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Abstract

Purpose — The purpose of this paper is to investigate the heat transfer of laminar and turbulent pulsating
Al203/water nanofluid flow in a two-dimensional channel. In the laminar flow range, with increasing
Reynolds number (Re), the velocity gradient is increased. Also, the Nusselt number (Nu) is increased, which
causes increase in the overall heat transfer rate. Additionally, in the change of flow regime from laminar to
turbulent, average thermal flux and pulsation range are increased. Also, the effect of different percentage of
AlyOs/water nanofluid is investigated. The results show that the addition of nanofluids improve thermal
performance in channel, but the using of nanofluid causes a pressure drop in the channel.

Design/methodology/approach — The pulsatile flow and heat transfer in a two-dimensional channel
were investigated.

Findings — The numerical results show that the Al,Os/Water nanofluid has a significant effect on the
thermal properties of the different flows (laminar and turbulent) and the average thermal flux and pulsation
ranges are increased in the change of flow regime from laminar to turbulent. Also, the addition of nanofluid
improves thermal performance in channels.

Originality/value — The originality of this work lies in proposing a numerical analysis of heat transfer of
pulsating Al,Os/Water nanofluid flow -with different percentages- in the two-dimensional channel while the
flow regime change from laminar to turbulent.

Keywords Nusselt number, Nanofluid, Reynolds number, Laminar and turbulent pulsating flow,
Thermal performance, AloOs/water nanofluid
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1. Introduction

Heat transfer is one of the essential processes in industry and consumer products.
Increasing the efficiency of heat exchanger systems can significantly reduce the energy
consumption of various methods and reduce greenhouse gas emissions (Hoseinzadeh
et al., 2019a; Hoseinzadeh and Azadi, 2017; Yousef Nezhad and Hoseinzadeh, 2017



Javadi et al, 2019; Hoseinzadeh, 2019). One thing that causes the reduction of heat
transfer performance is the unfavorable thermophysical properties of fluids such as
water and ethylene, which are used for heat transfer in the industry. These businesses
inflict many limitations on cooling efficiency, and conventional methods to enhance
cooling rates are insufficient (Hoseinzadeh et al., 2018b; Chamkha, 2000; Takhar et al.,
1999; Sohani et al., 2019; Sohani et al., 2017; Sohani et al., 2018; Sohani et al., 2016;
Moghimi et al., 2010).

One of the ways to increase heat transfer is to use nanoparticles in the operating fluid
(Dastan, 2017; Hoseinzadeh et al., 2017a; Hoseinzadeh et al., 2017b; Hoseinzadeh et al.,
2018a). Because their metal oxides such as Al,Os; CuO and TiO, have a higher
conductivity (Hoseinzadeh et al., 2017c; Mahdavi et al., 2019; Dalvand and Moghadam,
2019; Goodarzi et al., 2014; Goodarzi et al., 2019b; Mehrabi et al., 2012; Mehryan et al.,
2017; Selimefendigil et al., 2018; Khodabandeh et al., 2019; Zaib et al., 2019; Dastan et al.,
2014), it can be expected that fluids containing solid particles have higher thermal
conductivity. (Umavathi et al., 2010; Menni et al., 2019; Chamkha, 2002a; Nemati and
Moghimi, 2014; Chamkha, 1994).

Increased heat transfer by moderate flow pulsation has therefore been considered
because vibrational behavior anyway occurs in many practical applications. Pulsating flow
is one of the basic types of flows used in the analysis of the study of the sustainability of the
laminar and turbulent flows.

Valueva and Purdin (2015) developed a pulsating laminar flow in a rectangular channel.
They analyzed the effect of the aspect ratio of the rectangular channel sides channel on the
pulsating flow.

Sundstrom and Cervantes (2018) experimentally studied hot film by pulsating source in
the unsteady turbulent pipe. The result showed that the Reynolds stresses dependent on the
amplitude of pulsation.

Suresh et al. (2012) studied on a laminar convective heat transfer by using Al,Os—Cu/
water hybrid nanofluid. In this experimental work, the results showed that at Reynolds
number of 1,730, a maximum Nusselt number enhancement was 13.56 per cent. Also, they
concluded that Nusselt number and friction factor are in good agreement with their
experimental data.

Persoons et al. (2012) studied heat sinks with forced convection in microchannels for
cooling electronic device purpose. Their experimental results for the overall heat transfer
enhancement compared to the steady flow. They concluded that in higher amplitudes, a
significant heat transfer enhancement is observed.

Venkatraman et al. (2009) presented the effect of an inert insulating net geometry on the
heat transfer characteristics numerically. Thy used CFD software for fully developed flow
with constant temperature boundary conditions. They calculated the Nusselt number. The
enhancement factors of the Nusselt number decrease 50 per cent as the number of
longitudinal ribs increased from 4 to 14.

Yuan et al. (2016) investigated the effects of wall thermal inertia on heat transfer of
pulsating laminar flow theoretically. They used Green’s function to solve the fully developed
flow and heat transfer. They analyzed the effects of the pulsation amplitude, heat flux and
Nusselt number. Their results showed that the wall thermal inertia suppresses the
oscillation of wall heat flux increases and Nusselt number. Also, they showed that the
pulsating laminar flow could reduce the average Nusselt number. And, the Nusselt number
reduction of pipe flow is remarkable, which is mainly caused by differences in thermal
performances of the channels.



Habib et al (2004), Chamkha and Selimefendigil (2018) and Kumar et al. (2010)
studied numerical and experimental of turbulent pulsating pipe flows under uniform
heat flux condition. They used FLUENT software, the Reynolds number ranged from
8,462 to 48,540 and the pulsating ranged from 1 to 29.5 Hz. Their results showed that
the Nusselt number is affected by both pulsation frequency and Reynolds number.
They showed that at medium pulsation frequency between 4.1 and 13.9Hz with
(Reynolds number 8,462-14,581), enhancements in mean Nusselt number were up to 50
per cent and a reduction was observed at Reynolds number more than 21,200. Also,
they showed that a reduction in Nusselt number of up to 40 per cent was obtained at
medium pulsation frequency between 4.1 and 13.9Hz for (Reynolds number 21,208-
48,543).

Chamkha and Selimefendigil (2018), Kumar et @/ (2010), Kumar et al (2010), Thumma
et al. (2017) and Kumar ef al. (2010) studied forced convective pulsating nanofluid flow
numerically over a backward-facing step with different nanoparticle shapes. They observed
that the average Nusselt number is a decreasing function of the Strouhal number. They used
nanofluids with spherical particles in pulsating flow with steady flow configurations. The
result showed that the Nusselt number enhancements were 30.24 and 27.95 per cent at the
highest volume fraction.

There are several articles that compared the thermal performance of water,
ethylene glycol, alumina and CuO, CNT nanofluids (Chamkha, 2002b; Hoseinzadeh
et al., 2019b; Hoseinzadeh et al., 2019¢; Goodarzi et al., 2019a; Gholamalizadeh et al.,
2019; Safaei et al., 2014; Mahdavi et al., 2016; Sangashekan et al., 2019; Chamkha et al.,
2015; Chamkha et al., 2015; Chamkha, 2001; Umavathi et al, 2005; Reddy and
Chamkha, 2017) in microchannels and porous channels with different cross-sectional
geometries (Armaghani ef al., 2019; Mansour et al., 2014; Madhu et al., 2016; Izadi et al.,
2018; Mahdy and Chamkha, 2015; Hajiyan et al., 2019; Selimefendigil and Chamkha,
2019; Chamkha, 1997; Umavathi et al., 2009; Armaghani et al., 2014; Ghasemiasl et al.,
2018).

In this research, first of all, the effect of laminar/turbulent Reynolds number on heat flux
and Nusselt number are studied. Then the pressure and velocity counters of pulsating
Al;Os/water nanofluid and the temperature contours of different ranges of Al,Os/water
nanofluids are investigated. At first, Reynolds of 200 has been considered and then
Reynolds of 200-2,000 was investigated in the laminar flow range, and afterward, Reynolds
of 3,000 was evaluated in the range of turbulent flow. The results are shown that the Al,Os/
water nanofluid have a significant effect on the thermal properties of the different flow
(laminar and turbulent).

2. Governing the equations and validation
The fundamental equations of the dynamics of fluids are based on the universal rules of
conservation of mass, momentum and energy equations (Anderson, 2007):
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The third term on the right side of equation (3) represents the work done per volume unit by
volume forces on the control volume. Assuming Newtonian fluid, this relationship is in the
following compressed tensor form:

ou; Ou; , Ouy,

M= —p & ] g Y4k 4
ij p611+ M (ax] + axl) +521/~L E)xk’ @

where 8; is the Kronecker delta function (if ¢ = j, then 6;; = 1 and if 7 # j, thend;; = 1), u;
represents the velocity component in direction 1. u is the viscosity coefficient (dynamic
viscosity) and 4 is the second coefficient of viscosity. To calculate the velocity, pressure,
temperature, density, etc., in the flow field, the equations governing the field must be solved.
In general, the governing equations for the continuous environment are Navier—Stokes
equations (Anderson, 2007).

The relationships used to calculate the nanofluid properties are in accordance with the
following relationships. The momentum equation (2) is expressed in terms of mean time
quantities in the form of equation:
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The only difference between the equation obtained and momentum equation with
instantaneous quantities is the addition of the last term to the right side of the
equation above, 1.e. pu;u]' This term is called the turbulence stress or Reynolds stress
(Hinze, 1975).

To model the fluid flow, it is necessary to solve the obtained equations completely and,
on the other hand, the flow around the floaters is turbulent. In most flows with high
Reynolds numbers, the effect of viscous forces is limited to the boundary layer.
Gradually, owing to conditions caused by the geometric shape and flow field, such as
surface roughness and pressure gradient, the pulsation of the fluid increases to the
macroscopic surface and the flow becomes turbulent. With the advent of turbulence in the
flow field, various physical phenomena are affected by the flow turbulence, most notably:
momentum transfer, heat transfer and chemical reactions. Vortices in turbulent flows are
always three-dimensional. Turbulence is a significant example of a highly nonlinear
system which is associated with irregular and random properties. In this study, the input
function of pulsating flow is:

U = Uge(1+ A - sin(27Stt)) 6)

The pulse flow function is as follows: an average of 0.0005m/s, A is the pulsation amplitude
equal to 1 and St denotes the Strouhal number with the value of 1.

2.1 Boundary conditions
According to the conditions of the problem, the inlet boundary of the solution zone
consists of two separate parts of the input of the water and air, which must be



separately defined. For this reason, from the very beginning, the input plate is divided
into two parts by the waterline plate; the upper part of the waterline plate is the air inlet
and the lower part is the water inlet. For the boundary condition of these two parts, we
use the constant velocity condition. This constant velocity is also considered equal to
the velocity of the floating model. Output flow conditions are also used for the output
flow area. However, the constant velocity condition can also be used in the output but
the length of the computational area behind the floater is large enough, so that this
boundary condition can be used with high accuracy at the outlet. The symmetry
boundary condition is used for the floating middle plane, which is the symmetry
plate. Because the side and upper and lower boundaries are sufficiently far from the
floating body, the flow effects at these points on the floating body are negligible, and
thus a remote boundary condition can be used. Although the remote pressure can be
used to create a distant boundary condition, but the wall condition is also acceptable
and all of these boundaries can be assumed to be walls. The boundary condition of non-
slip wall can be used for the floating wall.

2.2 Validation of the problem

The Nusselt number of the laminar pipe of circular channel with constant temperature
is used for validation. Channel diameter is 0.1 m and channel length is 2 m. The
Reynolds number is 200. Considering the Nusselt number, a circular pipe at the
constant temperature state of 3.66 is used for solution validation and independence of
network.

Because the computational fluid dynamic (CFD) simulations are carried out with ANSYS
FLUENT software, given the diameter, conductivity of the fluid and the convection heat
transfer coefficient, the Nusselt number is obtained (Yari ef al, 2015; Yari et al, 2014,
Hosseinzadeh et al., 2017). In Figure 1, the Nusselt number is shown on the surface in terms
of mesh size. According to the figure, 87,568 meshes are sufficient and the results are
independent of the number of meshes.

Figure 2 shows the local Nusselt number based on the bulk temperature. As shown in the
figure, because of the high temperature difference between the fluid and the wall at the
beginning of the channel, more thermal flux is transferred to the fluid, which increases
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Figure 1. Nusselt number and mesh independency
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Figure 2. Local Nusselt number in circular channel

the Nusselt number. Approaching the output of channel, considering the increase in the fluid
temperature and consequently the reduction of thermal flux, the Nusselt number decreases
to a constant value.

3. Modeling of nanofluid

In this study, the Al,Os/water nanofluid is used as working fluid. There are similar
relationships to calculate the density, specific heat capacity and thermal expansion
coefficient as following equations:
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However, several models have been proposed for calculating nanofluids properties such as
viscosity and thermal conductivity, as presented in the Appendix. In this study, the
Maxwell’s relation is used to calculate the thermal conductivity of nanofluid. Also, the
Einstein’s relation is used to calculate viscosity properties [equation (10)] (Einstein, 1911).
The calculated properties for this nanofluid are presented in Table I:

Table I. Physical properties of Al,O3nanofluid at different volume percentages

Volume percentages Density Viscosity Thermal conductivity Heat capacity
0 1,000 0.001 0.6 4182

3 1,087 0.001075 0.651 3815

5 1,145 0.001125 0.684 3601.4
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4. Results and discussion

4.1 Effects of laminar and turbulent flow

According to Figure 3, in the laminar flow range, the boundary layer decrease with
increasing Reynolds number from 200 to 2000. Also, the velocity gradient and the Nusselt
number are increased, which is the reason for an increase in the overall heat transfer rate
and total Nusselt number.

As we know, the heat transfer coefficient in turbulent and also chaotic flows is higher
than the heat transfer coefficient in laminar flow. So, every instrument that helps to cause
the flow to turbulence or chaos will increase the heat transfer coefficient, whether the flow
inside the pipe or on the pipe. Because of the formation of vortices and increased flow
mixing in turbulent flow, especially in the boundary layer section, the heat transfer
increases. There are several ways to create a vortex in the flow. By increasing the velocity
component, which can endanger the flow stability, the flow becomes turbulence and the heat
transfer increases. As can be seen in Figures 4 and 5, with the change of flow regime from
laminar to turbulent, average thermal flux and pulsation ranges are increased.

Figures 6 (a), (b), (c), (d) and (e) show the velocity counters on the middle of the tube with
different times as (6a; Time = 2.0000e—01), (6 b; Time = 4.0000e—01), (6¢; Time = 6.0000e—01),
(6d; Time =8.0000e—01) and (6e; Time =1.0000e + 00) that changes periodically. Also, the
velocity inside the tube changes as the input velocity changes over the time. As can been seen,
the maximum velocity at the inlet boundary is lower than the rest of the route. Plus, the
maximum velocity is increased by expanding the boundary layer inside the tube.

Figures 7 (a), (b), (¢), (d) and (e) shown the pressure contours of an input oscillation cycle for
different times as (7a; Time = 2.0000e—01), (7 b; Time = 4.0000e—01), (7c; Time = 6.0000e—01),
(7d; Time =8.0000e—01) and (7e; Time = 1.0000e + 00). As expected as the pressure changes
are very negligible. On the other hand, the pressure difference also fluctuates with velocity
fluctuation, which is visible in the displayed counters.

Figures 8 (a), (b), (¢), (d) and (e) shown the contours of surface Nusselt number in different
times as (8a; Time=2.0000e—01), (8b; Time =4.0000e—01), (8c; Time = 6.0000e—01),
(8d; Time=8.0000e-01) and (8e; Time =1.0000e + 00). As we know, the dimensionless
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Figure 3. The effects of laminar and turbulent Reynolds number on the pressure drop
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Figure 5. The effects of laminar and turbulent Reynolds number on the output temperature

Nusselt number represents the ratio of heat transferred through convection to heat
transferred through conduction at the boundary of system.

As it can be seen in Figures 8 (a), (b), (), (d) and (e), the heat transfer at the boundary is
mostly via convection hear transfer at the beginning of the tube. On the other hand, the
convection heat transfer share decreases relative to the conduction heat transfer

_ kL __ Convective heat transfer coefficient
NuL — kf T Convective heat transfer coefficient asthe boundary layer eXpandS-

In the Figure 9 (a), (b) and (c), the changing temperature are compared with different
volume percentages (0, 3 and 5 per cent) of Al,O3 nanofluid. As can be seen, the
temperature on the surface increases during the pipe which causes a regular rise of
temperature on the surface. Also, the fluid temperature is decreased by increasing the
volume of Al,O3 nanoparticles inside the fluid while the energy input from the wall
boundary is at a constant value. So, by increasing the percentage of Al,Os nanofluid, it
is possible to store more energy at a constant temperature.
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5. Conclusion

In this research, the effect of laminar (Reynolds number from 200 to 2,000) and turbulent
(Reynolds number above 3,000) pulsating flow on heat transfer is investigated for two-
dimensional channels. First of all, the effect of Al,Os/water nanofluid flow regime on output
temperature, heat flux and Nusselt number are studied. After validation, the pressure and
velocity counters of laminar and turbulent pulsating flow and influence of the Aly05
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Figures 8. (a), (b), (), (d) and (e) Contours of surface Nusselt number in different times

nanofluid at various volume percentages are investigated. The results show that the Al,O5/
water nanofluid has a significant effect on the thermal properties in both flow (laminar and
turbulent), and adding nanofluid improves thermal performance in channels, but using
nanofluid causes a pressure drop in the channel.
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Appendix

Table AI. Models proposed in prediction of thermal conductivity coefficient

Model

Expressions

Remarks

Maxwell (1873)
Hamilton and

Crosser (1962)

Jeffrey (1973)

Davis (1986)

Bruggeman
(1935)
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Spherical particles ¢ ; — solids volume fraction

n depends on particle shape and Ks/KL, 7 = 3/ for
Ks/KL > ~100, 2 = 3 for other cases, ¢ — sphericity

High-order terms represent pair interactions of
randomly dispersed particles

High-order terms due to pair interactions of
randomly dispersed spheres, f = 2.5 and 0.5 for K/
K; =10 and oo, respectively

Spherical particles, interactions between particles
considered, applicable to high concentrations
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