro
generation due to frictional forcg) is the lowest. This shows that it is preferableige it in
the low-temperature range (cooling system) and doesequire considerable pumping power
or in the heat pipe area with thermosiphon circorat

v It appeared that classification or selection of thed based on parameters and
expressions obtained from the first law of thermmaipics is insufficient because the
degradation of energy by entropy generation (imgtdity) has not been taken into account,
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so the SLT must be introduced to evaluate and shewtypes of energy waste by entropy
generation.

Nomenclature

dp Hydraulic diametefm) Q Computing volume
u, v, w Velocity (m/s) Nu Nusselt number
m Mass flow rate Be Bejan number
1% Volume flow rat€m3/s) N; Creation entropy number
p Density(Kg/m3.) EPC Energy Performance Criteripn
U Dynamic viscositgKg/m.s)
C, Heat capacitf /K g. K) Indices .
AP Pressure drcﬂpa)_ gen Entropy generat|0n rates -
k Thermal conductivitgw’ /m.K) | g8en,h  Thermal entropy generatign
T Temperatur€K) rates _ _
$" 3D volumetric entropy generation| 8¢ Viscous entropy generatign
Rate@V /m?.°K) rates _
0 Heat flow(W) nf Nanoflw_d
q Density of heat floWi /m?) bf Bas_e fluid (pure water)
@ Volume fraction of the mineraP Particle
particles (%), in Inlet
out Outlet
w Wall
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Appendix

1) Representation of parameter of equation in CFD-Post

Analytic CFD Post Analytic CFD Post| Analytic | CFD Post
: du ow Dwx
She S — Dux —

gen g gx aax
UL u w DWy
Sgen,h Sgh @ Duy @
o Ju ow Dwz
S Sof 3 Duz Fr
0
a_T DTx i Dvx
dx dx
or DT ov Dv
dy y dy y
0
a_T DTz i Dvz
0z 0z
2) Representation of equation in CFD-Post
Analytic Expression in CFD Post
S,g’én = S’glén,h + S,g,t;n,f Sg = Sgh + ng

k ((dT\* (0T\?
s =12 ((52) +(5)

(&)

Sgh=(k/TA2)*( DTX"2+ DTy"2 + DTz"2)

: ou\®  0v\°
w2 () + )
gen, T dx dy
ow\>
+(3)
5 Gn? Sgf = (Muf/T)(2*(Dux"2+Dvy"2+Dwz"2) +
+<_u+_v> (Duy+Dwy)"2  +  (Duz+Dwx)"2
dy Ox , (Dwy+Dvz)"2)
Ju Jdw
+(5+5%)

3) expression of gradient of Temperature and velaity integral in CFD Post is

Temperature Gradient along the X, y and z axes

DTx = maxVal(Temperature.Gradient X)@radial 1 radial 1: Represent location
DTy = maxVal(Temperature.Gradient Y)@radial 1

DTy = maxVal(Temperature.Gradient Z)@radial 1

Velocity (u,v,w) Gradient along the x, y and z axes

Velocity u Gradient

Dux = maxVal(Velocity u.Gradient X)@radial 1
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Duy = maxVal(\Velocity u.Gradient Y)@radial 1
Duz = maxVal(Velocity u.Gradient Z)@radial 1

Velocity v Gradient

Dvx = maxVal(Velocity v.Gradient X)@radial 1
Dvy = maxVal(Velocity v.Gradient Y)@radial 1
Dvz = maxVal(Velocity v.Gradient Z)@radial 1

Velocity w Gradient

Dwx = maxVal(Velocity w.Gradient X)@radial 1
Dwy = maxVal(Velocity w.Gradient Y)@radial 1
Dwz = maxVal(Velocity w.Gradient Z)@radial 1

Muf is the dynamic viscosity of the fluid

4) Expression for calculation average temperature
- Analytic expression

f(f uT(2mr)dr fOR uTdr
R unr)dr Rudr
Jo 0

- CFD-Poat Expression
T = Tm = lengthint((\elocity w)* Temperature)@radial 1 /lengthint(\elocity w)@radial 1



