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Abstract — Two-dimensional laminar and turbulent mixed convection flows using nanofluids
over forward facing step in a heated rectangular duct having a baffle mounted on its wall are
numerically simulated. The continuity, momentum and energy equations are solved using finite
volume method (FVM) and the SIMPLE algorithm scheme is applied to examine the effects of
the baffle on flow and heat transfer characteristics. The bottom wall of the duct is being heated
with a constant heat flux, while other walls are being thermally insulated. In this study, several
parameters such as different types of nanoparticles (Al203, CuO, SiO2 and ZnO), different
volume fractions in the range of 1% to 4%, different nanoparticles diameter in the range of 25
to 80 nm were used. The Reynolds number of laminar flow was in the range of 100 < Re < 500,
while for turbulent flow it was in the range of 7500 < Re < 15000. Effects of baffle distances in
the range of © < D <4, baffle widths in the range of 0.01 < wy < 0.04, baffle heights in the
range of 0.005 < hy, <0.015 were studied. Baffle locations at the top wall and at bottom wall
of the duct, and the number of baffles are from I to 3 were also examined. The numerical results
indicate that the nanofluid with SiO> has the highest Nusselt number compared with other
nanofluids types. The Nusselt number increases as the volume fraction of nanoparticles and
the Reynolds number increase, while it decreases as the nanoparticles diameter increases.
Effects of baffle distances baffle heights, and baffle locations on fluid flow and heat transfer
characteristics are significant, while effects of baffle widths and baffle numbers are slightly
insignificant. Copyright © 2016 Penerbit Akademia Baru - All rights reserved.
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1.0 INTRODUCTION

In engineering practice, most of the flow fields are generally in turbulent regime. However, in
many of these, flow separation and reattachment occurs depending on flow velocity and
physical model. Forward and backward facing step flow, which can be found in cooling of
electronic devices, open channels, combustion chambers and building aerodynamics, are good
examples for this kind of separating flows. Forward facing step (FFS) is more complicated than
backward facing step in which only one separated flow region occurs behind the step. However,
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one or more separating region can be found in FFS depending on the thickness of boundary
layer and magnitude of flow velocity as indicated in the literature [1].

An innovative technique for improving heat transfer by using ultra fine solid particles in the
fluids has been used extensively during the last decade. The particles are different from
conventional particles (millimeter or micro-scale) in that they keep suspended in the fluid and
no sedimentation occurs which causes no increase in pressure drop in the flow field. Therefore,
it is very useful to enhance heat transfer in separated regions by using nanofluids. Such
enhancement is accomplished by increasing the value of convective heat transfer coefficient
(or Nusselt number) in separated flows [2-5].

Abu-Mulaweh et al. [6] made an experiment and theoretical analysis for laminar mixed
convection flow over horizontal FFS geometry. They used Laser—Doppler Velocimeter and
cold wire anemometer for measurements. In another study by Abu-Mulaweh et al. [7], they
studied the laminar natural convection problem for vertical FFS both numerically and
experimentally. Wilhelm et al. [8] performed a computational study to show 2-D to 3-D
transition in FES flow at Re = 330. An experimental and numerical analysis was performed to
investigate separation on FFS flow by Stuer [9]. He used hydrogen bubble visualization
technique. He indicated that the 2-D results but 3-D flow behavior starts beyond the critical Re
number according to his experimental results. Abe et al. [10] proposed the new turbulence
model which is modified from the latest low-Re number k—& model and then they applied it for
fluid flow and heat transfer in separating and reattaching flows. Ando and Shakouchi [11] tried
to control flow over FFS and abrupt contraction pipe geometry. They inserted a small obstacle
before the step and then they reduced the drag. Ito and Ravindran [12] applied the reduced
order method to solve and control viscous incompressible flow control for different geometries.
They applied surface movement on a part of the solid wall of the geometry, thus, drag reduced
is obtained.

The heat flux in thermal devices has become more and vast due to the increasing requirements
of compactness for the relative systems. It should be important to seek ways to effectively
augment the heat transfer characteristics of backward-facing step flow in channels. Among
important studies Tsay et al. [13] examined the influence of baffle vertically mounted onto the
channel wall on the convective behaviors of backward-facing step flow. Comparing the results
of cases with and without baffle, the maximum augmentation on the average Nusselt number
is about 190% for the heating step and 150% for the heating section of the bottom plate. Berner
etal. [14, 15] obtained experimental result of mean velocity and turbulent distributions in flow
around 12 segmented baffles. After about two baffles, the profiles of vertical mean velocity
and fluctuations along the horizontal center plan become periodic. Experimental investigation
of the turbulent flow and heat transfer characteristics inside the periodic cell formed between
segmented baffles staggered in a rectangular duct was studied by Habib et al. [16] Numerical
prediction of the flow and heat transfer in channel with staggered fins were investigated by
Webb and Ramadhyani [17], Kelkar and Patankar [18], and Habib et al. [19].

Very few number of research work were conducted numerically and experimentally by Dutta
and Dutta [20], and Yang and Huang [21] to capture more detail of the fluid flow pattern and
heat transfer phenomena in the channel with perforated baffle. Three-dimensional laminar
convection flow adjacent to backward-facing step in a heated rectangular duct with a baffle
mounted on the upper wall was numerically simulated by Nie et al. [22].

There are rather limited articles that have been reported in the literature on the convective heat
transfer in nanofluids. It should be noted, however, that the vast majority of the studies of a
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backward-facing step that are reported in the open literature involved “regular” fluids (i.e., not
nanofluids). Very few studies that involve nanofluids in backward-facing step geometry have
been reported in the past. The first numerical study to investigate the flow and heat transfer
over a backward-facing step using nanofluids is by Abu-Nada [23]. The Reynolds number and
nanoparticles volume fraction used were in the range of 200 < Re < 600 and 0 < ¢ < 0.2,
respectively, for five types of nanoparticles which are Cu, Ag, Al2O3, CuO, and TiO,. He
reported that the high Nusselt number inside the recirculation zone mainly depended on the
thermophysical properties of the nanoparticles and it is independent of Reynolds number.
Numerical analysis of the forced and mixed convection (buoyancy-assisting flow condition)
over a vertical and horizontal backward facing step in a duct using different nanofluids has
been conducted by few researchers. The effects of Reynolds number (75 < Re < 225),
temperature difference (0 < A7 <30 °C), and nanofluid type (such as Au, Ag, Al,O3, Cu, CuO,
diamond, Si0O», and TiO») were investigated on the fluid flow and heat transfer characteristics.
It is found that a recirculation region developed straight behind the backward-facing step which
appeared between the edge of the step and few millimeters before the corner which connects
the step and the downstream wall. In the few millimeters zone between the recirculation region
and the downstream wall, a U-turn flow was developed opposite to the recirculation flow which
is mixed with the unrecirculated flow and travels along the channel. Two maximum and one
minimum peak in Nusselt number were observed along the heated downstream wall. It is
inferred that Au nanofluid has the highest maximum peak of Nusselt number, while diamond
nanofluid has the highest minimum peak in the recirculation region. Nanofluids with a higher
Prandtl number have a higher maximum peak of Nusselt numbers after the separation and
recirculation flow vanished.

The literature search indicates that the case of mixed laminar and turbulent convective flows
over a horizontal forward-facing step having a baffle utilizing nanofluids has not been
investigated yet and motivated the present study. Thus, the main objective of this study is to
examine the heat transfer enhancement of 2D laminar and turbulent mixed convective flows
adjacent to forward facing step with baffle installation onto the channel wall using different
types of nanofluids.

2.0 NUMERICAL MODEL
2.1Physical Model
Two-dimensional laminar and turbulent mixed convection flows over forward facing step in a

heated rectangular duct having a baffle mounted on the upper wall is numerically simulated,
and the computational domain is schematically shown in Fig.1.

FREFTreeererteqestriest

Uniform Heat Flux

Figure 1: Schematic diagram of the computational domain of FFS with baffle installation
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The upstream height of the duct (h) is 0.01 m; its downstream height (H) is 0.02 m. This
geometry provides a forward facing steps height (S) of 0.01 m, an expansion ratio of ER = H/
(H - S) =2. A baffle is installed on the upper wall of the forward-facing step geometry and its
relative position is shown in Figurel. Both the baffle’s width (wy) and height (hy) are kept as
0.01 m. The length of the computational domain is 0.02 m and 0.5 m upstream and downstream
of the sudden expansion respectively, i.e., =2 < x/S < 50.

Nanofluids flow at the channel entrance is considered to be hydrodynamically steady and the
fully developed flow is attained at the edge of the step, and the streamwise gradients of all
quantities at the channel exit where set to be zero.

The nanoparticles and the base fluid (water) are assumed to be in a thermal equilibrium and no
slip condition occurs. The fluid flow is assumed to be Newtonian and incompressible.
Radiation heat transfer and viscous dissipation term are neglected. The internal heat generation
is not conducted in this study. The thermophysical properties of the nanofluids assumed to be
constant and it is only affected by the buoyancy force, which means that the body force acting
on the fluid is the gravity.

2.2 Governing Equations

The standard k-¢ turbulent model was used for turbulence flow modeling. The conservation
equations (continuity, momentum and energy equations) for steady flow, incompressible and
Newtonian fluid can be written as follows [24]:

du ov _

™ 6_y_0 (D
p(u%+vz—;)=—3—§+u(327‘2‘+227‘2‘ )
p(uge+vy) =—g—5+u(%+327‘2’ 3)
p(ug—z+vz—$)=(xg+%§ “)
ek =2 (|(h+2)5]) + G — e 5)
= (PEH) = 2 [(1+ 29 57 4+C1 £ (G + Cacin) — Cacp s (6)

Cie, Cye,and C3.. orpand o, are the turbulent pr numbers for k and € respectively. The
model constants are 1.44, 1.92, 0.09, 1.0 and 1.3 for Ci¢, Caz¢, Cy, 0y and oy, respectively.

2.3 Boundary Conditions

The physical system under consideration, as shown in Figure.1 is a two-dimensional, horizontal
channel with an abrupt compression in channel plate spacing at x= 0. The surfaces of the
forward facing step are insulated; a portion of the bottom wall behind the step is subjected to a
uniform heat flux. Besides, the rest portions of the bottom plate and the wall of the upper plate
are well insulated. Flow enters the channel with a parabolic velocity profile and uniform
temperature at the channel inlet far upstream of the step and fully-developed hydrodynamic
and thermal conditions at the exit far downstream of the heating section of bottom plate. It is
well known that the flow separation and recirculation cause very poor heat transfer
characteristics in the region near the step. To alter the hydrodynamic and thermal
characteristics, a baffle is introduced onto the upper plate of the channel. It is expected that the
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baffle would strongly affect the velocity and temperature distributions of the flow. The no-slip
conditions on all the solid walls, and the assumption of thermal insulation for the channel plates
except the heating section of the bottom plate is considered [13].

2.3 Code Validation and Grid Testing
2.3.1 Grid Independence Test

Grid independence test is carried out to obtain the most suitable computational grid. Four
different computational grids are considered, which are 180x40, 180x50, 200x50 and 250x60.
All four grids are used to plot the velocity, temperature and the surface Nusselt number at
downstream of the duct. As shown clearly in Figure 2, that all the four grids have similar results.
However, any grid can be used. Thus, the grid of 180x50 is used as the best in terms of both
the computational time and accuracy.
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Figure 2: Grid independence test results for, (a) Velocity distribution, (b) Wall temperature
distribution, (c) Nusselt number distribution, along the downstream
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2.4.2 Code Validation

The numerical validation method involves the simulation of numerical codes under specific
conditions for benchmark problems. The results of these simulations are compared with the
theoretical and numerical data reported in the literature. It should give same results or very
close to the previous works that have been investigated.

For validating the current results, the study done by Nie et al. [22] was used. Their research
focused on numerical simulations of laminar mixed convection flow adjacent to back-ward
facing step in rectangular duct to examine effects of the baffle on flow and heat transfer
distributions as shown in Figure.3. In addition, another study of Tsay et al. [13] was selected
to be surer of code validation. In this study, the heat transfer enhancement of back-ward facing
step flow in a channel with the baffle installation on the channel wall was also used for
comparison as shown in Figure.4 and Figure.5.
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Figure 3: Comparison of the present work with the results of Nie et al. [22] for Re = 343 and
qw= 50 W/m? for, (a) Nusselt number, (b) Skin friction coefficient
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Figure 4: Comparison of the present work with the results of Tsay et al. [13] for Re=500,
Gr/Re’=1, D=0.2 for, (a) heating backward facing-step, (b) heating section of bottom plate
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Figure 5: Comparison of the present work with the results of Tsay et al. [13] for Re=500,
Gr/Re’=1, Hp=0.2, W,=0.2, for, (a) heating backward facing-step, (b) heating section of
bottom plate

Distributions of the Nusselt number at the heated stepped wall are presented in Figure 3a. The
maximum Nusselt number develops near to side-wall, and it moves further downstream as the
location of the baffle moves along the streamwise direction. The distribution of the friction
coefficient at the stepped wall along the duct is shown in Figure 3b. Figure 4 depicts the heat
transfer characteristics for the heating step and the heating section of the bottom wall,
respectively. Figure 5 represents the Nusselt number for the system with H,= 0.2 and W;,=0.2
at four different values of D.

2.5 Numerical Parameters and Procedures

The numerical computation was carried out by solving the governing conservation equations
along with the boundary conditions Equations (1) to (6). Equations for solid and fluid phase
were simultaneously solved as a single domain. The discretization of governing equations in
the fluid and solid regions was done using the finite-volume method (FVM). The diffusion
term in the momentum and energy equations is approximated by second-order central
difference which gives a stable solution. In addition, a second-order upwind differencing
scheme is adopted for the convective terms. The numerical model was developed in the
physical domain, and dimensionless parameters were calculated from the computed velocity
and temperature distributions. The flow field was solved using the SIMPLE algorithm [25].
This is an iterative solution procedure where the computation is initialized by guessing the
pressure field. Then, the momentum equation is solved to determine the velocity components.
The pressure is updated using the continuity equation. Even though the continuity equation
does not contain any pressure, it can be transformed easily into a pressure correction equation
[26].

Quadrilateral elements and a non-uniform grid system are employed in the simulations. The
grid is highly concentrated close to the step, and near the step edge and walls, to ensure the
accuracy of the numerical simulations and for saving both the grid size and computational time.
At the each iteration end, the residual sum for each of the conserved variables is computed and
stored, thus recording the convergence history. The convergence criterion required that the
maximum relative mass residual based on the inlet mass be smaller than 1 x 107.
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2.6 Thermophysical Properties of Nanofluids

The effective thermophysical properties of nanofluids must be calculated first to carry out
simulations for nanofluids. The nanoparticles being used are A1,03, CuO, SiO2, and ZnO.
Basically the required properties for the simulations are effective thermal conductivity (kefr),
effective dynamic viscosity (uerr), effective mass density (pesr), effective coefficient of thermal
expansion(fefr) and effective specific heat (Cp,etr). The effective properties of mass density,
specific heat and coefficient of thermal expansion are actually calculated according to the
mixing theory.

By using Brownian motion of nanoparticles in forward facing step having a baffle, the
effect thermal conductivity can be obtained as following mean empirical correlation [27]:

Keff = Kstatic T KBrownian @)

Static Thermal Conductivity:

(7.1)

k _ k knp+2kbf_ 2(kpf— knp)(b
Static — Bbf

knp+2kbf+ (Rpf— knp)(b
Brownian Thermal Conductivity:

kBrownlam = 5x10* B¢pbfcp bf /2 f(T ¢) (7-2)

When:
Boltzmann constant:

k = 1.3807x10723 J /K
Modeling function, S [28]:

B = 0.0137(1000)°822% for ¢ < 1%
B = 0.0011(1000) %7272 for @ > 1%

Modeling function, f (T, @): f(T, @) = (2.8217x1072@) + 3.917x10~%) (=) +
0
(—3.0699x1072¢ — 3.91123x1073)

By using Brownian motion of nanoparticles the effective viscosity can be obtained by using
the following empirical correlation [29]:

Viscosity:
Heff _ 1
eft = ®)
f 1—34.87(—p) 9103
dg

Equivalent diameter of base fluid molecule:

- [ <9>

where @ is the particle volume fraction, M is the molecular weight of the base fluid, N is the
Avogadro number, f refers to nanofluid, bf refers to base fluid and p refers to Nanoparticle.
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> The density of the nanofluid p,,s can be calculated using [27]:
pnt = (1 — ®)ps + Q)pnp (10)
whereby pr and py,, are the mass densities of the base fluid and the solid nanoparticles,
respectively.

> The effect Heat capacity at constant pressure of the nanofluid (pc; ), can be
calculated using [27]:
(pcp)nf =1- Q))(pcp)f + Qj(pcp)np (1)
where (¢,); and (cp)qp are heat capacities of base fluid and nanoparticles,
respectively.

» The effect coefficient of thermal expansion of nanofluid (pf)ar can be calculated using
[27]:
(PBInt = (1 = D) (PR + B(PB)np (12)
when ()7 and (f)p, are thermal expansion coefficients of base fluid and
nanoparticles, respectively.

3.0 RESULTS AND DISCUSSION

The effects of different nanofluid type, its concentration and particles diameter, Reynolds
number and baffle geometrical parameters on the thermal and flow fields over backward facing
step are analyzed and discussed in this section.

3.1 The Effect of Different Types of Nanoparticles

The velocity distributions of different nanofluids over forward-facing step with ¢ = 4% for Re
=300, D = 1 and g = 50 W/m? for different x/S sections along the downstream wall are shown
in Figure 6a-b. It is clear from the figures at x/S = 1 and x/S = 30 that nanofluids with low
density such as SiOz have higher velocity distribution at the edge of the baffle wall than those
with high density such as CuO at constant Reynolds number. The opposite flow is observed
behind the step wall due to the recirculation region that attached to the step and the second is
the vortex which leaves the recirculation region and changes its direction downstream the
channel duo to the buoyancy force.

The distributions of Nusselt number of different nanofluids with volume fraction (¢ = 4%) at
D =1, Re =300 and g = 50 w/m? are shown in Figure 6¢. The figure shows that all nanofluids
possess higher Nusselt number compared to water, and nanofluids are richer in heat transfer
rate than the pure water. But in case of comparing among the nanofluids, the nanofluid with
Si0:7 has the best heat transfer enhancement, followed by Al2O3, ZnO and CuO respectively.
Nanofluids with high density and low specific heat capacity have higher Nusselt number while
nanofluids with low density and high specific heat capacity have lower Nusselt number.
However, this case is not applicable for SiO> due to the large differences in its thermophysical
properties compared to other nanofluids.
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Figure 6: Effect of different nanofluids with ¢ = 4% for Re = 300, D = 1 and g = 50W/m?, (a)
Velocity distribution of x/S = 1, (b) Velocity distribution of x/S = 30, (c) Nusselt number
distributions

3.2 Effect of Different Nanoparticles Volume Fractions

The velocity distributions over forward-facing step of different nanoparticles volume fractions
for Re =300, D =1 and g = 50 W/m? for different x/S sections along the downstream wall are
shown in Figure 7a-b. The results investigate that with increasing of volume fraction leads to
enhance the effective properties of the nanoparticles. In this case, the velocity distribution
increases as volume fraction of nanoparticles increases.

The relations for volume concentration of nanoparticles in base fluid and/or nanofluids have
been developed based on conservation of mass and assumed conservation of mixture volume
of its components. In this study the volume fraction in the range of 0 - 4% with fixed D = 1, Re
=300 and g = 50 W/m?. The results indicate that with increasing of volume fraction leads to
enhance the effective properties of the nanoparticles as shown in Figure 7c. Nanofluids with
higher volume fraction give greater heat transfer enhancement, because increasing volume
fraction of nanofluids lead to increase the thermal conductivity of the fluid.

10
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Figure 7: Effect of different nanoparticles volume fractions for Re =300, D=1 and g =
50W/m? (a) Velocity distribution of x/S = 1, (b) Velocity distribution of x/S = 30, (c) Nusselt
number distributions

3.3 The Effect of Different Nanoparticles Diameters

The velocity profiles of Re = 300, D = 1 and g = 50W/m? with ¢ = 4% for different nanoparticles
diameters at different positions of downstream wall over forward-facing step is shown in Figure
8a-b. It is found that the base-fluid with low nanoparticles diameter such as d, = 25 nm has a
higher parabolic flow in the streamwise direction on the edge of the step. It is included that all
the selected nanoparticles diameters have a primary recirculation region.

This study is used SiOz-water (¢ = 4%) as a working-fluid with fixed other parameters such as
Re = 300, ¢ = 50 W/m? and D = 1. The range of nanoparticles diameter is 25-80 nm. As
illustrated in Figure 8c, the results of forward-facing step show that the Nusselt number
increases with decreasing the nanoparticles diameter. This can be attributed to the increment
of the thermal conductivity due to nanoparticles diameter decreases. The properties of
nanofluid come from high surface area to the volume ratio. As heat transfer focused on the
surface of the nanoparticles, it desirable to use particles that possess high surface area to volume
ratio. Thus, it is concluded that by using smaller diameter of nanoparticles will get better heat
transfer enhancement.

11
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Figure 8: Effect of different nanoparticles diameters with ¢ =4% for Re =300, D=1 and ¢
= 50W/m? (a) Velocity distribution of x/S = 1, (b) Velocity distribution of x/S = 30, (c)
Nusselt number distributions

3.4 Effect of Different Reynolds Numbers
3.4.1 Laminar Flow

The velocity distributions for different Reynolds numbers (laminar flow) over forward facing
step with ¢ = 4%, D = 1 and g = 50 W/m? at different x/S are shown in Figure 9a-b. The velocity
profile increases as Reynolds number increases. The recirculation is found to increase as
Reynolds number increases and vice versa.

The skin friction coefficient for different Reynolds numbers (laminar flow) over forward facing
step with ¢ = 4%, D=1 and g=50 W/m? along the downstream wall is shown in Figure 9c. It is
observed that the skin friction coefficient decreases as Reynolds number increases. This is
because the velocity is directly proportional to Reynolds number, and inversely proportional to
skin friction coefficient.

This study was done at Reynolds number in the range of 100 - 500 with ¢ =4%, D =1 and ¢
= 50 W/m? for the flow over forward-facing step. As shown in Figure 9d, the Nusselt number
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increases as Reynolds number increases. The maximum Nusselt number occurs at the inlet of
the duct, and then it reaches the minimum value at the step wall due to the temperature
difference.

507
0.7 (a) 457 (b)
. ——=—— Re=100 ] ——o—— Re =500
0.6 ———— Re =200 40y ———— Re =400
i — ~— Re=300 ] ———— Re =300
] ——— Re =400 35] ——~—— Re =200
0.57 ——~—— Re =500 It ——=—— Re =100
4 303
- 0.4 5 .
o %4 35
0,3; 205
] 157
0.21 |
] 107
" & ¥
70 T T T T 1‘0 T T T T 2‘0 T T T T 3‘0 T T T T 4‘0\ \ T \0 070 1‘0 T T 2‘0 30
x/S x/S
0.02 0.02-
] ———— Re=500 .
0.0175] Re = 400 0.0175] (d)
] ——<—— Re =300 ]
3 — +—— Re=200 0.015
0'015: ——<=—— Re=100 ]
0.0125] 0.0125]
_ ] _ ]
E oo01] E oo1]
> ] > ]
0.00751 0.00751
] 1 Re = 500
0.005- 0.0054 N Re = 400
] — < Re=300
: ——+—— Re =200
0.0025] (©) 0.0025 — = Re=100
g S
00 T T \0'\02\ T ‘0.b4‘ T ‘0.()6‘ T ‘0.‘08‘ T . 0’6 T ‘0'625\ T ‘0.&)5‘ T T ‘0.675‘ LI 01
u (m/s) u (m/s)

Figure 9: Laminar flow with ¢ = 4% for D = 1 and ¢ = 50W/m? (a) Velocity distribution of
x/S =1, (b) Velocity distribution of x/S = 30, (c) Skin friction coefficient, (d) Nusselt number
distributions

3.4.2 Turbulent Flow

The velocity distributions of different Reynolds numbers (turbulent flow) with ¢ = 4%, D =1
and ¢ = 50 W/m? at different x/S are shown in Figure 10a-b. The velocity profile increases as
Reynolds number increases. In this section two section are examined which are x/§ = 1 (before
the baffle) and x/S = 30 (between the baffle and the step wall).

The skin friction coefficient of turbulent flow for different Reynolds numbers with ¢ = 4%, D
=1 and g = 50 W/m? along the downstream wall is shown in Figure 10c. It is observed that the
skin friction coefficient decreases as Reynolds number increases. This is because the velocity
is directly proportional to Reynolds number, and inversely proportional to skin friction
coefficient.
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The Nusselt number of turbulent flow over forward facing step at different Reynolds numbers
with ¢ = 4%, D = 1 and q=50 W/m? is shown in Figure 10d. It is found that the first maximum
peak of Nusselt number is occurred in the inlet of the duct, and the second maximum peak at
the step wall. In addition, it is noticed that the Nusselt number increases as Reynolds number
increases.
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Figure 10: Turbulent flow with ¢ = 4% for D = 1 and g = 50W/m? (a) Velocity distribution
of x/S = 1, (b) Velocity distribution of x/S = 30, (¢) Skin friction coefficient, (d) Nusselt
number distributions

3.5 The Effect of Geometrical Parameters
3.5.1 Effect of Baffle Distance

The Nusselt number for different baffle distances of the flow over forward facing step along
the top-wall with ¢ = 4%, Re = 300 and ¢ = 50 W/m? is shown in Figure 11. Because of the
applied boundary condition of constant heat flux, the maximum Nusselt number is inversely
proportional to the minimum wall temperature. The magnitude of the maximum Nusselt
number increases as the baffle moves towards the forward-facing step (with the decrease of D).
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Figure 11: Nusselt number for different baffle distances with ¢ = 4%, Re = 300 and ¢ =
50W/m?

3.5.2 Effect of Baffle Width

The velocity distributions for different baffle widths for the flow over forward facing step with
D =1, Re = 300 and ¢ = 50 W/m? is shown in Figure 12a. All four cases of baffle width are
slightly different to each other’s, as shown in skin friction coefficient effect the case of W, =
0.01 gives the best velocity profile.

The skin friction coefficient at D = 1, Re = 300 and ¢ = 50 W/m? for different baffle width is
illustrated in Figure 12b. From the second maximum value of skin friction, the case of W), =
0.01 shows the best value followed by the case W, =0.02, Wb = 0.03 and W), = 0.04. Thus, the
lowest width of baffle gives the better heat transfer enhancement for the flow over forward-
facing step due to the skin friction coefficient is inversely proportional to the velocity.

Nusselt number of the flow over forward-facing step for different baffle width at D = 1, Re =
300 and g = 50 W/m? is shown in Figure 12c. It is found that the effect of baffle width on the
Nusselt number is insignificant. For all four cases, the Nusselt number is starting with peak
value at the duct inlet, and it decreases along the downstream wall.

3.5.3 Effect of Baffle Height

Skin friction coefficient for different baffle heights for the flow over forward facing step was
significant to investigate the effect of baffle height on the heat transfer enhancement. As shown
in Figure 13a, the skin friction coefficient increases as the baffle height increases. It is
concluded that the less baffle height gives high heat transfer characteristics.

The Nusselt number of different baffle heights with D = 1, Re = 300 and g = 50W/m? for the
flow over forward facing step is shown in Figure 13b. It is found that the effect of baffle height
on the Nusselt number is insignificant. For all three cases, the Nusselt number is starting with
peak value at the duct inlet, and it decreases along the downstream wall.
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3.5.4 Effect of Baffle Number

The velocity distribution for different baffle numbers with Re = 300 and g = 50 W/m? along
the top-wall of duct is shown in Figure 14a. It is clearly that the baffle number has a slight
effect in velocity profile. As shown in velocity distribution at x/S = 30, the velocity profile
increases as the baffle number increases.

Skin friction coefficient for different baffle numbers for the flow over forward facing step was
significant to investigate the effect of baffle number on the heat transfer enhancement. As
shown in Figure 14b, the skin friction coefficient increases as the baffle number increases due
to the velocity decreasing.

The Nusselt number of different baffle numbers with D =1, Re =300 and g = 50W/m? for the
flow over forward facing step is shown in Figure 14c. It is found that the effect of baffle number
on the Nusselt number is insignificant. For all three cases, the Nusselt number is starting with
peak value at the duct inlet, and it decreases along the downstream wall.
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Figure 14: Effect of baffle numbers on the stepped wall along the center of the duct with D =
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coefficient distributions, (¢) Nusselt number distributions
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3.5.5 Effect of Baffle Location

The velocity distributions of forward-facing step for two locations of baffle with fixed other
parameters such as D = 1, Re = 300 and ¢ = 50 W/m? are shown in Figure 15a-b. The results
show that baffle installation at the down-wall is slightly better than baffle installation at the
top-wall. In addition the velocity profile of baffle installation at down-wall develops at the
section x/S = 1. The velocity profile of x/S = 30 gives significant effect of baffle location.

The skin friction of forward-facing step for two locations of baffle with fixed other parameters
such as D = 1, Re = 300 and g = 50 W/m? is shown in Figure 15c. The results show that baffle
installation at the down-wall is clearly better than baffle installation at the top-wall due to the
velocity of these two locations.

The Nusselt number of different baffle locations with D = 1, Re = 300 and g = 50W/m? for the
flow over forward facing step is shown in Figure 15d. It is found that the effect of baffle
location on the Nusselt number is insignificant. For the two cases, the Nusselt number is
starting with peak value at the duct inlet, and it decreases along the downstream wall.
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Figure 15: Effect of baffle locations on the stepped wall along the center of the duct with D =
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18



Journal of Advanced Research in Applied Mechanics
ISSN (online): 2289-7895 | Vol. 24, No. 1. Pages 1-21, 2016

4.0 CONCLUSION

Numerical simulation of laminar and turbulent mixed convection heat transfer of nanofluids
flow over forward facing step placed in a horizontal duct having baffle at its wall was carried
out. The emphasis is given on the heat transfer enhancement resulting from various parameters,
which include the different type of nanofluids, volume fraction of nanoparticles, nanoparticles
diameter, baffle geometrical parameters and the Reynolds number. The governing equations
were solved utilizing finite volume method with the SIMPLE algorithm. The following
conclusions can be drawn from this study as follows:

The results show that SiO gives the highest Nusselt number and velocity distribution
followed by Al>O3, ZnO and CuO respectively, while pure water is the lowest.

The Nusselt number and velocity distribution increased with increasing the volume
friction on nanoparticles.

The Nusselt number and velocity profile decreased with increasing the diameter of
nanoparticles.

The Nusselt number and velocity distribution increased gradually by increasing the
Reynolds number of laminar and turbulent flows, and vice versa for the skin friction.
A slight movement of the baffle could cause a drastic change in the flow structure and
temperature distributions. The optimum position of the baffle installation for heat
transfer enhancement varies with the specified thermal and flow conditions.

The effects of baffle widths and baffle numbers on heat transfer are insignificant.

The heat transfer characteristics improved as the height of baffle increased.
Installation of a baffle at the upper wall enhances heat transfer and increases the
magnitude of maximum Nusselt number at the stepped wall. Baffle at bottom-wall in
backward-facing step showed good enhancement of heat transfer.
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