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Abstract. Predictions are reported for mixed convection using various
types of nanofluids over forward-facing double steps in a duct. The
continuity, momentum and energy equations are discretized and the simple
algorithm is applied to link the pressure and flow fields inside the domain.
Different types of nanoparticles Al2Os3, CuO, SiOz and ZnO, with different
volume fractions in range of 1-4% are investigated to identify their effects
on the heat transfer and fluid characteristics. Numerical investigations are
conducted using finite volume method. The results indicate that SiO2 -water
has the highest Nusselt number followed by Al.O3-water, CuO -water and
ZnO-water. The Nusselt number increases as the volume fraction increases
but decreases as the nanoparticles diameter increases.

1 Introduction

Many research studies combined convection heat transfer in forward double facing steps into
the flow that uses a subject interest of this study. However, performing experiments to
investigate its thermal behavior is sometimes expensive especially when nanomaterials were
utilized to improve the thermal performance. Hence, utilizing computer simulation may be
more feasibe to predict the thermal behaviour of mixed convection in forward facing double
steps configuration. One of the ways to increase heat transfer in the separated regions is to
use nanofluid. Nanofluid is a liquid that contains suspended nanoparticles such as metals and
oxides. These nanoparticles remain suspended in the base fluid. Therefore, it can not cause
significant increase in pressure drop in the flow field. Previous studies have shown that
nanofluids exhibit enhanced thermal properties, such as higher thermal conductivity and
convective heat transfer coefficients compared to the base fluid. Daungthongsuk and
Wongwises [1], Hirofumi et al. [2] investigated developed
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the flow system turbulent of the boundary layer over a forward-facing step. It has been shown
that a significant counter-gradient diffusion phenomena (CDP) has been observed in the step
near the wall. Yilmaz and Oztop [3] performed computer simulation of heat transfer under
convection for double forward facing step to flow. The standard k—e turbulence model is
used to obtain modeling turbulence flow. Impact fluid flow steps, lengths of steps and
Reynolds number on heat transfer and height are investigated. It has been noted that heat
transfer and turbulent intensity were raised with a higher Re.

Laminar flow problems with geometry of backward-facing step that move on mixed
convection have been widely investigated in the past, numerically and experimentally by
several researchers [4,5,6]. The problem of mixed convection laminar flows through the
forward steps has been getting a little attention and rarely investigated.

Whereby, a mixed constitutional study over forward steps using nanofluid in two-
dimensional horizontal verification under uniform the boundary of heat flux as if it not
investigated in the past and this has motivated the current study.

Thus, the present work investigates numerically the utilization of various kinds of
nanofluids such as (Al,03, CuO, SiO,, and ZnO) with different volume fraction in forward
facing double steps flow. The effect of Nusselt number are studied and reported to illustrate
effects nanofluids on these parameters.

2 Numerical model

2.1 Physical Model

As the forward facing step (FFS) is placed in the horizontal channel as shown in Figurel as
arepresentative of a mix convection flow. The downstream steps (a) is maintained at uniform
heat flux (qx), while the straight wall that forms the other side of the channel is maintained
at constant temperature equal to the inlet temperature (Tin). The walls down steps (b, ¢) and
the steps themselves (h, hy) are considered as adiabatic.

The nanofluid at the horizontal channel inlet is considered to be hydrodynamic stable and
the fully developed is achieved at the corner of the step, and the flow gradient at all quantities
at the outlet hole channel is equal to be zero.

This study only relates to turbulent flow. Nano-additives and type of base fluid (i.e. water)
are assumed to have thermal equilibrium and no slip conditions occurs. Fluid flow is assumed
to be Newtonian and cannot be compressible. Radiation heat transfer and dissipation of
viscous terms are ignored. Internal heat generation is not carried out in the present study.
The thermo physical properties of the nanofluid are constant and are only affected by buoyant
force of mixed, which means that the force of the body acting on the fluid is the gravity; its
density is altered and can be modeled enough by Boussinesq estimate. ANSYS FLUENT
CFD software has been used in current studies to implement the simulation.

p-p,=(T-T,) M

Where, p is density, T is temperature; p. and T. are ambient density and temperature,
respectively. Once these assumptions are made, it is possible to obtain the nanofluids flow
administration equation through a forward double facing step.
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Fig.1.Schematic Diagram for 2D FFS in Channel Flow.

2.2 Governing equations

As mentioned, Computational fluid dynamics (CFD) simulation is carried out in this study
to investigate the effect of nanoparticles in forward facing double steps flow on heat transfer
enhancement. The governing equations solved are continuity, momentum, and energy
equation. Using the Boussinesq approximation and ignoring the viscosity effects governing
equations for two dimensional mixed convection turbulent flow incompressible can be
written as follows [7]:

The continuity equation
LI )
oX oY

Turbulence Model Equations

The turbulence model employed for turbulence flow modeling is the standard k- model. The
turbulence kinetic energy, k, and the dissipation rate, €, are determined using the following
transport equations [7]:
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2.3 Boundary condition

The turbulent heat transfer problems considered in the present work are shown schematically
in Figurel. It is a horizontal channel with multiple steps. The top wall and steps are isolated,
while the lower wall has heat flux that is hotter than the inflow temperature. The 2D, steady-
state, incompressible turbulent flows are considered. This horizontal channel has doubled
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steps at heights h; and h,. Height and length of the channel are depicted by H and L (Figurel).
The length of the steps b and c are also shown in Figurel.

2.4 Code Validations and Grid Testing

2.4.1 Code validations

The validation of mixed convection flow in this model is conducted with the results of Hong
et al. [4]. The Reynolds number is maintained constant at Re = 100 and uniform heat flux is
fixed at qw = 200 W/m? for different inclination angles (0°, 90°, 135°, 180°, 315°). As seen
in Figure 2 the presented results indicate a good agreement with those of Hong et al. [4].
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Fig. 2. Comparison of Nusselt Number with the Results of Hong et al. [4] (S = 4.8 mm, and ER = 2)
for Re = 100, and qw = 200 W/m? on Different Inclination Angles.

2.5 Thermophysical Properties of Nanofluids

To run a simulation for nanofluids, the effective thermophysical properties of nanofluids
must first be calculated. In this case, the nanoparticles are used Al,O3, CuO, SiO; and ZnO.
The main properties of the nanomaterials in this simulation are the effective thermal

conductivity (keﬁ, ), effective dynamic viscosity ( Heop)s effective mass density( P )
effective coefficient of thermal expansion ( ﬂeﬁ-) and effective specific heat (Cperr). The
effective of thermophysical properties are calculated using the theory of mixing.

Effective Thermal Conductivity:

By using the Brownian nanoparticles motion forward double steps; the effective thermal
conductivity can be obtained by using the following empirical correlations [8]:

k@jf = kStatic + kBrownian (6)
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Static Thermal Conductivity

Ky = Ky {k wp + 2Ky — 2(kbf - :np))j} (7)

k,, + 2kbf +(k,, —k,,

Brownian Thermal Conductivity:
4 kT
kBruwnian = 5 x 10 ﬂ@bfcp,bf Z_f(Ta ¢) (8)
) o

3 Results and discussion
3.1 The effect of different types of nanofluids

3.1.1 Nusselt number

In this section, four different types of nanoparticles, Al,Oz, CuO, SiO; and ZnO and pure
water as a base fluid at local Nu above the lower wall are shown. Nusselt numbers for
different nanofluids at Re = 80000, while volume concentration and particle diameter are
4% and 20 nm are shown in Figure 3. As can be seen same trends of Nusselt numbers are
obtained for all nanofluids. But in terms of comparing the four kinds of nanofluids, it is
clear that nanofluid with SiO; has the highest Nu number, followed by Al,O3, CuO and
ZnO respectively. Nanofluid with higher Prandtl numbers has higher Nusselt numbers
along the heated. The base fluid with SiO, nanoparticles has the highest Nusselt number
value among all nanofluids, because the highest thermal properties compared to other
conventional fluid are investigated, followed by Al,O3 then ZnO and finally CuO.
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Fig. 3. Local Nusselt Number for Different Nanofluids Along the Heated Wall Re = 80000 and with
dp =20 nm and @ = 4%.
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3.2 The effect of different volume fractions of nanoparticles

3.2.1 Nusselt number

The volume fraction of nanoparticles represents the number of constituent nanoparticles
divided by the volume of all constituents of the mixture prior to mixing.

Volume fraction of nanofluids is the ratio of nanoparticles suspended in the base fluids. Thus,
pure water has zero volume fractions. In this study the volume fraction was in the range of 0
— 4% with Re = 80000 and nanoparticle diameter d, = 20 nm of SiO, nanofluid is studied
and Nusselt number for these condition is shown in Figure 4. As seen, nanofluids with higher
volume fraction achieved grater heat transfer enhancement. Because increasing the volume
fraction causes the increased thermal conductivity of the fluid and hence the higher heat

transfer increase is achieved at a higher volume fraction.
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Fig.4. Local Nusselt Number for Different Volume Fractions Along the Heated Wall of SiO2
Nanofluids Flow with Re = 80000 at dp = 20 nm.

4 Conclusion

Numerical simulation of combined convection heat transfer in double steps forward
horizontally using nanofluid has been presented. Emphasis is given on the increase in heat
transfer caused by various parameters, including different nanofluids Al,Os3, CuO, SiO, and
ZnO with base fluid (water), and volume fraction (concentration) in the range of 0 < @ <4%.
The investigation was carried out numerically using ANSYS FLUENT CFD software. The
results showed that SiO, gave the highest Nu followed by Al,O3 CuO and ZnO, respectively
while pure water gave the lowest Nu and Nusselt number was increased by increasing the
volume fraction of nanoparticles.
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