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Numerical Analysis of Hydraulic and Thermal Performance of Al.Os-Water
Nanofluid in a Zigzag Channel with Central Winglets
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Highlights
* The effects of winglets and nanofluids on the thermal performance in a zigzag channel are examined.
* The results are given in terms of thermal performance and friction factor.
* The heat transfer improves with increasing Re and ¢, but the friction factor increases slightly.
« The temperature and velocity contours are presented for the zigzag channel with/without winglet.

Avrticle Info Abstract

This study numerically examined the impacts of central winglets and Al2Os-water nanofluid on
the thermo-hydraulic performance in a zigzag channel. The analyzes based on Computational
Fluid Dynamic (CFD) using the SIMPLE algorithm are actualized for nanofluid flow in Reynolds
numbers (Re) varying between 200 and 1200. The volume fraction of nanoparticle (p) is changed
from 1% to 5 %. The upper and lower zigzag surfaces are kept at Tw = 350 K constant temperature.
The results are given in terms of thermal improvement (), dimensionless friction factor (1), and
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thermo-hydraulic performance (THP). In addition, the work is compared with the zigzag channel
without winglet for the base fluid. The temperature and velocity distributions are obtained for the
zigzag channel with and without winglet at different Reynolds numbers. The results show that

Heat transfer
Friction factor

the nanofluid and winglets contribute considerably to the enhancement of heat transfer, but the
friction factor slightly increases. The heat transfer improves with increasing inlet velocity and
particle volume fraction. The highest thermo-hydraulic performance is obtained as approximately
2.12 for Re = 400 and ¢ = 0.05.

1. INTRODUCTION

In engineering applications, heat transfer improvement is an important research area as it contributes to the
efficiency of thermal devices. Passive methods are often used to increase heat transfer without reducing the
overall efficiency of these devices. These methods are applications such as in channel baffles, fins, winglets,
vortex generators and corrugated channel geometries in different configurations. These applications are
preferred in refrigeration and air conditioning systems, transportation, nuclear reactors, heat exchangers,
solar air heaters, chemical or food processing such as many applications. This method is economical and
reliable compared to other techniques as it does not involve dynamic motion and does not require external
power [1-6].

Corrugated channels are preferred in many engineering applications. These surfaces both increase surface
area and cause self-flow oscillation. Thus, these channels have an important role in increasing thermal
efficiency. This improvement substantially depends on the channel geometrical properties [7-12]. Several
passive methods are used simultaneously to further improve thermal performance. Extended surfaces such
as fins/baffles are generally preferred to increase the heat transfer area. Many researchers examined the
flow and thermal characteristic in channel with different configurations of the baffles [13-18]. Promvonge
et al. [19] experimentally examined thermal performance in a channel where inclined horseshoe baffles
were used. They declared that the heat transfer increased by approximately 92-208% and the pressure drop
increased by 1.76-6.37 compared to straight channels. Kumar et al. [20] carried out an experimental study
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to investigate the heat transfer effectiveness of the solar air duct using multiple V-type baffles. Sahel et al.
[21] informed that the different baffle design in a rectangular channel improved thermal performance by
65%. Menni et al. [22] conducted a numerical study to examine the hydraulic and thermal performance of
two 'S'-shaped baffles in different directions ('S'-upstream and 'S'-downstream) placed in the solar air duct.
They reported that the heat transfer rate substantially increased based on the S-baffle arrangement and the
flow velocity, and the highest thermal enhancement was found around 1.513 at Re = 32000 and S-
downstream. Luan and Phu [23] suggested correlations for hydraulic and thermal behavior of an air heater
duct including curved baffles. Bensaci et al. [24] realized an experimental and numerical study to research
thermo-hydraulic effectiveness of air heaters with different baffle positions. The results shown that the
highest thermal effectiveness was obtained when the baffles were placed in the first half of the duct. Wang
et al. [25] studied the effects on heat transfer of factors such as different rib parameters, radiation intensity,
mass flow rate in the solar air heater. They reported that the thermal performance of the duct with S-shaped
rib increased up to 48% compared to the straight duct.

Another passive technigue used to enhance thermal performance is the use of vortex generators within the
channel. Vortex generators are applications that help generate longitudinal vortexes in the flow and help
reduce thermal resistance by improving flow mixing. It has been reported that very high heat transfer
improvement has been achieved in studies on this subject, and therefore, these studies have been the focus
of high interest in recent years [26-31]. Modi and Rathod [32] presented a numerical study to examine the
effects of vortex generator with several configurations on hydraulic and thermal behaviors in the wavy
channels within certain range of the Reynolds number (400 < Re < 1000). They declared that vortex shapes
significantly affect the hydraulic structure and thermal behaviors. Promvonge et al. [33] experimentally
and numerically investigated the thermal effectiveness at under effects of turbulence regime (4200 < Re <
25800) in a heat exchanger with discrete V winglets. The effects on the heat transfer and the pressure drop
of parameters such as different winglet-pitches and winglet heights at two different arrangements of V
winglets (upstream and downstream) were investigated. The results reported that at a specific winglet
height, the smallest pitch length ensured the highest Nusselt number and pressure drop.

On the other hand, fluids containing water, ethylene glycol, and oil widely used in industrial applications,
have low thermal properties. New technologies are used to enhance the thermal characteristics of such
conventional coolants. One of these techniques is to use nanoparticles to increase the thermal conductivity
of the basic fluid. Some researchers have used nanofluids together with other passive techniques [34-40].
Manca et al. [41] studied the hydraulic and thermal characteristics for the 20000 < Re < 60000 of Al,O3-
water nanofluid at different rib heights, at 0% to 4% nanoparticle volume ratios in a channel. As a result,
they reported that as Re and particle volume ratio increased, the heat transfer improved and at the same
time an increase was observed in the pumping power. Heshmati et al. [42] numerically studied the mixed
convective at 50 < Re <400 with the baffles of different geometries at varying particle volume ratios (0.01
< ¢ < 0.04) of different nanofluids. It was reported that nanofluids with high particle volume ratios and
small particle diameter significantly improve heat transfer. Huminic and Huminic [43] presented a review
study on hydraulic and thermal behavior of basic fluids and nanofluids in the corrugated channel. Menni et
al. [44] carried out the dynamic and thermal behavior of nanofluids in turbulent flow conditions by using
baffles at different angles in the channel and reported that the highest thermal improvement was obtained
when vertical baffles were used at high Reynolds numbers. Qi et al. [45] numerically and experimentally
researched the flow and heat transfer behavior of nanofluids (TiO2-water) in a wavy channel. Pordanjani et
al. [46] carried out a review study examining the effects of nanofluid applications on energy savings in heat
exchangers. Mei et al. [47] numerically investigated the flow and heat transfer of nanofluids (FezOs-water)
using magnetic field in a wavy channel. Kaood and Hassan [48] numerically investigated the flow and heat
transfer improvement and energy performance of different nanofluids in different wavy channel geometries.
They reported that nanofluids were increased heat transfer according to smooth channel, and all
performance improvement decreased at Re > 10000 for all fluids and channel configurations. The thermal,
frictional and exergy behavior of triangular vortex generator in a channel with different cross-sectional
areas were examined by Tian et al. [49]. In their study, air, water and two different nanofluids (Al.Os-water
and CuO-water) were used. They declared that the most thermal effectiveness was obtained the circular
cross section and the vortex generators enhanced significantly the Nusselt number when the nanofluids are
employed as the working fluid. However, nanofluids caused more exergy destruction as well. Ajeel et al.
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[50] numerically examined the hydraulic and thermal properties of nanofluids (ZnO-water) for turbulent
flow with L-shaped baffles in a curved wavy channel and reported that the baffles and nanofluids have a
considerable influence on increasing the heat transfer rate. Experimental investigations of convection heat
transfer in a circular copper tube using graphene oxide nanofluid carried out by Karabulut et al. [51-53]
and Kilinc et at. [54]. The results of their study reported that nanofluids improved heat transfer by about
48%.

As seen from previous studies, the baffles/winglets added to the channel increase the thermal performance.
Even if the thermal performance using baffle/winglet is improved, the friction factor increases due to the
reduced flow area. Thus, it is quite difficult to determine the benefit of both the fin/baffle/winglet
regulations and the channel geometries, and a definite criterion has not been reported for determining
optimum fin/baffle/winglet shapes and corrugated channel geometries in the literature works. There are
many experimental and numerical studies investigating the combined impact of passive heat transfer
applications. However, the high number of parameters examined increases the efforts to find the optimum
parameters and as demonstrated above, further studies on nanofluid flow in corrugated channel with
baffles/winglets needed. In the literature studies, winglets with different configurations have been used in
straight channels. The effect of central winglets in a channel with the specified geometry was not
investigated. In the presented study, the effects of both corrugated channel geometry and central winglets
on the nanofluid flow and heat transfer were investigated together. Therefore, in this study, unlike other
works, the different zigzag corrugated channel geometry (consisting of expanding modules) with central
winglets were considered. The effects on hydraulic and thermal performance of Al,Os-water nanofluid for
different particle volume fractions (0.01 < ¢ < 0.05) under laminar flow conditions (200 < Re < 1200) in
this channel were numerically examined.

2. NUMERICAL STUDY
2.1. Numerical Model

In Figure 1, the geometry of the zigzag channel with central winglets is given together with the winglet
detail. The height of channel is considered as D = 19 mm. At the inlet and outlet of channel, there is an
unheated flat section L1 = 6D and the total length of the zigzag channel is L, = 9D. The length of zigzag
section is considered as S = 1.5D and the thickness as t = 0.2D. The length of winglet is a = 0.2D, the
winglet thickness is b = 0.08D and the angle between winglets is a = 14 degree. Other geometric parameters
are kept constant in the study. Aluminium is considered as the channel material.

| L1

~._ Detail A e

Figure 1. The geometry of the numerical model with detail

Al,Oz-water suspension is considered as the nanofluid, and three different nanoparticle volume fractions (¢
= 1%, 3% and 5%) are used. The simulations are applied under laminar flow conditions for 200 < Re <
1200.
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2.2. Numerical Procedure and Analysis

The numerical study is applied under the following supposition and the flow and the heat transfer are
examined.

e Fluid is incompressible, single phase and Newtonian type

e The flow is steady, two-dimensional, laminar regime

o Fluid properties have not changed

¢ Gravity and viscous terms are neglected.

¢ Heat transfer with radiation is ignored.

According to the above acceptances assumptions, the governing equations are given in the cartesian tensor
system as follows:

Continuity equation,

V(pU) =0, 1)

Momentum equation:

o(u.u.
o) _op L oo 2)
OX ox. Re

Energy equation:

oT _ 1 op

U ——= ®)
ox; RePr

The numerical solutions are carried out with the Computational Fluid Dynamics (CFD) software-based
FLUENT 15.0 program [55]. The simulations are solved with the SIMPLE algorithm and the terms
convection and diffusion are discretized using a second order upwind scheme. The convergence criterion
was taken as 107 for entire residuals.

The parameters relevant in this study are fluid velocity (Reynolds number, Re), particle volume fraction
(p), friction factor (f), thermal performance (Nusselt number, Nu) and thermo-hydraulic performance
(THP). Several equations for this study are presented below:
The Reynolds number is written as
Re = ’ou—[)h ,

# @)

The local Nusselt number is calculated given by

_ hD,

Nu,
k

’ ()

where p is the density, u is the dynamic viscosity, Dn (= 4A/W) is the hydraulic diameter of the channel, k
is the heat conductivity coefficient of the fluid.
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q": hATlm (6)
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where, ¢” is heat flux, h is heat convective coefficient, 4Tin is logarithmic temperature difference.

The average Nusselt number is calculated along the channel length (L) as follows

1 L
Nu:—jNuxdx : (8)
L 0

The heat transfer performance (») calculated based on the Nusselt number is defined as

_ Nu,
Nu )

[0}
where Nu, and Nu, are Nusselt number for the nanofluids flow in the zigzag channel with winglets and
Nusselt number for the base fluid (water) in the zigzag channel without winglet, respectively.
On the other hand, depending on the particle volume fraction and fluid velocity, a significant pressure drop
occurs in the channel. Due to the high viscosity of nanofluids relative to the base fluid, friction factor should

also be evaluated in heat transfer improvement studies.

The friction factor (f) is defined as

_ 2APD,

f= 10
L (10)

where AP is the pressure difference at the inlet and outlet of the channel. Dimensionless friction factor is
defined as

r=f,/f, (12)

where f, and f, are friction factor for the nanofluids flow in the zigzag channel with winglets and friction
factor for the base fluid (water) in the zigzag channel without winglet, respectively.

The thermo-hydraulic performance (THP) is calculated as follow

(Nun/Nuo) .

THP="G Ty (12)

Thermo-physical properties of nanofluids are calculated with the help of the following equations [44]

Por = L= @) o + PPy 13)
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_ (A= @) Py Cpe + PPLC o

nf

pnf (14)

lkpt + 2kbf _Z(U(kbf _kpt)J
! lkpt +2kbf +¢’(kbf _kpt)J

k, =k

n

(15)

The water is used as the base fluid. Thermo-physical properties of water and Al.Os nanoparticle are given
in Table 1 [56].

Table 1. Thermo-physical properties of water and Al.O3; nanoparticle

p [kg/m?3] ¢ [i’lkgK] k [W/mK] u [kg/ms]
water 998 4182 0.613 0.001003
Al2O3 3950 765 36 -

2.3. Boundary Conditions

The inlet temperature of fluid is T; = 293 K. At the channel entrance, the "velocity inlet" boundary condition
is applied. Fully developed flow is accepted at the outlet and "outflow" boundary condition is defined. The
upper and lower zigzag surfaces are maintained at a constant temperature of Tw = 350 K and the winglets
are defined adiabatic wall conditions. No-slip wall conditions are applied over the zigzag surfaces and the
winglets. A non-slip and adiabatic boundary condition are applied for the straight section at inlet and outlet
of the channel.

2.4. Grid Independence Test

In the study, the solutions for different grid numbers are compared and a grid-independent solution is
obtained. After 106820 grid numbers, the difference between Nusselt numbers is determined to be less than
2%. Therefore, the mesh number of 106820 is adopted for the numerical model. Variation of mesh number
and Nusselt number is given in Table 2 and Figure 2.

Table 2. The results of grid independence test (basic fluid, with central winglets)
Nusselt Number (Nu)

Element Number

Re =200 Re = 600 Re = 1000
42624 3.725 11.245 18.455
75346 5.703 13.315 20.791
106820 6.049 14.012 21.087
137114 6.074 14.038 21.114

185793 6.078 14.041 21.116
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Figure 2. The grid independence testing (basic fluid, with central winglets)

Gambit program is used to prepare mesh structure of the numerical model. The mesh structure for the zigzag
corrugated channel with central winglets is given in Figure 3.

o= — ]

Figure 3. The mesh structures of the numerical model with central winglets
3. RESULTS AND DISCUSSION

For validity of the solutions, the numerical results of this study are compared with the experimental study
conducted by Meyer and Abolarin [57]. A constant heat flux of g" =2 kW was implemented to a flat channel
surface (Dn = 19 mm) and heat transfer was calculated at x/D distances along the channel for Re = 1331.
The agreement between the results of both studies is shown in Figure 4.

1000
straight channel
Re=1331
q"=2kW o
o
£ 500 | T o
o Meyer and Abolarin [57]
present study
0 .
0 40 20 120 x/D 160 200 240 280

Figure 4. Validity of the numerical solution
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In this section, the velocity, temperature and vorticity magnitude structures are obtained in the zigzag
channel to explain the hydraulic and thermal mechanism. Figure 5 shows the velocity contours (a) and
temperature distributions (b) for the base fluid in the zigzag channel without winglet at Re = 200 and Re =
1200. It is showed that the zigzag channel structure affects the flow and temperature fields depending on
the Reynolds number. The fluid is directed towards the zigzag surfaces. A thinner velocity boundary layer
is obtained with increasing flow velocity in the zigzag corrugated channel without winglet (Figure 5a). This
case helps to reduce the thermal resistance and thus, the surface temperature of the channel decreases.
Figure 5b indicates that the surface temperature of the channel is lower at Re=1200 than at Re=200.
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a

Figure 5. For the base fluid in the zigzag channel without winglets at Re=200 and Re=1200 a) Velocity
contours b) Temperature distributions

Baffles/fins or winglets used to increase thermal performance in channel flows are placed in sequential or
staggered array. After each baffle or winglet, the velocity and thermal boundary layer breaks down and
these structures help create secondary flow loops. Disruption and reattachment of the flow after each
baffle/winglet is reduces thermal resistance and increases the heat transfer rate. Therefore, in present study,
central winglets were placed in the zigzag channel and the effects of these winglets on hydraulic and thermal
behaviors were examined.

Figure 6a presents the velocity distributions at different Re for base fluid in the zigzag channel with central
winglets. The winglets help the fluid to be directed towards the zigzag surfaces by separating the flow in to
two branches.
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Figure 6. For the base fluid in a zigzag channel with central winglets at Re = 200 and Re = 1200 a)
Velocity contours b) Temperature distributions
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Thus, the cold fluid contacted the hot surfaces better and this case is repeated after each winglet. Flow
oscillation occurs in the channel with effect of the winglets. The flow oscillations behind of the winglets
increase with Reynolds number. The change in the flow fields is also reflected in the temperature fields in
the channel. The temperature contours are given for same parameters in Figure 6b. It is seen that for Re =
1200, the channel surface temperature is lower than Re = 200.

Figure 7 indicates the vorticity magnitude contours for the base fluid in the zigzag channel with and without
winglet at Re = 200 and Re = 1200. It is seen that the central winglets in the zigzag channel substantially
affect the vortex structures depending on Reynolds number. For the channel flow without winglet (Figure
7a), flow cycles occur only in the regions close to the zigzag channel surfaces. Increasing Reynolds number
caused these flow cycles to grow downstream. In Figure 7b, the winglets placed in the center of the channel
created secondary flow structures throughout the channel. At Re = 1200, these structures continued
periodically both in the center and on the zigzag channel surfaces. These cycles help the laminar substrate
to break down continuously, thereby reducing thermal resistance. Consequently, the rise in the heat transfer
rate causes the channel surfaces to cool. Secondary flow structures and central vortex zones formed in the
flow directly affect the temperature fields. Because these structures provide better mixing of the fluid in the
wall surface and core region, it causes a high temperature gradient along the channel surfaces. These
winglets placed in the center of the channel prove to have a major impact in heat transfer enhancement.
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Figure 7. Vorticity magnitude contours for the base fluid in a zigzag channel at Re = 200 and Re = 1200
a) without winglet b) with winglets

The variations of the thermal performance for different ¢ and Re in Figure 8a, the dimensionless friction
factor in Figure 8b and the THP in Figure 8c are given by comparison the zigzag channel with and without
winglet. The dashed line represents the base fluid flow for the zigzag channel without winglet. From the
Figure 8a, it is visible that the heat transfer performance rises as the particle volume fraction rises compared
to the channel without winglet. The heat transfer performance peaked at Re = 400 and tended to decrease
slightly at later Reynolds numbers. Because the increase rate of the Nusselt number obtained for nanofluid
flow in the zigzag channel with winglet has slightly decreased compared to the base flow in the channel
without winglet. The highest heat transfer performance was found to be approximately Nu./Nu, = 2.52 for
Re =400 and ¢ = 0.05. In the channel with central winglet for base fluid, the heat transfer performance
improved by about 1.69 compared to the channel without winglet. Although heat transfer is increased with
the addition of winglets, the pressure drop within the channel also increases due to the decreasing flow field
effects. It can be visible in Figure 8b that the dimensionless friction factor increases as Re and ¢ increase
compared to the channel without winglet. The highest friction factor was achieved to be approximately fi/fo
= 1.72 for Re = 1200 and ¢ = 0.05. In the channel with central winglet for base fluid, the friction factor
increased by about 1.43 compared to the channel without winglet. It can be said that the friction occurring
in the channel are within acceptable limits.
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Figure 8. a) The heat transfer performance b) The dimensionless friction factor c) THP

It can be observed from Figure 8c that the thermo-hydraulic performance rises with the particle volume
fraction compared to the channel without winglet. Thermo hydraulic performance curves were obtained to
be similar heat transfer performance curves. The THP curves are above the reference value for all
parameters. Because the heat transfer performance is greater than the frictions in the channel. The curves
peaking for Re = 400 showed a downward trend after Re > 400. This is because the friction factor increases
more than the thermal improvement. The highest THP was obtained to be approximately 2.12 for Re = 400
and ¢ = 0.05. In the channel with central winglet for base fluid, the THP improved by about 1.61 according
to the channel without winglet.

4. RESULTS

In present study, the thermal performance, friction factor and thermo-hydraulic performance of the
nanofluids (Al.Os-water) flow in a zigzag channel with central winglet were investigated numerically. The
effects of particle volume fraction and Re on the hydraulic and thermal behaviors were examined. The study
was also compared with the base fluid the zigzag channel without winglet. The important numerical results
are given by

e The velocity, temperature and vorticity contours were presented in the channel to understand
hydraulic and thermal behaviors. The results of study indicated that the contours were highly
influenced by channel geometry.

e There is significantly the effect of central winglets for thermal enhancement.

¢ Inthe channel with winglet, the thermal improvement is 1.69 times higher than in the channel without
winglet.

e The dimensionless friction factor increased with Re and ¢.

e Al,Oz-water nanofluid in the zigzag channel with central winglet provided considerable
improvement in heat transfer, while an acceptable increase in friction factor was seen.
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The highest thermal performance was obtained as 2.52 at Re = 400 and ¢ = 0.05.

The highest dimensionless friction factor was found to be 1.72 at Re = 1200 and ¢ = 0.05.
Thermo-hydraulic performance was achieved above the reference value for all parameters.

The highest thermo-hydraulic performance was obtained as approximately 2.12 for Re = 400 and ¢

=0.05.

NOMENCLATURE

4V IZCRXSHRQOgO >
D - =

THP
u

W
AP
ATIm

cross sectional area (m?)

winglet length (m)

winglet thickness (m)

hydraulic diameter (m)

friction factor

heat transfer coefficient (W/m?K)

heat conduction coefficient (W/mK)
length of channel (m)

Nusselt number [=hL/k]

Prandtl number [=uCy/k]

Reynolds number [=uDn/v]

length between winglets (m)
temperature (K)

Thermo-hydraulic performance [=Nun/Nuo/(fo/fo)**]
average velocity (m/s)

wet circumference (m)

pressure drop (Pa)

logarithmic temperature difference (K)

Greek symbols

IR SURSER ST i SN

winglet angle (degree)

heat transfer performance [=Nun/Nuc]
dynamic viscosity (Pa/s)

density of fluid (kg/m?)

kinematic viscosity (m?/s)
nanoparticle volume fraction (%)
dimensionless friction factor [=f/fs]

subscripts

sos —

fluid

nanofluid flow
non-winglet
wall
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