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Abstract

The current work studies numerically the effects of four various types of blockage shapes
on unsteady-mixed convection nanofluid flow over 2D horizontal backward facing step in a
duct. SiO: is considered as nanoparticle with ethylene glycol (EG) as a base fluid, volume
fraction of 2% and nanoparticle diameter of 20 nm to investigate the effect of blockage
shape after analyzing the streamlines, velocity distribution, Nusselt number, and skin
friction coefficient at different times. The downstream of the step was kept at temperature
of 330 K, while other walls and sides of the duct were thermally insulated. The governing
equations (continuity, momentum and energy) along with the boundary conditions are
solved using the finite volume method (FVM). The Reynolds number was in the range of
50<Re<200. The results reveal that after 1=5 the trend of nanofluid flow and recirculation
area near the step and behind the blockage shape doesn’t change sensible and this time is
selected as a quasi steady time and point of comparison. The velocity distributions in the
front facing triangular blockage decrease and has the most value of skin friction coefficient
after Re=150.

Keywords: Blockage shapes;, Transient; Mixed convection, Backward facing step;
Nanofluids.

1. Introduction

The geometry of backward facing step flow brings separation and further reattachment which
exert a significant role in heat transfer processes. It has two aspects of valuable effect such as heat
transfer improvement near the reattachment flow or a detrimental effect such as enhancement of
dynamic structural load and drag. Energy system equipment, combustors, electronic cooling,
cooling of turbine blades, cooling of nuclear reactors, environmental control systems, airfoils at the
angle of attack, diffusers and many other devices are engineering applications of this geometry and
occurs because of sudden expansion flow. Due to this notion, the problem of turbulent and laminar
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flows over backward facing step geometry in forced, mixed, and free convection has been discussed
comprehensive, both numerically and experimentally [1, 2].

2. Previous work

Majority of currently research are focused on investigation of various steady flows over
backward facing step by the incompressible flow. Al-aswadi et al. [1] studied laminar steady forced
convection flow over a backward facing step placed in a 2D channel. They revealed that increasing
the Reynolds number causes an increment in the reattachment length and the recirculation size.
Kherbeet et al. [3] investigated numerically 2D laminar steady mixed convection flow over
horizontal microscale backward facing step located in a duct. They found that the Nusselt number
increases with increasing the Reynolds number and volume fraction. Lan et al. [4] conducted 3D
simulations of turbulent steady flow over backward facing step in a rectangular duct. They
concluded that the increase in the Reynolds number or aspect ratio eventuates in the lower average
wall temperature and higher bulk Nusselt number.

Barrios-pina et al. [2] studied numerically mixed convection flow over a backward-facing step
in a horizontal channel. They observed that the flow is steady in the primary recirculation area and
it becomes periodic prior to chaos for high temperature difference.

Among literatures some of researchers have focused on installation of barrier or blockage
shape in the way of flow. Cheng et al. [5] investigated the influence of the forced convection
characteristics of backward facing step flow numerically in a 2D duct through the inserting of
slotted and solid baffles onto the duct wall. They found that a slotted baffle can increase the average
Nusselt number by the maximum 190%. Fathinia et al. [6] investigated 2D laminar mixed
convection flow numerically over backward facing step with different inlet geometries in a channel.
They revealed that Parallelogram inlet has the highest average velocity in all sections and highest
average Nusselt number over downstream.

Kumar et al. [7] conducted numerically installation of circular cylinder as a blockage shape in
a 2D duct in steady flow is effective for changing the velocity field of the backward-facing flow if
the blockage situated at the suitable position. Nie et al. [8] demonstrated 3D forced convection
steady flow over horizontal backward facing step in a channel to investigate the influence of using
baffle on the heat transfer enhancement. They found that Installation of a baffle onto the upper wall
enhances heat transfer and increases the magnitude of maximum Nusselt number at the stepped
wall. Other researchers [3, 4, 9-21] have also focused on 2D and 3D forced and mixed convection
flow over backward facing step. Their results revealed that near the side walls the reattachment area
is larger compared to the center of the duct.

Nanofluids are one of the innovative ways to enhance the heat transfer for flows over
backward facing step. Nanofluids are suspended particles such (Al2Os, SiO2, TiO2, Ag, Au, etc) in
conventional fluids such as (water, engine oil, etc). Several investigators have used different
nanofluids with various base fluids to examine their effects on the heat transfer enhancement for
flow over backward facing step. For instance, Murshed et al. [22], Timofeeva et al. [23], Zhang et
al. [24], He et al. [25] have reported the influence of nanofluids on thermal conductivity
enhancement and generally concluded that all nanofluids increased the thermal conductivity
compared with their base fluids.
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It is clear from the above literature review that the influence of blockage shapes on transient
mixed convection nanofluid flow at backward facing step (BFS) in a duct seems not to have been
investigated in the past and this has motivated the current study. In addition, the majority of the
previous work on BFS has focused on using conventional fluids under steady state condition and
there is very limited data reported in the open literature that included nanofluids over BEFS. The
present study analyzed 2D transient laminar mixed convection flow with the influence of using
SiO; as a nanoparticles with ethylene glycol (EG) as a base fluid, 2% of nanoparticle volume
fraction with 20 nm nanoparticle diameter, and different Reynolds number. The results of interests
such as streamlines, velocity distribution, Nusselt number, and skin friction coefficient over the
downstream wall of BFS are reported to demonstrate the influence of different blockage shapes on
these parameters.

3.  Numerical Model
3.1. Governing equations

The schematic of backward facing step (BFS) which has placed in a channel is
shown in Figure 1. In mixed convection heat transfer, the wall down downstream of the step
(Xe) is maintained at a uniform wall temperature of 330K and constant heat flux of
500W/m?, while the straight wall that forms the other sides of the duct is thermally insulated
and also the wall upstream of the step (Xi) and the backward facing step (S) are considered
as adiabatic surfaces [3]. Several assumptions were made on the operating conditions of the
BFS: (i) the BFS operates under unsteady state condition; (ii) the flow at the entrance is
fully developed, incompressible and Newtonian; (iii) The straight wall, step wall and
upstream wall were set to be thermally insulated; (iv) The external heat transfer effects and
streamwise gradients of all quantities at the duct outlet were considered to be zero; (v) The
ethylene glycol (EG) as a base fluid and SiO2 as a nanoparticles is assumed to have a
thermal equilibrium and no slip condition occurs.
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Figure 1. The schematic of backward facing step

Introducing the following dimensionless quantities:
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The governing equations for unsteady 2D flow are given as [26]:
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These governing equations along with the given boundary conditions are solved to obtain
the velocity distribution, Nusselt number, and skin friction coefficient over downstream of
BFS.

3.2. Grid sensitivity and model validation
3.2.1. Grid independence test

A grid independence test was done to evaluate the influences of grid sizes on
the results. Four different computational grids were utilized, which are 140x40,
145x%40, 150%30, and 160x30 with 1.01 in x-direction as a First Last ratio and 1.3 in
y-direction as a successive ratio. All four grids are used to obtain the Nusselt number
at the downstream wall by using air as a working fluid to choose the best grid size.
Due to accuracy and computational time the grid of 160x30 was chosen to
investigated the results.

3.2.2. Model validation

The code validation was performed on the basis of boundary conditions and
geometry which were used by Kumar et al. [7]. Laminar forced convection flow was
carried out over backward facing step in a 2D channel by presenting an adiabatic
circular cylinder in the area of activity. The downstream bottom wall of channel was
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kept by uniform temperature and other walls of backward facing step were
maintained as adiabatic surfaces. The straight wall of the duct was kept at a constant
temperature that is equal to the inlet fluid and velocity inlet was exposed in uniform.
As can be seen in Figure 2, the present results are in good agreement with the results
of Kumar et al. [7].

—Kumaret al. [7]
Present work

I\

MNu
' i
—— —
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Figure 2. Comparison of the Influence of Reynolds number on the variation of the
local Nusselt number distribution of the present work with the results of
Kumar et al. [7]

3.3. Numerical procedure

The finite volume method was implemented by using FLUENT software version
6.2.3 to solve Egs. (1) - (3). In this case, the numerical computations were investigated by
solving the governing conservations along with the boundary conditions. The flow field was
solved using the SIMPLE algorithm. The second-order upwind differencing scheme is
considered for the convective terms. The diffusion term in the energy and momentum
equations is approximated by the second-order central difference which gives a stable
solution [27]. Quadrilateral elements and non-uniform grid system are exerted in the
simulations. In order to increase the accuracy and decreasing the computational time, near to
the step and close to the step corners are the places where the grid size is highly
concentrated. The convergence criterion required that the maximum relative mass residual
on the basis of the entrance mass be smaller than 1x107.

3.4. Thermophysical properties of nanofluids

The thermophysical properties of nanofluids used in this study were obtained using
the following equations:

Density [28]: p,, =(1-¢)p, +dp, (5)
Heat capacity [28]: (0Cp),, = (1-9)(pCp), +¢(oCp), (6)
Thermal expansion [27]: (pB),, = (1-¢)pB), +¢(pB), (7)
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The B equations for different particle materials are shown in Table 1 as it is given by Vijjha
and Das [29] and Vijjha et al. [30].

TABLE 1: § VALUES FOR DIFFERENT PARTICLES AND IT IS BOUNDARY CONDITIONS

Type of particle B Concentration (%)
Si0s 1.9526(1004 ™ ) 1241 1%< 6 <10%

Effective thermal conductivity [28]: k,; =k .. +Kppmian ()

Static thermal conductivity:

e b )

)
(knp +2kf )+ ¢(kf _knp)
Brownian thermal conductivity:
k, . =5x10* C T, 10
brownian ﬁ¢pf pf\/2pnpRnp f( ¢) ( )
Where the Boltzmann constant is: k =1.3807x102J/K
Modelling function, f (T,(Z)) [30]:
f(T,;/))z(2.8217><10’2¢+3.917x10‘3{T1J (11)
Dynamic viscosity [27]:
! (12)

ﬂeﬁ‘ ﬂfx(

d -0.3
1—34.87( %fj ><¢1<°3j

Equivalent diameter of base fluid molecule:
1

oM |}
d, = 13
f {N%} 13

4. Results and discussion

The simulations are conducted for four various blockage shapes have been inserted in a fixed
place of backward facing step channel. Figure 3 has shown these four blockage shapes with their
exact location of inserting. In this case, SiO2 has utilized as a nanoparticle with volume fraction of
2% and diameter of 20 nm with using ethylene glycol as a base fluid. The Reynolds number is in
the range of 50<Re<200 and the time scale is in the range of 0.1<t<10. The effects of different
blockage shapes and Reynolds number on the streamlines, velocity profile, Nusselt number, and
skin friction coefficient for different times scale are interpreted and presented in this section.
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Figure3. The exact location of blockage shapes (a) Case 1: Circular blockage (b) Case 2: Back
Facing Triangular blockage (c) Case 3: Front Facing Triangular blockage (d) Case 4:

Trapezoidal blockage.

4.1. Flow pattern

The flow patterns of SiO: as a base fluid with 2% of volume fraction and 20 nm of
diameter with ethylene glycol as a base fluid while pass from these four different blockage
shapes across backward facing step channel are presented in Figures 4-7. For comparative
research of influence of blockage shapes on streamlines in different times all the above cases
(Figure 3) have been studied over the Re=200.A common note of Figures 4-7. is the
swaying of major amount of nanofluid flow through the gap of between blockage shapes and
top of step in backward facing step channel. In these figures the features of nanofluid flow
in different times are clearly shown. As can be seen in Figures 4a, 5a, 6a and 7a, when the
flow starts to move at 1=0.1 there is not any particular noteworthy flow pattern But when the
time increase till 7=0.5 the Figures 4b, 5b, 6b and 7b, present the creating of recirculation
near the step and behind the blockage shapes. At this time, movement of nanofluid flow
over and behind the blockage shapes is discovered to be influenced to some extent. 1=1 is
the next time scale and as can be clearly observed form Figures 4c, 5c, 6¢ and 7c, the
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behavior of nanofluid flow is shown when coming from the upstream channel and
obstructed by the blockage shapes and separated shear layer between the recirculation flow
area and the primary flow. Quasi steady time is the moment in unsteady flow when after this
time scale there is not any eminent changes. Due to finding the common quasi steady time
for all of these cases, the time scale should be increased till discover this point. After
analyzing, 1=5 is selected as a quasi steady time and Figures 4d, 5d, 6d and 7d, have
demonstrated the trend of nanofluid flow and primary recirculation area near the step. The
stream lines in these figures are representing the nanofluid flow motion when passing over
and beneath of baffles. The size of recirculation has increased maximally at this moment and
there is not any significant alter after it. To ensure the accuracy of selected point as a quasi
steady time, the time increased till =10 to show that there is no different between the size of
recirculation near the step and behind the blockage shape after 1=5. So For comparative
study Figures 4e, Se, 6e and 7e, demonstrate that behind the blockage shape of case 3 (Front
Facing Triangular blockage) the larger recirculation is created in aspect of size due to
convergence form of triangular.

Figure 4. Streamline profiles of Case 1 (Circular blockage) for Re=200 at (a) t=0.1, (b)
1=0.5, (¢) t=1, (d) t=5 and (e) =10
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Figure 5. Streamline profiles of Case 2 (Back Facing Triangular blockage) for Re=200 at (a)
1=0.1, (b) 1=0.5, (¢) 7==1, (d) 7=5 and (e) 7==10
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Figure 6. Streamline profiles of Case 3 (Front Facing Triangular blockage) for Re=200 at (a)
1=0.1, (b) 1=0.5, (¢) 7==1, (d) 7=5 and (e) 7==10

10
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Figure 7. Streamline profiles of Case 4 (Trapezoidal blockage) for Re=200 at (a) 1=0.1, (b)
1=0.5, (¢) t=1, (d) t=5 and (e) t=10

4.2. Velocity Profile

The influence of different blockage shapes on nanofluid flow field (SiO»-ethylene
glycol) for 2% of volume fraction and 20 nm of nanoparticle diameter and Re=200 for four
different times of 1=0.1, t =0.5, t=1, and 1=5 are shown in Figures 8-9. These figures are
presented the velocity profile at x/s=1 along the downstream wall of backward facing step to
show the velocity distribution over the duct. Figures 8a-c shows the velocity profile at x/s=1
for three different times of 1=0.1, t =0.5 and t=1 before quasi steady point. It is clear that,
the velocity profiles did not follow stable pattern and changed frequently at these times. The
main note has been understood from these figures is by going up the time, the velocity
distribution has found a regular pattern for study the effect of blockage shapes. For this
purpose, Figure 9 has presented the velocity profile at quasi steady time (t=5). For all of
these blockages can be seen two recirculation and it is obvious case 4 (Trapezoidal
blockage) has a larger recirculation near the step while case 3(Front Facing Triangular
blockage) has a smallest. This phenomenon is created due to convergence style of case 4 and
divergence style of case 3. Also case 3 causes to decrease the amount of velocity in

11
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compared to other cases while case 4 improve the velocity and raising this value. In all cases
the flow starts to redevelop and then approach the fully developed flow. Behind the
blockage shapes of four cases can be observed recirculation but case 3 has the largest
amount in compared the others because case 3 has the convergence style, conduct and focus
the streamlines in one point. From the figures it is clear that the result of case 2 (Back
Facing Triangular blockage) and case 4 (Trapezoidal blockage) due to divergence style are
similar and has a bit difference and case 1 has a average result of these cases. This result
occurs that the blockage shape with the form of case 4 can be used to increasing the value of
velocity.
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Figure 8. Velocity distributions of SiO-Ethylen glycol for Re=200 at x/s=1, and (a) 1=0.1,
(b) t=0.5 and (c) =1
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Figure 9. Velocity distributions of SiO»-Ethylen glycol for Re=200 at x/s=1, and 1=5 (quasi
steady time)

4.3. Temperature fields

In this section, the velocity field is prepared at Re=200 while the constant
temperature (Tw = 330k) with heat flux of 500 W/m? is considered over the downstream of
backward facing step at 1=5. As can be seen in Figure 10 under the effect of the reattaching
flow, the temperature contours for the all cases tolerate local density around the flow-
reattachment point. As a consequence, above the wall around the flow reattachment point a
layer with rapid temperature gradient is created, which leads to heat transfer increment.
Comparing all cases together, revealed that there is not any significant alteration except for
the changing temperature in the proximity of step. This fact is clear by the similarity in
temperature fields of case 1, 2, and 3(Figures 10a, 10b, 10c). In case 4 (Figure 10d) tender
temperature layers has been appeared over whole downstream of channel. Near to the
reattachment point of the primary recirculation area and below the blockage shapes
temperature fields for all cases display a marked compression and crowding of the
temperature fields [7].

13
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Figure 10. Temperature fields of SiO»-Ethylen glycol for Re=200 at t=10 for (a) Case 1:
Circular blockage (b) Case 2: Back Facing Triangular blockage (c) Case 3:
Front Facing Triangular blockage (d) Case 4: Trapezoidal blockage

4.4. Nusselt number

The Nusselt number of various blockage shapes in a different Reynolds numbers at
quasi steady time (1=5) is illustrated in this section. The Reynolds number has been
considered is in the range of 50<Re<200 and in each Reynolds number the average Nusselt
number has been calculated and plotted in Figure 11. It is obvious the average Nusselt
number of case 3 and case 4 has declined steadily by increasing Reynolds number while it
can be generalized for case 1 and case 2 that at distances sufficiently away from the step
(beyond the peak Nusselt number location) the average Nusselt numbers has risen gradually
by going up the value of Reynolds number. On the other hand, the average Nusselt number
of case 3 has the highest in each Reynolds number and case 4 has the lowest. Totally it can
be concluded that case 2 will achieve a higher average Nusselt number by increasing
Reynolds number after value of 200. In all cases it is obvious that the maximum peak of
Nusselt number increases as Reynolds number increases due to proportion between the
amount of convective heat transfer and velocity and the higher peak of Nusselt number
corresponding to the reattachment point of the primary recirculation area.

14
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Figure 11. Average Nusselt number of SiO-Ethylen glycol for different Reynolds number at

downstream for t=5 (quasi steady time)

4.5. Skin friction coefficient

The average value of skin friction coefficient of SiO;-ethylene glycol with ¢=2%,
dp=20 nm, and Reynolds number in the range of 50<Re<200 on the downstream during
various times between t=0.1 to 1=5 is presented in this section. The effect of different
blockage shapes on the skin friction coefficient is shown in Figure 12. It is clear that there is
no influence of changing the blockage shape on the skin friction coefficient trend before
Re=150 and all the cases have the same skin friction coefficient value. From the figure, the
differences will be appeared by increasing the value of Reynolds number. As can be seen,
case 3 has the most value of skin friction coefficient after Re=150 due to this fact that the
skin friction coefficient is inversely proportional to the velocity and case 3 cause to reduce
the velocity and had a less value of it in comparison the other shapes. It is observed that both
the wall shear stress and skin friction coefficient have the same trend but with different

values. They are not presented in this paper due to the space limitation.
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Figure 12. Average Skin friction coefficient of SiOz-Ethylen glycol for different Reynolds
number at downstream for 1=5 (quasi steady time)

5. Conclusions

Numerical simulations for 2D transient mixed convection of four different blockage shapes
with SiO> as a nanoparticles and ethylene glycol as a base fluid were discussed. Finite volume
method was used to solve the governing equations with certain assumptions and appropriate
boundary conditions for the present study. Results revealed that after t=5 the trend of nanofluid
flow and recirculation area near the step and behind the blockage shape didn’t change sensible and
this time was selected as a quasi steady time and point of comparison. The velocity distributions in
the case 3 decrease due to divergence style and has the most value of skin friction coefficient after
Re=150 due to this fact that the skin friction coefficient is inversely proportional to the velocity.
Furthermore, the average Nusselt number of case 3 has the highest in each Reynolds number and
case 4 has the lowest.
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