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1. Introduction

This work aims to theoretically analyze the thermal
performance of a Straight Microchannel Printed Circuit
heat exchanger when using non-spherical forms of Boe-
hmite Alumina, compared to the Al,O, aluminum oxide.
The methodology is based on thermal efficiency and
effectiveness. Efficiency, in this case, is a function of a
single dimensionless parameter called the fin analogy,
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The efficiency and irreversibility defined based on the second law of
thermodynamics provide a new path for heat exchangers design and make
performance analysis more straightforward and elegant. The second law
of thermodynamics is applied in a Straight Microchannel Printed Circuit
heat exchanger to determine the thermal performance of different shapes of
Boehmite Alumina compared to Al,O; aluminum oxide. The various forms
of non-spherical Boehmite Alumina are characterized dynamically and
thermodynamically through dynamic viscosity and thermal conductivity,
using empirical coefficients. The non-spherical shape includes platelet,
cylindrical, blades, and bricks forms. Graphical results are presented for
thermal efficiency, thermal irreversibility, heat transfer rate, and nanofluid
exit temperature. The non-spherical shapes of Boehmite Alumina show
different thermal characteristics concerning the spherical shape when
there are variations in fluid flow rates and the nanoparticles fraction.
Furthermore, it was theoretically demonstrated that non-spherical particles
have higher heat transfer rates than spherical particles, emphasizing
platelets and cylindrical shapes for the low volume fraction of nanoparticles
and bricks and blades for high volume fraction.

which is like the efficiency of a fin constant-area with an
insulated tip, and applies to parallel-flow, counter-flow,
and crossflow heat exchangers.

A review of the second law of thermodynamics re-
garding heat and mass transfer was published during the
1980s, where the fundamental mechanisms responsible
for entropy generation were analyzed. It demonstrated
how to balance the irreversibility of heat transfer versus
the irreversibility of fluid flow and how the reduction in
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irreversibility at the component level affects the entire
system. Effectiveness, defined based on the second law,
provides a new way to design and analyze heat exchang-
ers, as thermal performance is usually measured by the
ratio of current heat transfer rate to ideal transfer rate.
However, it does not provide information about efficiency
and irreversibility, which measure the degree of entropy
generation in a physical system . Nogueira, E. applies
the second thermodynamics law to analyze and design
heat exchangers. For example, he uses this new way for
studying a shell and tube and shell and helical coil tube
heat exchangers 7.

Lei Chai and Savvas A. Tassou ' state that printed cir-
cuit heat exchangers (PCHEs) are a promising technology
due to their highly compact construction. They enable
high heat transfer coefficients, withstand high pressures,
and operate over a wide temperature range. They analyze
relatively new heat exchangers and projects that are still in
development. They argue that PCHESs are well established
in the petrochemical industry. However, they say, it takes
a lot of effort to increase the attractiveness of a market
that includes a vast range of applications. They mention
the need to develop empirical correlations better to predict
the performance of the heat exchanger in general.

A printed circuit heat exchanger (PCHE) made of thin
diffusion bonded metal plates is lightweight, has high
structural strength, enables microchannel processing on
the metal surface, is easy to produce, has high reliability
and economic efficiency. Moreover, there is almost no
thermal resistance between the microchannels to achieve
excellent thermal performance. Thermal performance tests
were performed for a PCHE for Reynolds numbers in
100-850. It was found that the heat transfer rate increased
with increasing Reynolds number in all experiments.
Furthermore, empirical correlations were obtained for the
heat transfer coefficient for PCHE applications in the ana-
lyzed Reynolds number range .

Salah Almurtaji et al. ™ argue that heat exchangers are
essential in everyday applications. For example, they are
used in land vehicles, oil refineries, air conditioning, and
water heating. Their review presents state of the art in heat
exchanger technology and the use of nanofluids in current
devices. In addition, they discuss the development of na-
nofluids and their influence on the thermo-hydraulic per-
formance of heat exchangers and emphasize the important
role of nanofluids in the thermal performance of current
heat exchangers.

Iman Zahmatkesh et al. "’ indicate a growing num-
ber of published articles related to nanofluids in thermal
systems, but there is no specific review on the forms of
nanoparticles. The study carried out indicates a lack of de-

finitive conclusion on how the shape of nanoparticles af-
fects the performance of thermal systems. They report that
the platelet-shaped nanoparticle enables the highest heat
transfer rate in natural and forced convection. However,
the best performance occurs for a lamina-shaped nanopar-
ticle in the mixed convection regime. They conclude that
studies are needed to determine the effective contribution
of nanoparticle forms to the thermal performance of ener-
gy systems.

Mostafa Monfared et al. '” Study the effects of the
shape of nanoparticles on the entropy generation charac-
teristics in a horizontal double tube heat exchanger. Nano-
fluids examined include cylindrical, brick, blade, platelet,
and spherical nanoparticles. The effects produced by the
concentrations of nanoparticles and the different forms of
nanoparticles on the rates of thermal entropy generation
were investigated numerically. Results indicate that nano-
fluid containing spherical and platelet-shaped nanoparti-
cles represent, respectively, the maximum and minimum
thermal generation rates. Furthermore, it was observed
that the rate of thermal entropy generation decreases with
an increase in the concentration of nanoparticles, except
for those with a spherical shape.

Behrouz Raeia and Sayyed Mohsen Peyghambarzadeh
"'l experimentally determined the heat transfer coefficient
and thermal efficiency of y-Al,O;/water nanofluids in a
double-tube heat exchanger. Nanoparticles dispersed in
distilled water range from 0.05% to 0.15% volume frac-
tions. Fluid flows, in turbulent flow regime, show varia-
tions in the Reynolds number between 18,000 and 40,000.
The addition of nanoparticles to the base fluid allowed
an increase in heat transfer of up to 16%. The thermal
performance factor reaches 1.11 for nanoparticles concen-
tration equal to 0.15 vol.% and Reynolds number equal to
18,000.

Xiao Feng Zhou and L. Gao "* estimates the effective
thermal conductivity in non-spherical solid particle na-
nofluids through the differential effective medium theory,
considering the interfacial thermal resistance between the
solid particles and the host liquids. There was a high in-
crease in the effective thermal conductivity of non-spher-
ical nanoparticles, and the increase in interfacial thermal
resistance results in appreciable degradation in the rise in
thermal conductivity. The theoretical results agree with
experimental data on nanofluids and show the non-linear
dependence of the effective thermal conductivity with the
volume fractions of non-spherical nanoparticles.

Elena V. Timofeeva et al. " investigated experimental-
ly and theoretically modeling the thermal conductivity and
viscosity in a fluid consisting of equal volumes of ethyl-
ene glycol and water analyzed. They note that the increase
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in effective thermal conductivity is greatly diminished by
interfacial effects proportional to the total surface area
of the nanoparticles and that the surface charge of nano-
particles plays a vital role in viscosity. They demonstrate
that adjusting the pH of the nanofluid and reducing the
viscosity of the nanofluid without significantly affecting
the thermal conductivity. The efficiency of nanofluids the
ratio between thermal conductivity and viscosity in both
laminar and turbulent flow regimes are evaluated.

2. Methodology

The second law of thermodynamics is applied in a
Straight Microchannel Printed Circuit heat exchanger to
determine the thermal performance of different forms of
Boehmite Alumina compared to Al,O; aluminum oxide.
The heat exchanger is represented in Figure 1 below .

Figure 1. Straight Microchannel Printed Circuit Heat
Exchanger "

The various forms of non-spherical Boechmite are char-
acterized dynamically and thermodynamically through
dynamic viscosity and thermal conductivity, Equations 6
and 9, using empirical coefficients, presented by Mostafa
Monfared et al. *). Table 1 gives the properties of hot (Wa-
ter), cold (Ethylene Glycol) fluids, and nanoparticles of
Al,O; and spherical Boehmite Alumina. The non-spherical
shape of Boehmite includes platelet, cylindrical, blades,

and bricks forms. Table 2 presents the coefficients used to
determine the dynamic viscosity and thermal conductivity

for different shapes of Boehmite Alumina.

_4Ac Lf,

Dh,
As,

O

Dh, is the hydraulic diameter, 4c,=42.2x10°m* Lf,=
137x107m , Lf.=137x10"mis the length of the cold flow

stream, 45,=34.716x10°m’" is the total cold area of the heat

transfer area.

Dh, = Dh, @
Dh, As

Lf = h h

Sy 44c, A

Lf, is the length of the hot flow stream, 4s, =26.037x

10°m’ is the total hot area of heat transfer area.
The properties of the nanofluids are:

Prano = Praricie + (1= P)p, )
— #C
HMoano = (1 _ ¢)2,5 (5)
Lo = H1(1+ AP+ A,8°)  for non— spherical shape 6)
Cp, = CPruiceProach+ 1= ) Pc. )
e pnano
= (Poruriere * 2o + 2K e =k )1 = 0. 1’4l W ®)
- [kParticlc + ch + z(kPurticle - kc )1-0. 1)2 4] ‘
koo =k.(1+C,p)  for non—spherical shape )
lunano
nano = 10
pnano ( )
a — knano (1 1)
e pnanu Cpnano
1%
Prnano = o (12)
+
ﬂW — :unanoz luh (13)

4,18 the assumed value for the fluid viscosity in the

channel wall.

Table 1. Hot (Water), cold (Ethylene Glycol 50%) fluids and nanoparticles properties

3 k Cp n \ o
p ke/m W/ (m K) (kg K) kg/(m s) m/s? m/s? Pr
Hot 994 0.623 4178 0.72x107 7.24x107 1.5x107 4.83
Cold 1067.5 0.3799 3300 3.39x107° 2.4045x10°° 1.08x10” 0.02
AlLO, 3950 31.92 873.34 - 9.25x10° -
B Alumina 3050 30 618.3 - 1.59x10°° -

10
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Table 2. Coefficients defined in Equation 6 and Equation
9 for inclusion of nanoparticle shape in dynamic viscosity
and thermal conductivity

Type (o A, A,

Platelets 2.61 37.1 612.6
Blades 2.74 14.6 123.3
Cylindrical 3.95 13.5 904.4
Bricks 3.37 1.9 471.4

A —0.1706 6" Re 3 pr 13 (m)o.m(%) (14)

nano nano nano ” Dh
0.44 0324 15 13 My vora, Ky
h, =0.1729 5" Re, Pr,” ()" (—>) 15)

Hy Dh,

The heat transfer coefficients of both fluids, cold %,
and hot 4, , were obtained by regression fit .

_ As, + 4s,

Ay = (16)
The overall heat transfer coefficient is given by:
1
Uyd =
R (17)
hh Ash hnano ASC kMetal AMed

Kyt =16.2W/(mK) is the thermal conductivity of the
heat transfer plate and L =0.4x107m is the gap between
the cold and hot channels.

Re, u,4c,
m =————-
" Dh, 18
), Renano ll’lnanoAcC
m = —
nano Dh (l 9)

m, and m,,, are the mass flow rates of the hot and
cold fluid, respectively.

C,=m'Cp, (20)

(21)
C, and C,,, are the heat capacity of the hot and cold
fluid, respectively.

C = m’CpnanO

nano

. C.
C — min
Cmax (22)
Where C,;, is the minimum between and C,,,, .
NTU = % (23)

NTU are the number of thermal units associated with
the heat exchanger.

_NTU(Q-C")
2

Fa is the fin analogy for a counter-flow heat exchanger
[2,3,14]

Fa (24)

_ tanh(Fa)

Fa @)

T

77; is the thermal efficiency.

. 1
r 1 1+C
+
n.NTU 2

(26)

&r is the thermal effectiveness.
QMax = (Thi - Tci)cmin (27)

Oy is the theoretically possible maximum of the heat
transfer rate for the situation in analysis.

Q _ (Thl _ Tci)Cmin
N & c 29)
nNTU 2

Q is the actual heat transfer rate.
The outlet temperatures for both fluids, 7, and T, are
given by:

Q!
Th,=Th,—
oy (29)
Q!
Tc, =Tc,+———
’ I mlcpnano (30)
Ch Th C,mm]) Tc
= (—)In(—2) + (—L) In(—=
or =( Cmm) n( Th‘_) ( . ) In( TC‘_) 31

07 is the thermal irreversibility for the heat exchanger.

3. Results and Discussion

Graphical results related to nanofluid properties, em-
phasizing momentum diffusivity and thermal diffusivity,
are shown in Figures 1 to 4. Figures 6 to 10 show re-
sults for heat transfer rate and associated quantities for
Re, =800 and Re =200, and Figures 11 to 15 for Re, =800
and Re=600. Figures 16 and 17 show the hot fluid exit
temperature with Reynolds numbers ranging from 200 to
400 for hot fluid and cold nanofluid.

Figure 1 presents results for dynamic viscosity for a
variation of volume fraction between 0 and 15%. The
highlighted figure represents the kinematic viscosity,
representing the quantity of motion and having quantita-
tive similarity with the dynamic viscosity. The similarity
demonstrates that dynamic viscosity is the main factor in
determining the momentum, with specific mass (density)
influencing only in the order of magnitude. Non-spher-
ical nanoparticles significantly increase the momentum
of the nanofluid, with emphasis on platelets, cylindrical,
and blades. The spherical nanoparticles, Al,O; aluminum
oxide, and Boehmite Alumina present lower values for the
momentum for the entire range of volume fraction analyz-
ed and showed similar graphic results, as they have very

11
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identical numerical thermodynamic properties (Table 1).

Figure 2 presents results for thermal conductivity for a
variation of volume fraction between 0 and 15%. Non-spher-
ical Cylindrical Boehmite Alumina has a higher thermal con-
ductivity value than spherical nanoparticles, and Non-spher-
ical Platelets and Blades have lower values. On the other
hand, non-spherical Bricks have values very close to spheri-
cal particles for a high volume fraction of nanoparticles.

Figure 3 represents the thermal diffusivity and has quanti-
tative similarity with the thermal conductivity. Figure 4 pre-
sents results for specific heat for a variety of volume fractions
between 0 and 15%. The similarity demonstrates that thermal
conductivity is the main factor in determining thermal diffu-
sivity, with specific mass (density) and specific heat influenc-
ing only in the order of magnitude.

Figure 5 presents results for thermal capacity for cold and
hot fluids as a function of the Reynolds number for a volume
fraction equal to 0.05. The thermal capacity increases with
increasing Reynolds number for all forms of nanoparticles.
The highest values are associated with non-spherical platelets
and cylindrical nanoparticles and the lowest in the hot fluid.
This result obtained for the hot fluid is significant because the
maximum heat transfer rate is theoretically possible, is asso-
ciated with the lowest thermal capacity between the fluids,
and serves as a reference for current heat transfer rates. As
the thermal capacity represents the amount of energy in the

0.08 —

Th,=50 °C
Tc,=20 °C

AlaO-

form of heat absorbed by the medium, by the different tem-
perature, the presented results will reflect on the heat transfer
rate between the fluids.

Figure 6 presents results for heat transfer rate as a
function of Reynolds number for volume fraction ®=0.15.
For smaller values of Reynolds numbers, the heat trans-
fer rate significantly approaches the maximum possible,
preliminarily indicating that, in this case, the efficiency is
relatively low and the irreversibility high. However, the
inverse is expected for high Reynolds number values, as
the current heat transfer rate is relatively low compared to
the maximum possible. In the highlighted figure, the heat
transfer rate is presented for the upper range of Reynolds
number to better note the dispersion between the results
related to the nanoparticle shapes.

Figure 7 presents results of heat transfer rate versus
volume fraction for the nanoparticles, with Re,=800 and
Re =200 as parameters. For smaller volume fractions of
the nanoparticles, it is observed that the platelet and cy-
lindrical particles have a higher heat transfer rate. How-
ever, the brick-shaped particles and blade surpass the two
previously mentioned heat transfer rates for high volume
fraction values. In the entire range of volume fractions
analyzed, the lowest values for heat transfer rate are asso-
ciated with spherical particles.

Spherical Shape Boehmite Alumina
Mon-Spherical Platelets Boehmite Alumina
Mon-Spherical Blades Boehmite Alumina

Mon-Spherical Cylindrical Boehmite Alumina

MNon-Spherical Bricks Boehmite Alumina

L - Kgl/(ms)

Figure 1. Dynamic and kinematic viscosities versus nanoparticle volume fraction
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Figure 2. Thermal conductivity versus nanoparticle volume fraction
2E-007 — Al2Og
Spherical Shape Boehmite Alumina
] Mon-Spherical Platelets Boehmite Alumina
MNon-Spherical Blades Boehmite Alumina
1.8E-007
Non-Spherical Cylindrical Boehmite Alumina
Non-Spherical Bricks Boehmite Alumina
H )
~d 1.6E-007
| |
5 1.4E-007
1.2E-007
1E-007 T I T I T l T

0 0.04 o.08 0.12

Figure 3. Thermal diffusivity versus nanoparticle volume fraction
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Figure 4. Specific heat and thermal diffusivity versus nanoparticle volume fraction
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Spherical Shape Boehmite Alumina
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Figure 5. Thermal capacity versus Reynolds number
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Al5O
Spherical Shape Boehmlite Alumina
Non-Spherical Platelets Boehmite Alumina

3000 =—
Non-Spherical Blades Boehmite Alumina
MNon-Spherical Cylindrical Boehmite Alumina
MNon-Sphearical Bricks Boehmite Alumina

; Rec=Reh
Th,=50°C
[] 2000 — Tc|=20°c
- N RN R
GO0 6540 680 720 Te0 800
1000 —
- 1 y 1 y 1

200 400 600 800

Re,

Figure 6. Actual and maximum heat transfer rate versus Reynolds number

1450 —Re, =800

Re.=200 Q,,.,=3436 W
—|Th,=50 °c
Tc,=20 °C — =

1400 —

Rlg03
1350 Spherical Shape Boehmite Alumina
MNon-Spherical Platelets Boehmite Alumina
MNon-Spherical Blades Boehmite Alumina
Non-Spherical Cylindrical Boehmite Alumina

1300

MNon-Spherical Bricks Boehmite Alumina

Q-W

1250

1200

1150
' | ' | ' | ' |

Figure 7. Heat transfer rate versus volume fraction of nanoparticles Re,=800 and Re =200
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Figure 8 shows the heat transfer rate as a function
of the Prandtl number. The highlighted figure presents
Prandtl number versus volume fraction. The Prandtl
number grows with the volume fraction similar to that
obtained for the momentum diffusivity, and the highest
values are obtained for the non-spherical cylindrical and
platelet shapes in the entire volume fraction range. The
relevant fact is that Prandtl decreases with the increase
in volume fraction for the spherical nanoparticles. The
central figure, heat transfer rate versus Prandtl, highlights
this fact, demonstrating that the Prandtl number increases,
the heat transfer rate decreases for spherical nanoparticles,
which have relatively low values for the Prandtl num-
ber. The highest Prandtl number values are obtained for
non-spherical cylindrical and platelet nanoparticles, which
have a slightly lower thermal performance than non-spher-
ical blade and Brick type nanoparticles. Non-spherical
particles have high values for heat transfer rates regarding
spherical particles. It is noteworthy that the heat transfer
rate goes through a maximum value with an increase in
the Prandtl number, with the rise in the fraction in vol-
ume. Non-spherical Blade nanoparticles did not reach the
maximum value for heat transfer for the maximum vol-
ume fraction under analysis equal to ®=0.15, and, in this
case, it is possible to increase the volume fraction until the
maximum heat transfer rate.

1450 —

Figure 9 presents thermal irreversibility results, rep-
resenting the generation of entropy, as a function of the
volume fraction of the nanoparticles for Reh=800 and
Rec=200. Values for thermal irreversibility are relatively
low concerning total entropy, which considers the portion
of entropy generation associated with the viscosity of
the medium. Entropy generation grows with the volume
fraction for all nanoparticles and is relatively high for
non-spherical nanoparticles compared to entropy gen-
eration for spherical particles. The nanoparticle shapes
affect the interaction between the base fluid and the nan-
oparticles, creating greater irreversibility. There is a clear
relationship between the heat transfer rate exchanged
between fluids and irreversibility (Figure 7). The greater
irreversibility is achieved for non-spherical cylindrical
and platelet nanoparticles. The entropy generation rate did
not reach the maximum for the non-spherical nanoparticle
Blade, within the volume fraction range equal to 0.0 and
0.15. The maximum entropy generation for the non-spher-
ical nanoparticle Bricks is reached near the equal volume
fraction to 0.15.

Figure 10 presents results for thermal efficiency as a
function of the volume fraction of the nanoparticles for
Re, =800 and Re =200. Efficiency is low where irrevers-
ibility is high, when heat transfer rate is high, or when
there is high entropy generation. In this sense, Figures 8

Re,, =800 = s
h a,,.,=3436 W
Rec=200
| Th;=s0-c
Te;=20 °C
1400 —]
AlpOg
Spherical Shape Boehmite Alumina
Mon-Spherical Platelets Boehmite Alumina
1350 —
Mon-Spherical Blades Boehmite Alumina
Non-Spherical Cylindrical Boehmite Alumina
; Non-Spherical Bricks Boehmite Alumina
" 1300 —] =
2
1250 g =
— ]
o
] 100
1200 — o
17 11 1T 1T T 1]
o 0.0a o.08 0.12 0.16
1150 q I I I I I I
o 100 200 300

Figure 8. Heat transfer rate versus Prandtl number and Prandtl number versus volume fraction Re,=800 and Re. =200
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Non-Spherical Blades Boehmite Alumina
Mon-Spherical Cylindrical Boehmite Alumina

Non-Spherical Bricks Boehmite Alumina

0.24 —

Irreversibility

Irreversibility
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N L DL DL L

20 22 24 28 28

1] 0.04 0.08 0.12

1 —
1
0.996 — o996 —]
S ossz — |
— = —
E o988 —
= ]
ey 0.992 — faies . o
o o.98 —
= =
- — 0.988 —
- —
L
I-IJ 0.984 —
—] Spherical Shape Boehmite Alumina
Mon-Spherical Platelets Boehmite Alumina
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Figure 10. Efficiency versus volume fraction of nanoparticles and Prandtl number Re, =800 and Re =200
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and 9 complements each other and corroborate the results
obtained for the heat transfer rate observed for the nano-
fluid through Figures 6 and 7.

Figure 11 shows the hot fluid outlet temperature as
a function of the volume fraction of the nanoparticles
and complements the information already obtained for
Re,=800 and Re =200. The lowest outlet temperature oc-
curs when irreversibility is high or greater heat exchange
between the media, corresponding to non-spherical cylin-
drical and brick nanoparticles for different volume frac-
tions. Cylindrical nanoparticles reach a lower temperature
in a volume fraction equal to 0.8 and the brick nanoparti-
cle close to 0.12. For blade nanoparticles, a lower output
temperature can be reached for a volume fraction greater
than 0.15.

Figure 12 presents results of heat transfer rate ver-
sus volume fraction for the nanoparticles, with Re,=800
and Re =600 as parameters. The absolute values of the
heat transfer rate are significantly higher concerning the
condition Re,;=800 and Re,.=200. For smaller volume
fractions of nanoparticles, platelets and cylindrical par-
ticles increase the heat transfer rate and higher value. In
these cases, when the volume fraction increases, they go
through a maximum heat transfer rate between 0.4 and 0.8
and decrease until the heat transfer rate is below the value
obtained for the spherical nanoparticles for volume frac-
tions above 0.10. For volume fractions above 0.8, Blades

and Bricks nanoparticles show better thermal performance
than others. The non-spherical blade nanoparticle has a
higher heat transfer rate than spherical nanoparticles in the
entire range of analyzed volume fraction.

Figure 13 shows heat transfer rate versus Prandtl num-
ber, and highlighted figure presents Prandtl number versus
volume fraction, for Re,= 800 and Re . =600. The Prandtl
number decreases with increasing volume fraction for
spherical nanoparticles. Heat transfer rate versus Prandtl
demonstrates that when the Prandtl number rises, the heat
transfer rate decreases for spherical nanoparticles, which
have relatively low values for the Prandtl number. The
highest Prandtl number values are obtained for cylindri-
cal and non-spherical platelet nanoparticles, with slightly
lower thermal performance than the non-spherical blade
and Brick-type nanoparticles. Non-spherical particles have
high values for heat transfer rates relative to spherical
particles. The heat transfer rate goes through a maximum
value as the Prandtl number increases, that is, as the vol-
ume fraction increases for all non-spherical nanoparticles.
All non-spherical nanoparticles have a maximum value
for the heat transfer rate for a volume fraction between
0.4 to 0.6, with nanoparticle bricks with a higher absolute
value. Platelets and cylindrical nanoparticles have lower
heat transfer rates than those obtained for spherical nano-
particles for high volume fractions.

Figure 14 presents thermal irreversibility results, rep-

39.6
Re, =800
- Re =200
Th=50 °C
— o
Sat Tc=20 °C
Al
o 38.8 — 2C)3
o Spherical Shape Boehmlite Alumina
u - Non-Spherical Platelets Boehmite Alumina
o Non-Spherical Blades Boehmite Alumina
sl 38.4 — Non-Spherical Cylindrical Boehmite Alumina
Non-Spherical Bricks Boehmite Alumina
38 —
37.6
I I I I I I

Figure 11. Fluid hot exit temperature versus volume fraction of nanoparticles number Re, =800 and Re =200
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Spherical Shape Boehmite Alumina
Nen-Spherical Platelets Boehmite Alumina
MNon-Spherical Blades Boehmite Alumina

Mon-Spherical Cylindrical Boehmite Alumina

Q,,..=3436 W

MNon-Spherical Bricks Boehmite Alumina

1540 —  Re, =800
Re =600
1 Th=50°c
1620 —| Tc=20°c
1500 —
[ ] 1480 —
1460 — Al504
1440
1420 T T T

] 0.04

0.12

Figure 12. Heat transfer rate versus volume fraction of nanoparticles Re,=800 and Re =600

resenting the generation of entropy, as a function of the
volume fraction of the nanoparticles for Re,=800 and
Re =600. Values for thermal irreversibility are relatively
low concerning total entropy, which considers the portion
of entropy generation associated with the viscosity of
the medium. Entropy generation grows with the volume
fraction for all nanoparticles and is relatively high for
non-spherical nanoparticles compared to entropy genera-
tion for spherical particles. The results, in this case, show
numerical values more elevated than the situation already
analyzed, Re,=800 and Re =200, and reflect the higher
heat transfer rate. The nanoparticle shapes affect the in-
teraction between the fluid base and the nanoparticles.
Greater irreversibility is achieved for non-spherical cylin-
drical and platelet nanoparticles for volume fraction small
and medium values. The entropy generation rate did not
reach the maximum for the non-spherical nanoparticles
blade and brick, within the volume fraction range equal to
0.0 and 0.15. The maximum entropy generation for these
non-spherical nanoparticles is reached at a volume frac-
tion equal to 0.15.

Figure 15 presents results for thermal efficiency as a
function of the volume fraction of the nanoparticles for
Re,=800 and Re =600. Efficiency is low where irrevers-
ibility is high, when heat transfer rate is high, or when
there is high entropy generation.

Figure 16 shows the hot fluid outlet temperature as

a function of the volume fraction of the nanoparticles
and complements the information already obtained for
Re,=800 and Re.=600. The hot fluid outlet temperatures
are always lower than Re,=800 and Re.=200. The lowest
outlet temperature occurs when irreversibility is high or
greater heat exchange between the media, corresponding
to non-spherical cylindrical and brick nanoparticles for
volume fractions between 0.4 to 0.6. For blade and nano-
particles bricks, lower output temperature can be reached
for a volume fraction between 0.6 to 0.15. The relevant
fact is that the hot fluid exit temperature may be lower for
spherical nanoparticles for high volume fractions.

Figures 17 and 18 present the hot fluid exit tempera-
ture values of the two different volume fractions. For a
volume fraction equal to 0.05, the exit temperatures for
non-spherical nanoparticles are, in all cases, lower than
the exit temperatures for spherical nanoparticles. As al-
ready observed, for a fraction in a volume equal to 0.15,
the only nanoparticle that present exit temperatures lower
than those obtained for spherical nanoparticles are those
that have the shape of the blade. The lowest exit temper-
atures for all nanoparticles are obtained for Re,=200 and
Re =200.

In summary, the results highlight platelets and cylin-
drical nanoparticles for Reynolds numbers Re,=800 and
Re =200 and demonstrate a higher heat transfer rate for
low volume fractions. On the other hand, the brick and
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blade-shaped particles outperform the previous two for
high volume fraction values. The non-spherical blade nan-
oparticle does not reach the maximum heat transfer value
for the higher volume fraction under analysis equal to ® =
0.15.

For Reynolds numbers, Re,=800 and Re =600 brick
and blade nanoparticles have better thermal performance
for volume fraction above 0.8, and non-spherical blade
nanoparticle has a higher heat transfer rate than spherical
nanoparticles across the entire volume fraction range ana-
lyzed. For a volume fraction above 0.10, platelets and cy-
lindrical particles present the transfer rate below the value
obtained for spherical nanoparticles. The lowest hot fluid
exit temperature for brick and blade nanoparticles occurs
for volume fractions between 0.6 to 0.15. Still, the hot flu-
id exit temperatures are always lower than Reh=800 and
Rec=200 conditions.

4. Conclusions

The thermal performance of a printed circuit heat ex-
changer (PCHE) was determined using non-spherical nan-
oparticles compared to spherical nanoparticles. The anal-
ysis covered Reynolds values equal to 200 and 800 for
the hot fluid and 200 and 600 for cold fluid, with volume
fractions for the nanoparticles ranging from 0.05 to 0.15.
The spherical particles are Al,O; and Boehmite alumina,
and the non-spherical particles of Boehmite alumina are
platelets, blades, cylindrical, and bricks.

It was demonstrated that non-spherical particles have
higher heat transfer rates than spherical particles. Ap-
plying the second law of thermodynamics methodology
makes thermal performance analysis straightforward and
elegant.

In specific terms, the work highlights:

- The nanoparticles’ shapes affect the interaction be-
tween the fluid base and the nanoparticles, creating greater
thermal irreversibility.

- Thermal entropy generation grows with the volume
fraction for all nanoparticles and is relatively high for
non-spherical nanoparticles than thermal entropy genera-
tion for spherical particles.

- The maximum theoretically possible heat transfer rate
is associated with the hot fluid and serves as a reference
for current heat transfer rates.

- Spherical nanoparticles present very close graphic
results, as they have similar numerical thermodynamic
properties.

- For volume fraction equal to 0.05, the hot fluid exit
temperatures for non-spherical nanoparticles are in all
cases lower than the hot exit temperatures for spherical
nanoparticles.

- For a volume fraction equal to 0.15, the only nanopar-
ticles that present lower hot fluid exit temperatures than
those obtained for spherical nanoparticles are those that
have the shape of a blade.

- For all nanoparticles under analysis, the lowest hot
fluid exit temperatures are obtained for Re,=200 and
Re=200.
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