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Abstract: Simulation of Heat transfer and laminar Sioy/water and Sio,/oil-engine flow over
backward facing step with and without obstacle numerically studied in this paper. The finite
volume method adopted to solve continuity, momentum and energy equations in two
dimensions. The aspect ratio of triangular obstacle w/e = 0.5 presented. The step height and
expansion ratio of channel were 4.8,n and 2 respectively, the range of Reynolds number
varied from 100 to 250, constant heat flux subjected on downstream of wall was
2000W/m2.Two types of base fluid used in this simulation the water and oil-engine with
constant properties at T = 300K°, The Sio, nanoparticles used with nanoparticles diameter
30nm and volume friction 4%. The average nusselt number noticed increase with increase
Reynolds number with obstacle for two basefluid and also noticed that the nanofluid of Sio,-
oil engine has higher nusselt number compared with other nonofluid. The result shows
increase of local nusselt number for backward facing step with obstacle in compared to those
without obstacle. The maximum enhancement of heat transfer observed at obstacle due to
increase recirculation flow after the obstacle. Streamline showing the increase of recirculation
region with used obstacle in compared without obstacle and highest recirculation region
observed at obstacle.
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1- Introduction:

Flow over a backward facing step generates recirculation zone and forms vortices due to the
separation flow obtained from the adverse pressure gradients in fluid flow. Improve thermal
performance in different engineering application become main goal in recent presented
researches as the fluid flow over backward facing step is common geometry used in cooling
and heating systems such as heat exchangers, chemical process, power plants, and nuclear
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reactor due to generate separation and reattachment region. In addition, used obstacle in flow
passage leads to increase of static pressure and then enhance of heat transfer [1]. Many
researcher have been studied an experimental and numerical for analysis heat transfer and
fluid flow over backward facing step. Armaly et al. [2] have experimental and numerical
studied of laminar, transition, and turbulent air flow over backward-facing step. They found
that the separation length increase with increase of the Reynolds number for Re< 1200 while
reduction at Re between 1200 to 5550. De Zilwa et al. [3] developed new calculation method
for study laminar and turbulent flows through plane sudden expansions. The calculations of
laminar range found that increase thickness of the separating up to reach bigger separation
region and used k- ¢ models for turbulent range as obtained good agreement compared to
experimental results. Effect of step height on non-Newtonian liquids flow through sudden
expansion investigated by Pak et al. [4] where found that decrease of length reattachment at
non-Newtonian liquid compared to water for same boundary condition of flow. Khanafer et
al. [5] performed numerical study of heat transfer to laminar mixed convection of pulsatile
flow over a backward-facing step by using finite element method. They showed that improve
of the heat transfer rate with increased of Reynolds number but the thickness of the thermal
boundary layer reduced. two-phase flow over backward-facing step with low and high
Reynolds number numerically studied by Yu et al. [6] in 2D and 3D dimension. LES was
applied and found good agreement between 2D-3D numerical result with experimental result
in profile of velocity and temperature distribution. Heat transfer to laminar fluid flow between
parallel plates through baffles was numerically studied by Kelkar and Patankar [7]. The study
described flow by strong deformations and large recirculation regions and found increase of
Nusselt number and friction coefficient with increased Reynolds number.

More recently, the majority of studies have been utilizing nanofluid because of its higher
thermal conductivity compared to normal fluid [8]. Abu Nada [9] is a pioneer in research on
laminar nanofluid flow over a backward-facing step with Cu, Ag, Al,O3, CuO, and TiO,
nanofluid, volume fractions between 0.05 and 0.2 and Reynolds numbers ranging from 200 to
600. An investigation of findings signifies that the Nusselt number increased with the volume
fraction and Reynolds number. Later, Kherbeet et al. [10] presented a numerical investigation
of heat transfer and laminar nanofluid flow over a micro-scale backward-facing step. The
Reynolds numbers ranged from 0.01 to 0.5, nanoparticle types comprised Al203, CuO, SiO»,
and ZnO, and the expansion ratio was 2. An increasing Reynolds number and volume fraction
seemed to lead to an increasing Nusselt number; the highest Nusselt number value was
obtained with SiO2. Additional last investigations concern nanofluid flow over a backward-
facing step for the laminar range [11-12], but such work with respect to the turbulent regime,
in particular, is still not entirely understood. Due to the Cu has higher thermal conductivity
and many experimental investigations done with good improvement in thermal performance
then used in this simulation.

The aim of the present work is to investigate the heat transfer and laminar fluid flow over
backward facing step with and without obstacle by using two types of basefluid with Sio2
nanoparticles. The numerical data for used obstacle in flow passage with backward facing
step will be more helpful to design thermal channel with higher performance. In this
investigation, Finite Volume Method in commercial program FLUENT 6.3.26 is employed.

2- Numerical model
2.1 Description of geometry

In this simulation, the geometry and flow domain is shown in Fig. 1 where the dimension of
geometry was according to Al-Aswadi et al. [12]. Backward-facing step of duct with and
without triangular obstacle are adopted. The height of obstacle is 4mm and 2mm width fixed
at 200mm from the step with expansion ratio 2 at Reynolds numbers of 100, 175, and 250.
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The total length of duct is 1050mm consist of 50mm upstream length and 1000mm
downstream length and inlet height of duct is 4.8mm and exit height is 9.6mm. Constant heat
flux (2000 W/m?) is subjected on downward of duct while insulated other parts of duct. Two
working fluids used as a basefluid pure water and oil-engine and then added Sio,
nanoparticles for them at constant volume friction and constant diameter of nanoparticles (4%
and 30nm respectively) to study the enhancement of heat transfer with and without obstacle.
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Figure 1. Geometry domain and boundary condition

2.2 Governing Equations:

Continuity, momentum (X, Y) and energy equations with assumption laminar, steady state,
incompressible, and two dimensional are employed in this simulation and can be written as

(1)-(4),

ou , Ov

=t =0 (1)
By 10 (0 Oty

ugtv = ntvGmta) 0 e )

P S 5
ox dy  paoy axz " ay2) e
My 10 (0T 0Ty

u ax + vay - pdy a dx2 + ay2) e (4)

Where u and v represent velocities in x, y direction respectively, p and a define density and

thermal expansion, respectively.

The Reynolds number is computed based on inlet channel height (H).

1 L
Nug, = Zfo Nu, dL (6)

Where (L) is the length of the heated downstream wall.

2.3 Boundary conditions
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The boundary conditions for this simulation are:
e At the inlet Chanel the fluid is assumed to enter with a uniform horizontal velocity Uco
and temperature (Too) U=Uco, T=To=300K, V=0;
e At the outlet Chanel: P=0,

e Insulated top wall of the of duct. The mathematical form of this condition: E?a_U =0,
y
V=0,q=0 "
e For the downward of duct Constant heat flux q (2000 W/m?) is subjected while
insulated other parts of duct

2.4 Numerical procedure and Data Validation

FLUENT 6.3.26 software with computational fluid dynamics (CFD) were conducted in
numerical simulations. The procedure for generate geometry and meshing process was
performed with Gambit 2.3.16 software. Viscous laminar flow model with energy dialog box
was selected to solve continuity and X,Y momentum equations as well as energy equation. In
computational fluid dynamics (CFD), SIMPLE algorithm is a commonly used in numerical
procedure to solve the Navier-Stokes equations therefore employed to link the velocity and
pressure fields. The residual of solution was smaller than (10) for continuity equation, (10)
for momentum equations and (10°) for energy equation. In order to increase accuracy of
solution, the density of mesh at backward and obstacle was more highly than other parts. The
computational conditions and thermo-physical properties used in the numerical simulation are
shown in Table 1. Five size of grid was adopted at Re =175 and airflow as a working fluid.
Where the grid densities was (19558, 40864, 70752, 116506 and 228700) triangular cells. The
grid independent selected (116506) cells among the others due to the difference in nusselt
number was less than 3% compared to the grids as shown in Figure. 2. For purpose of
validations used boundary conditions as reported by Al-Aswadi et al. [12] and then obtained
results with acceptable agreement as shown in Figure. 3.
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Figure 2. Grid independence test results for the Nusselt number
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Figure 3. Comparison velocity profile with Al-Aswadi et al. [12].

Table 1. The computational conditions and thermo-physical properties

COMPUTATIONAL
CONDITIONS
Fluid

Pressure velocity
coupling scheme
Density

Viscosity

Thermal conductivity
Heat capacity

Viscous model

Reynolds number

Thermal heat flux

Water (basefluid)
SIMPLE

998.2 kg/m®
0.001 (N.s/m°)

0.6 (W/m.K)
4182 (J/Kg.K)

Laminar model
100, 175 and 250
2000 W/m?

*[13]

Oil-engine
(basefluid)
SIMPLE

884.1 kg/m*® *
0.486 (N.s/m®) *

0.145 (W/m.K) *
1909 (J/Kg.K) *

Laminar model

100, 175 and 250
2000 W/m®

3- Thermo-physical properties of nanofluids:

84

*[14]
Sio, nanoparticles
SIMPLE

2220 kg/m® *

1.4 (W/m.K) *
745 (JIKg.K) *

Laminar model

100, 175 and 250
2000 W/m®
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The effective properties of nanofluid are defined as follow:

Density:
Png =Ppp+ A —=@ppy (7
Heat capacity:
PppcPp+(1—@)pprcp
CPpf = L DIETRL (8)

Pnf

The Egs. (6) and (7) were introduced by [15].

The thermal conductivity:

w — Kp+(n—1)be—(n—1)<p(be—Kp) (9)
Kpy Kp + (n-OKps+@(Kpp~Kp)

This was introduced by [16].

Where (n) is a shape factor and equal to (3) for spherical nanoparticles.
The viscosity:

The effective viscosity can be obtained by using the following mean empirical correlation
[17].

Unf = Upf - (10)

(1-3487(dp/dpp) O 9103)

6M ]1/3

Where:  dp; = [anbf

Where: M is the molecular weight of basefluid, N is the Avogadro number = 6.022*10%° mol
-1, ps is the mass density of the basefluid calculated at temperature To=300 K. the table 1.
Show the thermo-physical properties of nanoparticles and working fluids.

4- Results and discussion:
4.1 The effect of different base fluids
The effect of two types of base fluids on the Nusselt number versus the Reynolds number is
presented in Fig.5. It can clearly be seen that Sio,—oil engine has the highest value of Nusselt

number while Sio,—water has the lowest value of Nusselt number. This is because oil engine
has the highest dynamic viscosity in nature compared to other base fluids and Sio, particles
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are mixed properly in oil engine which contributes to increase the thermal transport capacity
of the mixture which in turn increases the Nusselt number.

4.2 The effect of the Reynolds number

The effects of the Reynolds number on the local nusselt number for the laminar ranges with
and without obstacle are presented in Figures. 4(A),(B) respectively. With the increase of
Reynolds number, the nusselt number increased in the laminar ranges. Effect of Reynolds
number on surface nusselt number with axial distance at case with and without obstacle is
illustrated. Generally, increase of surface nusselt number found with increase Reynolds
number for all cases which denote to enhancement of thermal performance.

4.3 Average Nusselt number

In Figure. 5 the variation of average Nusselt number with the Reynolds number at different
nanofluid with and without obstacle can be seen. For all cases, the average Nusselt number
augmented as the Reynolds number increased. The highest Nusselt number was obtained at
250 Reynolds number. The maximum ratio of enhancement heat transfer to nanofluid was
about Y¢% for Sio,-oil engine with obstacle compared with Sio,-water with obstacle due to
increase of intensity convection of enhanced conductivity nanofluid.

4.4 Streamline of Velocity

Streamline of velocity for backward facing step with and without obstacle for both nanofluids
at Reynolds number 250 are illustrated in Figure. 6. It can be seen that the recirculation region
is clearly appeared at the inlet region of backward and after obstacle due to pressure gradient.
Increase size of recirculation region found with increase Reynolds number as shown in
Figure. 7. Where the largest region noticed at Reynolds number 250 with obstacle and Sio,-oil
engine compared with other cases.

4.5 pressure drop

The pressure drop variation with axial distance for different Reynolds numbers and Sio,-water
nanofluids is presented in Figures. 6 and 7. According to the results, the pressure drop
intensified as the Reynolds number increased and nanofluid volume fraction. Generally, the
highest pressure drop occurred at the downstream inlet region with obstacle due to
recirculation flow which caused the improvement of heat transfer.
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Nomenclature:

Cp specific heat capacity (J kg™ K™)
Nu, surface Nusselt number

NUay average Nusselt number

P Pressure (Pa)

Pr Prandtl number

q heat flux (W m™)

Re Reynolds number

T temperature (K)

u velocity component (m s™)

X, Y spatial coordination (m)

L Length of the heated downstream wall (m)
S Step height

H Height of outlet channel (m)

h Height of inlet channel (m)

e Height of obstacle (m)

W Width of obstacle (m)

M molecular weight of basefluid
dp Particles diameter (nm)

dbf Basefluid diameter (nm)

N Avogadro number

Greek symbols

K thermal conductivity (W m™ K™)
U dynamic viscosity (Pa s)

p density (kg m”®)

a Thermal expansion

Pbf Density of basefluid (kg m™)
1) VVolume friction (%)
Subscripts

nf nanofluid

p Nano particles

bf basefluid
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