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ABSTRACT

In this study, the thermo-hydraulic performance of Al,Os-water nanofluid in a zigzag channel with baffles were
numerically investigated. The mass, momentum and energy equations are discretized with finite volume
approach and iterations are solved with SIMPLE algorithm. Reynolds number (200 < Re < 1600), and
nanoparticle volume fraction (0.01 < ¢ < 0.03) were changed, and other parameters kept constant. The lower and
upper zigzag surfaces of the channel were kept at constant temperature, and the Nusselt number and friction
factor along the channel were calculated. The velocity and temperature contours in the channel were obtained in
order to observe the effects of the parameters on the flow and heat transfer. The results shown that the increasing
particle volume fractions and Reynolds numbers improved the heat transfer, while the friction factor increased

slightly. The best thermo-hydraulic performance was obtained at Re = 1400 and ¢ = 3% as approximately 1.15.
Keywords: Nanofluid, Baffle, Zigzag channel, Heat transfer, Thermo-hydraulic performance

ICERISINDE BOLMELER BULUNAN ZIiGZAG BiR KANALDA
NANOAKISKANLARIN TERMO-HIDROLIK PERFORMANSININ
INCELENMESI

OZET

Bu calismada, icerisinde bdlmeler bulunan zigzag bir kanalda AlOs-su nanoakiskanin termo-hidrolik
performansi sayisal olarak incelenmistir. Kiitle, momentum ve enerji esitlikleri sonlu hacim yontemi ile
ayriklagtirilmis ve iterasyonlar SIMPLE algoritmasi ile ¢oziilmiistiir. Reynolds sayis1 (200 < Re < 1600) ve
partikiil hacim oran1 (0.01 < ¢ < 0.03) degistirilmis ve diger parametreler sabit tutulmustur. Zigzag kanalin alt ve
iist ylizeyleri sabit sicaklikta tutulmus ve kanal boyunca Nusselt sayisi ve siirtiinme faktorii hesaplanmistir.
Parametrelerin, akis ve 1s1 transferi lizerindeki etkilerini gozlemlemek igin kanal igerisinde hiz ve sicaklik
goriintiileri elde edilmistir. Sonuglar, artan partikiil hacim oranlar1 ve Reynolds sayilar1 ile 1s1 transferinin
iyilestigini, slirtiinme faktoriiniin hafif sekilde arttigin1 gdstermistir. En iyi termo-hidrolik performans Re=1400
ve ¢ = %3’de yaklasik 1.15 olarak elde edilmistir.

Anahtar Kelimeler: Nanoakiskan, Bolme, Zigzag kanal, Is1 transferi, Termo-hidrolik performans

1. Introduction

In engineering applications, heat transfer improvement is an important research area as it
contributes to the efficiency of thermal devices. Passive and active methods are widely used to
increase heat transfer without reducing the overall efficiency of these devices. Passive methods are
applications such as in-channel baffles, bent band, vortex generators and special surface geometries.
These applications, which do not require an external power, are preferred in evaporators, condensers,
gas turbine cooling, nuclear reactors, heat exchangers, solar air heaters. This method is economical
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and reliable compared to other techniques as it has no moving parts and does not require any external
energy [1-8]. Promvonge et al. [9] experimentally investigated the heat transfer performance in a
channel where inclined horseshoe baffles were used and reported that the heat transfer increased by
approximately 92-208% and the friction factor increased by 1.76-6.37 compared to straight channels.
Kumar et al. [10] experimentally studied the heat transfer behavior of the solar air channel using
multiple V-type baffles. Sahel et al. [11] reported that the different baffle design in a rectangular
channel improved heat transfer by 65%. Dagdevir et al. [12] numerically examined flow and thermal
behaviors in a horizontal tube having trapezoidal dimples with different geometric parameters for both
transient and turbulent flow regime. They reported that numerical results were highly influenced by
geometric parameters.

In order to improve heat transfer, corrugated channels of different geometries have been studied
experimentally and numerically by many researchers. The corrugated surfaces have a significant effect
on heat transfer enhancemet as they both increase the surface area and provide self-flow oscillation,
but these channels increase the pressure drop compared to straight channels [13-17].

Fluids containing water, ethylene glycol, and oil, widely used in industrial applications, have
low thermal properties. New technologies are used to improve the thermo-physical properties of such
conventional coolants. One of these techniques is the addition of nano-sized solid particles with high
thermal conductivity to the base fluid. Some researchers have used nanofluids together with other
passive techniques [18-20]. Manca et al. [21] examined the heat transfer for the 20000 < Re < 60000
of Al,Os-water nanofluid at different rib heights, at 0% to 4% nanoparticle volume ratios in a channel
where homogeneous heat flux was applied to the walls. As a result, they reported that as the Reynolds
number and particle volume ratio increased, the heat transfer improved and at the same time an
increase in the pumping power was observed. Heshmati et al. [22] numerically studied the mixed
convective heat transfer in the 50 < Re < 400 with the baffles of different geometries at varying
particle volume fractions (0.01 < ¢ < 0.04) of different nanofluids. As a result, they reported that the
nanofluids with hight particle volume fractions and small nanoparticle diameter significantly improved
heat transfer. Ajeel et al. [23] numerically studied the flow and heat transfer properties of ZnO-water
nanofluid for turbulent flow with L-shaped baffles in a curved corrugated channel and reported that
baffles and nanofluids increased heat transfer. Menni et al. [24] carried out the dynamic and thermal
behaviors of nanofluids in turbulent flow conditions by using baffles at different angles in a channel
and reported that the highest thermal improvement was obtained when vertical baffles were used at
high Reynolds numbers. Keklikcioglu and Ozceyhan [25] experimentally investigated the effects of
combined using of water-graphene nanoplatelet nanofluid and three different conical wire coils on
thermohydraulic performance of a heat exchanger tube. As a result, they declared that use of conical
wire coils caused to increase both the heat transfer and fluid friction, also adding the graphene
nanoplatelet in water led to strongly increase in heat transfer with a slight increase in friction factor.

There are many studies in the literature examining the combined effects of passive heat transfer
applications. However, the high number of parameters used has increased the efforts to find the
optimum parameters and new studies are needed on this subject. Previous studies have focused on
different baffle arrangements in straight channels. The effects of vertical baffle on flow and heat
transfer of the nanofluids in a zigzag corrugated channel have not been investigated. In order to fill
this gap in the literature studies, the presented channel geometry was used. Therefore, in this study, the
effects on heat transfer and friction factor of Al,Os-water nanofluid in a zigzag channel with baffles
was numerically investigated. Al,O3 nanoparticles are widely used in literature studies [14, 18, 21, 26].
Al>,O3 nanoparticle was preferred in the study because it is both cheaper and easier to find than other
nanoparticles.

2. Numerical Study

The geometry of the zigzag channel with baffle is given in Figure 1. The numerical model is
considered as two dimensional. The height of the channel (H) is 19 mm. At the entrance and exit of
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the channel, the lengths of unheated flat section are L; = 11 H. The total length of the zigzag channel
with baffles is L, = 12 H. The length of zigzag section is considered as S = 1.5 H and the thickness as t
= 3 mm. The baffle lengths are t = 6 mm, t = 3 mm and the thickness of the baffles is t; = 0.5 mm.
Other geometric parameters were kept constant.

Y

D L2 1. L1
|

Figure 1. Geometry of the numerical model.

Al,Os-water suspension was considered as the nanofluid, and three different nanoparticle
volume fractions (¢ = 1%, 2% and 3%) were used. The simulations were applied for 200 < Re < 1600.
This study was carried out in laminar flow regime. In order to avoid the critical Reynolds number for
internal flows, the highest Reynolds number studied was accepted as Re=1600. The flow in the
channel was considered to be fully developed, laminar, incompressible, two-dimensional, steady,
Newtonian type and single-phase. The heat transfer with gravity and radiation has been neglected. The
governing equations for these assumptions are given below;

Ou, (1
~+V =0
5 V)
o(uu,
ot ox, ox, Re ’
or . or _ 1 .o 3)

—tu,—=
ot 'ox, RePr

Computational Fluid Dynamics (CFD) based FLUENT 15.0 [27] program was used for
numerical solutions. The equations were solved using the SIMPLE algorithm and the convection and
diffusion terms were discriminated using a second order upwind scheme. The convergence criterion
was taken as 10°¢ for all residuals. Pave type triangular elements were used in the mesh structure of
the numerical model. The mesh spacing was chosen as 0.38. The mesh structure including the three
zigzag sections of the channel was shown in Figure 2. Various tests were applied for grid
independence at cell numbers of 15785, 38624, 55346, 76409, 98114, 122793. After 76409 element
numbers, the difference between Nusselt numbers was determined to be less than 2%. Therefore, the
element number of 76409 was adopted for the numerical model. The variation of element numbers and
Nusselt numbers were given in Table 1 and Figure 3.

Figure 2. The mesh structure of the numerical model.
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Table 1. The Results of Grid Independence Test. (Re=200 and Re=800, for base fluid)

Grid name Number of elements Nusselt Number Nusselt Number
Re=200 Re=800
Gl 15785 2,506 6,853
G2 38624 3,367 7,641
G3 55346 4,095 8,403
G4 76409 4,362 8,697
G5 98114 4,413 8,716
G6 122793 4,415 8,721
12 -
base fluid
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Figure 3. Grid independence testing for Re=200 and Re=800 (for base fluid).

The thermo-physical properties of nanofluids were obtained as follow (density by Eq. (4) and
specific heat by Eq. (5) [28], thermal conductivity by Eq. (6) and viscosity by Eq. (7) [29].)

Py = a- (o)ng/ + PP, (4)
cnf = (1 - go)cbf + qocpt (5)
L |k, + 2k, —20(ky ~ k,,)] (6)

T ke + 2k + ok — k)|
= 1, (12307 + 7.3 +1) (7

The water was used as the base fluid. Thermo-physical properties of Al,O; nanoparticle and
water were given in Table 2.

Table 2. Thermo-physical Properties of Al,O3 Nanoparticle and Water

p [kg/m?] ¢ [i/kgK] k [W/mK] u [kg/ms]
water 998 4182 0.613 0.001003
AlLOs 3970 765 37 -

The fluid temperature at the channel inlet is T, = 293 K. At the channel entrance, the "velocity
inlet" boundary condition was defined. The flow was considered as fully developed flow at the outlet
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because the straight section at the channel outlet was long enough compared to the channel diameter.
At the outlet of the channel, "outflow" boundary condition was applied. The lower and upper surfaces
of the zigzag channel were preserved at a constant temperature of Ty, = 340 K and non-slip boundary
condition for the channel walls was defined. A non-slip and adiabatic boundary conditions were
applied for the straight section at the entrance and exit of the channel.

3. Results and Discussion

For the validation of the numerical solutions, present study was compared with the experimental
results of Meyer and Abolarin [30]. A straight channel with a diameter of 19 mm was used and a
constant heat flux of 2 kW was applied to the channel surfaces. The heat transfer coefficient was
calculated with x / D distances along the channel for Re = 1331. The agreement between the results of
both studies was shown in Figure 4.

1000 -
circular channel
Re=1331
q"=2kW
o
g ©
= 500 4 o p
0 Meyer and Abolarin [30]
this study
0 T T T T T T ]
0 40 80 120 160 200 240 280

x/D

Figure 4. The validation of the numerical solution.

In this section, the velocity, temperature and vortex structures were obtained in the channel to
explain the flow and heat transfer mechanism. In Figure 5, the velocity, temperature, and vortex
structures were given for Re = 200 (Fig.5a) and Re = 1600 (Fig.5b) at a constant particle volume
fraction (¢ = 0.02). It can be seen that the structure of the zigzag channel with baffles significantly
affected the flow and temperature fields depending on the Reynolds number. It was shown that the
channel geometry caused flow oscillation. As the inlet velocity of the fluid increases, the flow
separations occur within the channel.

The baffles help reduce thermal resistance by disrupting the laminar layer on the channel
surfaces. In addition, the baffles caused the formation of secondary flow structures in the channel.
Increasing Reynolds numbers created larger flow cycles. Thus, heat transfer improved by better
contacting the cold fluid with the hot fluid in the channel surfaces.

In Figure 6, the velocity structures (Fig. 6a) and temperature structures (Fig. 6b) were given for
Re = 1400 at different particle volume fractions. The particle volume fraction was not significantly
change the flow structure, but it was seen that the temperature in the channel surfaces decreased with
the increase of the particle volume fraction.
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Re=200, ¢ =0.02, temperature contour Re=1600, ¢ =0.02, temperature contour

m =5 -
Re=200, ¢ =0.02, vorticity contour Re=1600, ¢ =0.02, vorticity contour
a b

Figure 5. The velocity, temperature and vortex structures at a constant particle volume fraction
(9 =0.02), a- Re = 200, b- Re = 1600.

Re =1400, ¢ = 0.03
a b

Figure 6. a-The velocity structures b- The temperature structures at Re = 1400 for different
nanoparticle volume fractions.

In this study, Nusselt numbers are defined by Equations (8-9) to calculate the local and average
heat transfer in the channel:

Nu = q"D, (3

KT, T,

w,x

L
Nu = lj. Nu dx ©)
L 0

where, k is the thermal conductivity coefficient of the nanofluid, Dy is the hydraulic diameter of the
channel, L is the total channel length, Ty is the surface temperature of the channel. The film
temperature of the nanofluid is calculated as Ty = (Tin + Touw) / 2.

The heat transfer performance calculated based on the Nusselt number is defined as n and
shown by Equation (10).
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Nu (10)

s

where, Nu, is the average Nusselt number calculated for the nanofluid, and Nus is the Nusselt number
calculated for the base fluid.

On the other hand, depending on the particle volume fraction and fluid velocity, a significant
pressure drop occurs in the wall and fluid. Due to the high viscosity of nanofluids compared to the
base fluid, the pressure drop should also be evaluated in heat transfer improvement studies. In the
study, the dimensionless friction factor r = f, / f; is defined to determine the pressure drop of the
nanofluid. Where, f, shows the surface friction for the nanofluid flow and f; is the surface friction for
the base flow. Thermo hydraulic performance is achieved by the ratio of heat transfer performance to
friction factor and is defined by Eq. (11):

_ (Nu, /Nu,) (11)

THP
S/ "
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Figure 7. a-The heat transfer performance, b- The dimensionless friction factor, c- Thermo-hydraulic
performance, at different Reynolds numbers ve particle volume fractions.

The variation of the heat transfer performance with Reynolds number for different particle
volume fractions in Figure 7a, the dimensionless friction factor in Figure 7b, and the thermo-hydraulic

performance in Figure 7c were given. From these figures, it was seen that the heat transfer
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performance and friction factor increased with the increase of particle volume fraction and Reynolds
number. The dashed line represents the base fluid for the same geometry. The frictions increased with
the effect of the baffles in zigzag channel and the increase in the particle volume fraction. There is a
slight downward trend in heat transfer performance at Re=1600. For ¢ = 0.03, this decrease is more
pronounced than the others. The reason for this can be evaluated as the increase in the density of the
fluid with the high particle volume ratio and the decrease in the flow velocity.

The highest heat transfer performance was obtained as n=1.21 at Re = 1400 and ¢ = 0.03. The
baffles and nanofluids in the zigzag channel provided significantly heat transfer improvement, while
an acceptable increase in friction factor was observed. The highest friction factor was found to be
r=1.28 at Re = 1600 and ¢ = 0.03. In Figure 7c, Thermo-hydraulic performance values were obtained
above the reference value for all Reynolds numbers and particle volume fractions because the heat
transfer improvement was greater than the frictions in the channel. At Re=1600, the THP curve shows
a sharp decline. This is because the friction inside the channel is greater than the heat transfer
improvement. The highest thermo-hydraulic performance was obtained at ¢ = 0.03 and Re = 1400 as
approximately THP = 1.15.

4. Conclusions

In this study, the effects on the flow and heat transfer of Al,Os-water nanofluid in a zigzag
channel with baffles were numerically investigated. The effects of particle volume fraction and
Reynolds number on the flow and heat transfer were analyzed. The results obtained in the study are
listed below:

The flow and temperature fields are highly influenced by channel geometry.
b. The secondary flow structures in the channel increase with the increase of the inlet velocity.

c. The particle volume fraction has an important role in heat transfer improvement under laminar
steady flow conditions.

d. The heat transfer performance increases with the increase of Reynolds number and particle
volume fraction, and friction factor increases slightly.

e. The best thermo-hydraulic performance is obtained as approximately THP = 1.15 at Re =
1400 and ¢ = 0.03.
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