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Abstract

The nanofluid flow in serpentine microtube was numerically investigated in this study. The study has been carried out in three-
dimensional laminar flow (750<Re<2000) condition. Al,O3 — water nanofluid with different nanoparticle volume fractions (1.0%, 2.0%,
3.0%) have been used as the working fluid in the numerical analyzes. In addition, studies were carried out for blade, platelet and
cylindrical nanoparticle shapes. The average Nusselt numbers and the average Darcy friction factors have been used to estimate the
flow and heat transfer performance of nanofluid flow in serpentine microtubes. Velocity and temperature distributions inside the
microtube were also examined for different cases. Numerical results of the study have been presented as the variation of average Nusselt
number and average Darcy friction factor with Reynolds number, nanoparticle shape and nanoparticle volume fraction. As a result, the
highest convective heat transfer performance has been obtained for platelet nanoparticle shape of the Al,Os-water nanofluid with 3.0%
nanoparticle volume fraction.

Keywords: Serpentine Microtube, Nanofluid, CFD, Convective Heat Transfer.

Nanopartikiil Seklinin ve Hacim Oraninin Serpantin Mikrotiipiinde
Nanoakiskan Akisina Etkisi

Oz

Bu ¢alismada serpantin mikrotiipteki nanoakiskan akisi sayisal olarak incelenmistir. Caligma, ii¢ boyutlu laminer akis (750<Re<2000)
kosulunda gergeklestirilmistir. Sayisal analizlerde, ¢alisma akigkan olarak farkli nanopartikiil hacim oranina (%1.0, %2.0, %3.0) sahip
Al;,O3 — su nanoakigkani kullanilmistir. Ayrica uzun yaprak, plaket ve silindirik nanopartikiil sekilleri i¢in ¢aligmalar yapilmistir.
Ortalama Nusselt sayilar1 ve ortalama Darcy siirtiinme faktorleri, serpantin mikrotiiplerdeki nanoakiskan akisinin akis ve 1s1 transfer
performansimi hesaplamak etmek i¢in kullanilmustir. Mikrotiip igindeki hiz ve sicaklik dagilimlar1 da tiim farkli durumlar igin
incelenmistir. Caligmanin sayisal sonuglari, ortalama Nusselt sayist ve ortalama Darcy siirtiinme faktoriiniin Reynolds sayisi,
nanopartikiil sekli ve nanopartikiil hacim orani ile degisimi olarak sunulmustur. Sonug olarak, en yiiksek 1s1 transfer performansi, Al,O3-
su nanoakigkanin %3.0 nanopartikiil hacim orani ile plaket nanopartikiil sekli i¢in elde edilmistir.

Anahtar Kelimeler: Serpantin Mikrotilip, Nanoakiskan, HAD, Tasinim ile 1s1 transferi.
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1. Introduction

In parallel with the developments in thermal systems, efforts to
improve heat transfer are continuing intensively. For the last half
century, scientific research on heat transfer has led to the
continuous development of existing heat transfer improvement
methods. Nanofluid, which is found in 1995 by Choi [1], is
prepared by dispersing nanoparticles in the base fluid such as
water, oil, and ethylene glycol, etc. It provides two advantages to
the base fluid: the first one is that while the nanofluid is
composed, nanoparticle having higher thermal conductivity is
preferred in terms of obtaining the nanofluid with higher thermal
conductivity in comparison with the base fluid. The added
nanoparticles expand the surface area of the conventional fluid
and allow it to have more heat capacity [1]. Since the thermal
conductivity of a solid metal is higher than that of the base fluid
in which it is incorporated, the incorporation of metallic particles
into the fluid increases the thermal conductivity of the mixture
[2]. Nanofluids are considered to be a three-phase systems. These
are solid phase called nanoparticles, liquid phase called base fluid
and an interface phase. The interface phase contributes
significantly to the system due to its high surface-to-volume ratio.

(3]

The main purpose of the serpentine channels is to increase the
surface contact area of the working fluid. In addition, serpentine
tubes can withstand more pressure than many shapes. Therefore,
it is frequently used in heating and cooling systems. Serpentine
channels are used in hot water, steam systems, geothermal plants,
textile sector, heat recovery systems, chemical plants, automotive
sector, air handling wunits, industrial washing machines,
compressor cooling systems and resistances.

The numerical study has been performed for serpentine channels
by Ismail and Fotowat [4] using the finite volume method-based
CFD code. Al,O3-water nanofluid was used as the working fluid
in a multichannel heat exchanger (MICHX) under laminar flow
condition. Nusselt number and heat transfer coefficient were
calculated for each nanoparticle volume fraction. Thus, the effect
of nanoparticle volume fraction was investigated. [4]. The heat
transfer and flow properties of the Cu-water nanofluid flow in
serpentine microtubes were experimentally determined by
Aliabadi et al. [5]. Serpentine microtubes were produced by
bending a flat copper microtube with an inner diameter of 787 pm.
Cu-water nanofluid was also prepared using a one-step technique.
The effects of the geometric parameters of serpentine microtubes
and nanofluid nanoparticle volume fractions were investigated. It
has been found that heat transfer is increased by decreasing both
the spacing distance and the length of the serpentine microtube
and increasing the volume fraction of the nanofluid. In addition,
the results showed that the friction factor tended to increase [5].

The flow conditions of nanofluids with different nanoparticle
shapes in serpentine microtubes have not yet been studied in
detail. Hence, in this study, the effect of Al,Oz-water nanofluid
flow on heat transfer and pressure drop characteristics in
serpentine microtube has been investigated numerically. Effect of
nanoparticle shape on convective heat transfer characteristic in
serpentine microtube has also been examined in detail.
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2. Material and Method

The nanofluid flow in serpentine microtube has been numerically
investigated in this study. Al,Os-water nanofluid used as working
fluid. It was analyzed to determine the optimal nanoparticle shape
(platelet, cylindrical, blade). Three different nanoparticle volume
fractions (1.0%, 2.0%, 3.0%) have also been used. The studies
were performed under laminar flow condition (750<Re<2000).
Constant surface temperature was applied on to the surface of the
serpentine microtube. The nanofluid has been analyzed with
single phase method. Using the numerical results obtained from
the study, variation of the average Nusselt number and average
Darcy friction factors with Reynolds number for nanoparticle
shape and nanoparticle volume fractions were examined. Velocity
and temperature distributions in microtubes have been presented
in detailed with graphs. At the end of the study, optimum
nanoparticle shape and nanoparticle volume fraction were
determined to provide the best performance.

The appearance and dimensions of the serpentine microtube are
presented in Fig. 1.

Fig. 1 Technical appearance of the model [5].

The geometric dimensions of the serpentine microtube are given
in Table 1 in detail.

Table 1. Geometrical parameters of serpentine microtube [5].

Parameter Terminology Value
Diameter D 787 pm
Thickness t 1 mm
Pitch spacing P 10 mm
Straight section / 30 mm

Continuity, momentum and energy equations are solved

numerically in the concept of this study.
2.1 Continuity Equation

In cylindrical coordinates, the general continuity equation is
given in Eq. (1).

=0 (1
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2.2 Momentum Equation

In cylindrical coordinates, the general momentum equations
given in Eq. (2).

(V*V*)V* = —EuV*P* + ReV*2V* )
2.3 Energy Equation

General energy equation in cylindrical coordinates can be
represented as Eq. (3).

V2T + EC¢* =0 (3
RePr Re’ )
where the dimensionless parameters in Eq(1-3) [6]:
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Obtaining a special solution can only be achieved by solving
general equations under boundary conditions. Therefore, the
boundary conditions are defined and introduced to the program.
The inlet temperature has been assumed to be constant 310K and
enters the channel with a uniform velocity profile. Microtube
surface has been assumed to be constant at 333K as surface
boundary condition. The no-slip condition has also been applied
on microtube surface. The output gauge pressure has been
assumed to be at atmospheric conditions.

The thermophysical properties of base fluid and AlO;
nanoparticle are given in Table 1. These properties have been
obtained at 300 K.

In order to calculate the nanofluid thermophysical properties for
different nanoparticle volume fractions, empirical correlations
have been used. The density of a nanofluid can be calculated using
the classical mixture theory [7].

par =(1-@)pr + opp (13)
Specific heat of the nanofluid can be calculated with Eq. (14) [7].
(Co)ar=[(1-@)pr(cp)rt@pp(Cp)p)/Pat (14)

Different nanoparticle shapes (platelet, blade, cylindrical) of
nanofluid have been used in this study. These shapes are presented
in Fig. 2 [8].

=2 O

Platelet Blade Cylindrical

Fig. 2 General view of nanoparticle shapes

The constants differ as aspect ratio, sphericity, shape factor etc.
for different nanoparticle shapes. These constants are shown in
Table 3 and Table 4.

Table 3. Surface resistance and shape effects of Al,O3

nanoparticle types [9].
Platelet | Cylindrical Blade
Aspect ratio 1:1/8 1:8 1:6:1/12

Sphericity, ¥ 0.52 0.62 0.36
Shape factor,n=3/¥ 5.7 4.9 8.6
Cr 2.61 3.95 2.74

(Ck)shape 5.72 4.82 8.26
(ck)su,facfck—(ck)jhape -3.11 -0.87 -5.52

Table 4. Viscosity coefficient for different nanoparticle shapes

[10].
Nanoparticle A1 A2
shape
Blade 14.6 1233
Cylindrical 13.5 904.4
Platelet 37.1 612.6

Table 2. Thermophysical properties of Al;O3 nanoparticle and

pure water at 300K

Thermophysical Pure Water AlLOs
Properties
p (kg/m’) 997 3970
4 (Ns/m?) 0.000855 -
k (W/mK) 0.613 40
cp (J/kgK) 4179 765

e-ISSN: 2148-2683

With these constants, Eq. (15) and Eq. (16) have been solved [10].
knf:[l—"_[(ck)surfacc([)]]kf (l 5)

(c)surface is the coefficient of thermal conductivity and is taken
from Table 3 according to the nanoparticle type. kr is the
coefficient of thermal conductivity for base fluid [10].

tor = u(1+A10+A20%) (16)

The dynamic viscosity of the nanofluid is obtained from Eq. (16)
where A and A; are constants are presented in Table 4 [10].

The logarithmic mean temperature difference can be calculated as
Eq. (17).
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(Tw - Ti) - (Tw - To)

In(22=1)

Tw=To

ATlm =

(17)

Eq. (18) was used for the calculation of convective heat transfer
coefficient.

7

h= AT,

(18)

The average Nusselt number has been calculated for each case
separately as;

Nu = hD 19

The average Darcy friction factor was obtained with Eq. (20).
AP

f=2r (20)

2

The Performance Evaluation Criterion (PEC) can be calculated
with Eq. (21).

2D

In this study, Solidworks 2018 program was used to create the
numerical model, and it was loaded into ANSYS Fluent 18.1
software for numerical calculations (Fig. 3).
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Fig. 3 General view of working geometry.

Mesh optimization is one of the most important stages of CFD
analysis. In this study, the tedhedral mesh structure is used as can
be seen from Fig. 4 and Fig.5.

3. Results

e-ISSN: 2148-2683

Fig. 4 General view of mesh used in the numerical study.
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Fig. 5 Cross-sectional view of mesh used in the numerical study.

In order to test the independence of the numerical results from the
number of mesh, the Nusselt number and Darcy friction factor
values have been obtained for different mesh numbers at the
highest Reynolds number (Re=2000). These values are given in
Table 5 for different mesh numbers. The error percentages for
each variable are found in the table, and it is noticed that the
change in Nusselt number and Darcy friction factor values is very
small especially after 1,576,502 mesh number. Accordingly, the
optimum number of meshes is found to be 1,576,502 for faster
and more accurate results.

Table 5. Mesh optimization.

Nodes | Elements | Nu %Nu f %f
changing changing

2397485 | 1084374 | 7.35 - 0.05943 -
2802040 | 1245208 | 7.43 1.12 0.05995 0.87
3019180 | 1330843 | 7.43 -0.05 0.06012 0.28
3639233 | 1576502 | 7.42 -0.14 0.06070 0.96
3995456 | 1715485 | 7.41 -0.13 0.06090 0.32
2397485 | 1084374 | 7.35 - 0.05943 -

Studies have been performed for different Reynolds numbers
using the solution area with the optimum mesh number obtained.
These results were compared with those of Aliabadi et al. [5] and
the accuracy of the numerical study has been tested. Then, using
the proven serpentine microtube geometry and mesh
optimization, nanofluids were used into the system and analyzes
have been started. At this stage, a serpentine microtube with fixed
length was formed and the numerical studies were carried out by
using pure water as working fluid. Then, numerical modeling has
been done wusing AlOsz-water nanofluid with different
nanoparticle shapes.

The average Nusselt numbers calculated at different Reynolds
numbers for pure water flow in the serpentine microtube channel
were compared with the experimental results (Fig. 6.)
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Fig. 6. Comparison of numerical and experimental results.

The average difference between the experimental and numerical
results was +7%.

The effect of the change of nanoparticle volume fraction on the
average Nusselt number is analyzed for 1.0%, 2.0% and 3.0% in
Fig. 7.

e

v - . v 2
600 800 1000 1200 1400 1600 1800 2000 2200 gop 800 1000 1200 1400 1600 1800 2000 2200

Fig. 7. The effect of the change of the nanoparticle volumetric
fraction, (a)platelet, (b)cylindrical, (c)blade.

It is observed from Fig. 7 that the highest heat transfer rate is
obtained at 3.0% mnanoparticle volumetric fraction for each
nanoparticle shape. In the numerical analyses, it has also been
determined that the highest heat transfer rate achieves with
platelet shaped nanoparticle and 3.0% nanoparticle volumetric
fraction. Compared with pure water, 32.5%, 48.5% and 59.3%
higher heat transfer rates were obtained with blade, cylindrical
and platelet shaped nanoparticle, respectively.

The effect of changing nanoparticle shapes on average Nusselt
number is analyzed for 1.0%, 2.0% and 3.0% nanoparticle
volumetric fraction In Fig. 8. The heat transfer rates obtained from
the nanofluid analyzes using platelet type nanoparticle with 3.0%
nanoparticle volumetric fraction were obtained in 19.7% and

e-ISSN: 2148-2683

42.1% higher amounts than the cylindrical and blade type
nanoparticle having the same nanoparticle volumetric fractions.
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Fig. 8. The effect of the change of nanoparticle shapes on the
average Nusselt number of nanofluid with 1.0%, 2.0% and 3.0%
nanoparticle volumetric fractions

The effect of the change of nanoparticle shapes on the average
Darcy friction factor is analyzed for 1.0%, 2.0% and 3%
nanoparticle volumetric fractions In Fig. 9. It was found that the
change of nanoparticle shape and volumetric fraction did not
change the average Darcy friction factor.

\

600 800 1000 1200 1400 1600 1800 2000 220 600 800 000 1200 1400 1600 1800 2000 2200
Re Re
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N —-&— %30 cylindsical

600 B0 1000 1200 1400 1600 1800 200 200
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Fig. 9. The effect of the change of nanoparticle shapes on the
average Darcy friction factor of nanofluid with 1.0%, 2.0% and
3.0% nanoparticle volumetric fractions

The change of PEC value at 3.0% nanoparticle volumetric
fraction according to nanoparticle type is presented in Fig. 10.

PEC values higher than 1 for all nanoparticle shapes. This shows
that the increasing to heat transfer amount is higher than the
increasing to pressure drop in serpentine microtube with using
Al,Osz-water nanofluid.
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Fig. 12. Temperature distributions of different Reynolds numbers

v b Ty
1,40 - \\\ /’/ pa— with 3.0% nanoparticle volume fraction and blade type
1] e, \\ f’,o oo 0 nanoparticle in serpentine microtube, (a) Re = 750, (b) Re =
130 o 1400, (c) Re = 2000.

PR - Velocity and temperature distributions of different Reynolds
1,20 1 numbers (Re = 750, Re = 1400 and Re = 2000) of Al,Oz-water
1,15 W nanofluid with cylindrical type and 3.0% nanoparticle volume
110 —e— Blde fraction in serpentine channel are shown in Fig. 13 and Fig. 14.
: -0+ Cylindrical . I
o —v— Platelet From the figures, it was observed that flow velocity increases and
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Re

fluid temperature decreases with increasing Reynolds numbers.

Fig. 10. Variation of PEC value according to nanoparticle type
at 3.0% nanoparticle volumetric fraction.

Velocity and temperature distributions of different Reynolds
numbers (Re = 750, Re = 1400 and Re = 2000) of Al,Oz-water
nanofluid with blade type and 3.0% nanoparticle volume fraction
in serpentine channel are shown in Fig. 11 and Fig. 12. From the
figures, it was observed that flow velocity increases and fluid
temperature decreases with increasing Reynolds numbers.

Fig. 13. Velocity distributions of different Reynolds numbers with
3.0% nanoparticle volume fraction and cylindrical type

nanoparticle in serpentine microtube, (a) Re = 750, (b) Re =
1400, (c) Re = 2000.

Fig. 11. Velocity distributions of different Reynolds numbers with ' \
3.0% nanoparticle volume fraction and blade type nanoparticle [a]
in serpentine microtube, (a) Re = 750, (b) Re = 1400, (c) Re =
2000.

[c] —_— =

Fig. 14. Temperature distributions of different Reynolds numbers
with 3.0% nanoparticle volume fraction and cylindrical type
nanoparticle in serpentine microtube (a) Re = 750, (b) Re =

1400, (c) Re = 2000.

Velocity and temperature distributions of different Reynolds
numbers (Re = 750, Re = 1400 and Re = 2000) of Al,Os-water
nanofluid with platelet type and 3.0% nanoparticle volume
fraction in serpentine channel are shown in Fig. 15 and Fig. 16.
From the figures, it was observed that flow velocity increases and
fluid temperature decreases with increasing Reynolds numbers.
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Fig. 15. Velocity distributions of different Reynolds numbers with

3.0% nanoparticle volume fraction and platelet type

nanoparticle in serpentine microtube, (a) Re = 750, (b) Re =

1400, (c) Re = 2000.

[c] g2 i

Fig. 16. Temperature distributions of different Reynolds numbers

with 3.0% nanoparticle volume fraction and platelet type

nanoparticle in serpentine microtube, (a) Re = 750, (b) Re =

1400, (c) Re = 2000.

Velocity vectors of 3.0% nanoparticle volume fraction Al,Os-
water nanofluid with platelet nanoparticle type on Re = 2000 in

serpentine microtube is shown Fig. 17.

Fig. 17. Vectorel velocity distribution of 3.0% nanoparticle
volume fraction Al;Os-water nanofluid with platelet nanoparticle
type on Re = 2000 in serpentine microtube

4. Discussion and Conclusions

In this study, 1.0%, 2.0% and 3.0% nanoparticle volume fractions
of AlOs-water nanofluid with platelet, blade and cylindrical

e-ISSN: 2148-2683

nanoparticle shapes numerically analyzed under laminar flow
(750<Re<2000) condition.

The findings of the study are summarized below:

1. Nusselt number increases with the increasing Reynolds
number for all nanoparticle shapes.

2. Darcy friction factor decreases with the increasing Reynolds
number for all nanoparticle shapes.

3. Darcy friction factor did not change for all nanoparticle
shapes of Al,Os-water nanofluid.

4. It has been determined that the average Nusselt number
increases with the volume fraction. Therefore, the highest
convection heat transfer performance value are obtained at
3.0% nanoparticle volume fraction.

5. The highest convective heat transfer performance is observed
with the platelet nanoparticle shape.

6. The highest PEC value is obtained for platelet type
nanoparticle with 3.0% nanoparticle volumetric fraction.

Nomenclature

A Area (m?)

D Diameter (m)

t  Thickness (m)

p  Pitch spading (m)

[ Straight section (m)

T Temperature (K)

P Pressure (Pa)

p  Density (kg.m)

¢, Specific heat (J kg' K™)

q" Heat flux (W m™2)

h  Heat transfer coefcient (W m2 K™)

@ Dissipation function

AP Pressure diference (Pa)

4 Dynamic viscosity (Pa s)

m Mass fow rate (kg s™")

k  Coefficient of thermal conductivity (W m™! K1)

ATim  Logarithmic mean temperature difference

Re Reynolds Number

f Darcy Friction Factor

Nu Nusselt number
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CFD  Computational Fluid Dynamics

PEC  Performance Evulation Criterion
AR Aspect ratio

b4 Sphericity

Ai, Ay Viscosity coefficient for nanoparticle shapes
Cartesian coordinates (m)

XY Z

u, v, w Velocity components (m s )

Subscript
i Inlet
f  Fluid

nf Nanofluid
p Particle

bf Base fluid

w Wall

b Bulk

o Outlet

r,0,z Cylindrical coordinates directions
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