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Abstract

Numerical investigation of heat transfer over a backward facing step (BFS), using nanofluids is presented. Different volume fractions
of nanoparticles are presented in the base fluid besides different type of nanoparticles have been used. The finite volume technique is used
to solve the momentum and energy equations. The distribution of Nusselt number at the top and the bottom walls of the BFS are
obtained. For the case of Cu nanoparticles, there was an enhancement in Nusselt number at the top and bottom walls except in the pri-
mary and secondary recirculation zones where insignificant enhancement is registered. It was found that outside the recirculation zones,
nanoparticles having high thermal conductivity (such as Ag or Cu) have more enhancements on the Nusselt number. However, within
recirculation zones, nanoparticles having low thermal conductivity (such as TiO,) have better enhancement on heat transfer. An increase
in average Nusselt number with the volume fraction of nanoparticles for the whole range of Reynolds number is registered.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Heat transfer in separated flows is frequently encoun-
tered in various engineering applications. Some examples
include combustors, heat exchangers, axial and centrifugal
compressor blades, gas turbines blades, and microelec-
tronic circuit boards. It is well known that heat transfer
characteristics experience large variation within separated
regions. Thus, it is very essential to understand the mecha-
nisms of heat transfer in such regions in order to enhance
heat transfer. 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 term
nanofluid refers to these kinds of fluids by suspending
nano-scale particles in the base fluid (Choi, 1995). The par-
ticles are different from conventional particles (millimeter
or micro-scale) in that they keep suspended in the fluid
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and no sedimentation occurs which causes no increase
in pressure drop in the flow field (Daungthongsuk and
Wongwises, 2007). 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.

The past decade has witnessed extensive research on the
convective heat transfer in nanofluids. Recently, Trisaksri
and Wongwises (2007) conducted a literature review on
the general heat transfer characteristics of nanofluids.
Moreover, Daungthongsuk and Wongwises (2007) per-
formed a comprehensive review on convective heat transfer
in nanofluids. Additionally, Wang and Mujumdar (2007)
conducted a review on heat transfer characteristics in nano-
fluids. The literature search indicates that the application
of nanofluids on the heat transfer enhancement of sepa-
rated flows has not been investigated yet. The flow over a
backward facing step (BFS) has the most basic features
of separated flows, such as separation, reattachment,
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Nomenclature

a upstream channel height (m)

p specific heat at constant pressure (kJ kg' K1)

Dy hydraulic diameter at inlet (Dy = 2a) (m)

ER expansion ratio (H/S), dimensionless
conlvection heat transfer coefficient (W m >
K™)

H downstream channel height (m)

k thermal conductivity (Wm~! K1)

L length of the channel (m)

M number of grid points in horizontal direction
N number of grid points in vertical direction
Nu Nusselt number M}(Lf)
average Nusselt number

p dimensionless pressure

}*7 pressure (N m2)

Pr Prandtl number

Gw heat flux at the wall (W m?)
Re Reynolds number (“x211)

S step height (m)

T dimensional temperature (K)

U average velocity of the incoming flow at inlet
(m/s)

u dimensionless X component of velocity

u x component of velocity (m/s)

v dimensionless y component of velocity

v y component of velocity (m/s)

x dimensionless horizontal coordinate

x horizontal distance (m)

X beginning of the secondary recirculation bubble,
dimensionless

X end of the secondary recirculation bubble,
dimensionless

Xy reattachment length, dimensionless

dimensionless vertical coordinate
vertical distance (m)

<

Greek symbols
thermal diffusivity (m?/s)

o
€ numerical tolerance
¢ transport quantity
10) nanoparticle volume fraction
u dynamic viscosity (Ns m~?)
0 dimensionless temperature
0 density
Subscripts
avg average value
bulk value
nf nanofluid
f fluid
resid  residual
s solid
w wall
we cold wall
wh hot wall
00 far-stream

recirculation, and development of shear layers. Therefore,
it is very useful to study the effect of nanofluids on the
BFS to characterize the enhancement of heat transfer in
separated flows.

The problem of fluid flow over a backward facing step
has been studied extensively in the last three decades (Arm-
aly et al., 1983; Kim and Moin, 1985; Thangam and
Knight, 1989; Gartling, 1990; Williams and Baker, 1997,
Li and Armaly, 2002; Tylli et al., 2002; Nie and Armaly,
2003; Abu-Nada et al., 2007). Abu-Mulaweh (2003) con-
ducted an extensive review of research on laminar mixed
convection over a BFS.

The extensive interest and research conducted on BFS,
in the last two decades, with the complex physics encoun-
tered in separated flow over the BFS and the continuous
interest in nanofluids has motivated the present investiga-
tion. Therefore, the goal of this research is to study heat
transfer characteristics of flow over a backward facing step
using nanofluids. The problem is investigated numerically
by solving the Navier-Stokes and energy equations
(NSE). Heat transfer characteristics are analyzed for a wide
range of volume fractions of the nanoparticles, Reynolds
numbers and various types of nanofluids.

2. Problem description and governing equations

The basic flow configuration, under study, is shown in
Fig. 1. The expansion ratio (ER = H/S) is set equal to
2.0. The flow is assumed Newtonian, two-dimensional,
steady and incompressible. It is assumed that the base fluid
(i.e. water) and the nanoparticles are in thermal equilib-
rium and no slip occurs between them. Thermophysical
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Fig. 1. Sketch of the problem geometry and boundary conditions.
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Table 1
Thermophysical properties

Property Fluid phase Cu Ag CuO ALO; TiO,
(Water)

¢, (J/kg K) 4179 385 235 535.6 765 686.2

p (kg/m®) 997.1 8933 10500 6500 3970 4250

k (W/m K) 0.613 400 429 20 40 8.9538

ax 107 (m%/s) 1.47 1163.1 1738.6 5745 131.7 30.7

properties of the nanofluid are given in Table 1. In current
formulation, thermophysical properties of the nanofluid
are assumed to be constant.

Introducing the following dimensionless quantities:

x y u . v
xzi, :77 u:—, :—7
Dy Y Dy U Um
p T~ Ty
=—, and 0 = ———.
P ”an Twh_Twc

Then, the continuity, momentum, and energy equations, in
non-dimensional form, in Cartesian coordinates are given
as:

ou Ov
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He
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In Egs. (1)—(4), the viscosity of the nanofluid is approxi-
mated as viscosity of a base fluid p, containing dilute sus-
pension of fine spherical particles and is given by
(Brinkman, 1952):

He
nf = 5
g (1 - (P)Z'S ( )
The effective density of the fluid is given as
poe = (1= @)p; + @p; (6)

The heat capacitance of the nanofluid is expressed as
(Khanafer et al., 2003):

(pep)or = (1 = @)(pey); + @(pep), (7)

The effective thermal conductivity of the nanofluid can be
approximated by the Maxwell-Garnetts (MG) model as
(Khanafer et al., 2003):

knf N ks —+ 2kf — 2(p(kf — kb)
kf - ks —+ 2kf + qD(kf - ks)

(®)

The MG model is only restricted to spherical nanoparticles
and does not take into account the shape of nanoparticles.
It should be emphasized that macroscopic modeling of
nanofluids is restricted to spherical nanoparticles and suit-
able for small temperature gradients (Shukla and Dhir,
2005). Therefore, the present formulation is limited to
nanoparticles with a spherical shape.

The boundary conditions are prescribed as follows:

At the channel inlet: u(y) = 12(y — 2y%) and 6 =1 — 2y.

At the channel outlet: & =2 =0 and & = 0.

The boundary conditions at the top, bottom, and step
walls are shown in Fig. 1. The total length of the computa-
tional domain is taken as (L = 30 H) to ensure fully devel-
oped outlet boundary condition (Gartling, 1990; Vradis
et al., 1992; Pepper et al., 1992; Abu-Nada, 2006; Abu-
Nada et al., 2007).

3. Numerical Implementation

Egs. (1)—(4), with corresponding boundary conditions
are solved using the finite volume approach. The SIMPLE
algorithm is used as the computational algorithm (Patan-
kar, 1980; Versteeg and Malalasekera, 1995). The diffusion
term in the momentum and energy equations is approxi-
mated by second-order central difference which gives a
stable solution. Furthermore, a second-order upwind dif-
ferencing scheme is adopted for the convective terms.

In the x direction, a fine grid is used in the regions near
the point of reattachment to resolve the steep velocity gra-
dients while a coarser grid is used downstream of that point
(Anderson, 1995). However, in the y direction, a fine grid is
used near the top, the bottom walls, and directly at the
step. A fine mesh in the x and y directions is generated
by using an algebraic grid stretching technique that results
in considerable savings in terms of the grid size and compu-
tational time. For more details on grid stretching imple-
mentation, the readers are referred to Abu-Nada et al.
(2007).

The algebraic finite volume equations for the momen-
tum and energy equations are solved using the tri-diagonal
matrix algorithm (Thomas algorithm) with the line-by-line
relaxation technique. The convergence criteria were defined
by the following expression:
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The symbol ¢ holds for u, v, or T and ¢ is the tolerance and
resid is the residual; M and N are the number of grid points
in the x and the y directions, respectively.

After solving for u, v, and 7, further useful quantities are
obtained. For example, the Nusselt number on the bottom
wall is written as:

1 knf @

Nu= - ot
(O — Op) ky Oy

(10)

y==1/2

where 0, is bulk temperature. Similar expression could be
written for the top wall. The average Nusselt number is de-
fined as:

[y /) (Nu(x))*dx

. (11)

Nuyyg =

4. Grid testing and code validation

Extensive mesh testing was performed to guarantee a
grid independent solution. The problem selected for the
grid testing is the flow over a BFS using air as the working
fluid. A grid size of 125 x 250 (125 grid points in y and 250
grid points in x) ensures a grid independent solution. Also,
a grid independence test is carried out for the nanofluid
case for ¢ =0.2 and Re = 600. The grid independence test
for the nanofluid case shows that a grid size of 125 x 250
ensures a grid independent solution. The present results
are carried out on a grid size of 151 x 299.

The present numerical solution is validated by compar-
ing the present code results for the benchmark problem for
Re =800, Pr=0.7, and ER = 2.0 with the experiment of
Armaly et al. (1983) and with other numerical published
data. As shown in Fig. 2, the code results are very close
to the previous numerical published results. However, all
of the numerical published works, including the present
one, underestimate the reattachment length. According to
Armaly et al. [1], the flow at Re =800 has three-dimen-
sional features. Therefore, the underestimation of x,, by
all numerical published data is due to the two-dimensional
assumption embedded in the numerical solution (Armaly
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Fig. 2. Model Validation: Reattachment length versus Reynolds number
for various expansion ratios, Pr=0.70, Re = 800.

et al., 1983; Thangam and Knight, 1989). More specifically,
it is due to the side wall induced three-dimensional effects
(Williams and Baker, 1997; Tylli et al., 2002). To avoid
three-dimensionality of the flow, the results are restricted
to Re < 600.

5. Results and discussion

The range of Reynolds number used in the present
research is 200 < Re < 600 and the range of nanoparticles
volume fraction is 0 < ¢ < 0.2. The Prandtl number of
the base fluid (water) is kept constant at 6.2. Five different
types of nanoparticles are studied which are Cu, Ag, Al,O3,
CuO, and TiO,.

Fig. 3a shows the distribution of the Nusselt number at
the top wall for Re =200 using different nanoparticles
volume fractions. The figure reveals an enhancement in
Nusselt number by increasing the volume fraction of nano-
particles. This behavior is explained by looking at Eq. (10)
The expression of the Nusselt number consists of three
terms which are the term for the temperature difference
between the wall and the fluid bulk temperature (i.e. 1/
(0w — 0p)), the term for thermal conductivity ratio (i.e.
kai'ke), and the term for the temperature gradient at the
wall (i.e. d6/dy). To illustrate the effect of volume fraction
of nanoparticles on these terms, Fig. 4 is prepared. The
effect of nanoparticles on the temperature difference term
is negligible. However, Fig. 4a and b shows that the effect
of volume fraction of nanoparticles on the temperature
gradient term and on the thermal conductivity ratio term
is more pronounced. Fig. 4a shows that, before the point
of reattachment (See Fig. 5), as the percentage of nanopar-
ticles increases the temperature gradient at the top wall
increases. This is related to the increase in inertia forces
as depicted by Egs. (2) and (3). The equations show that
inertia forces are amplified by the factor (1 — ¢@)*°[(1 —
@) + @ps/ps]. Therefore, any increase in volume fraction
increases inertia forces and accordingly increases the tem-
perature gradient. Besides, the nanoparticles increase the
thermal conductivity ratio term as shown in Fig. 4c. There-
fore, both the temperature gradient term and thermal con-
ductivity ratio term increase by increasing the volume
fraction of nanoparticles. Accordingly, the overall effect
at the top wall is an enhancement in the Nusselt number
by increasing the volume fraction of the nanoparticles.

The effect of volume fraction of nanoparticles on the
Nusselt number at the bottom wall is shown in Fig. 3b.
By comparing Figs. 3b and 5 it is clear that the maximum
value of Nusselt number, on the bottom wall, coincide with
the point of reattachment. After the point of reattachment,
an increase in Nusselt number is observed by increasing the
volume fraction of the nanoparticles. The explanation after
the point of reattachment is similar to the justification pre-
sented at the top wall. However, inside the primary recircu-
lation zone a different behavior is identified, where the
Nusselt number becomes less sensitive to the presence of
nanoparticles. To explain what is happening inside the
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Fig. 3. Nusselt number distribution using Cu nanoparticles (a) Top wall Re =200 (b) Bottom wall Re =200 (c) Top wall Re =400 (d) Bottom wall
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Fig. 4. (a) Temperature gradient at the top wall. (b) Temperature gradient at the bottom wall. (¢c) Thermal conductivity ratio versus volume fraction of

nanoparticles. (d) Thermal diffusivity versus volume fraction of nanoparticles.

recirculation zone we need to look at Fig. 4 again. Fig. 4b
shows that as the percentage of nanoparticles increases the
temperature gradient term decreases. In fact, inertia forces
within the primary recirculation zone are relatively weak
and the effect of nanoparticles on increasing the inertia
effect is negligible. Therefore, higher value of effective ther-

mal conductivity due to the presence of nanoparticles is the
main reason for the reduction in temperature gradient at
the bottom wall. In fact higher values of thermal conduc-
tivity are accompanied by higher values of thermal diffusiv-
ity, as shown in Fig. 4d. The high values of thermal
diffusivity cause a drop in the temperature gradients. By
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Fig. 5. Reattachment length and the beginning and the end of the upper
recirculation zone versus Reynolds number using Cu nanoparticles,
¢ =0.20, Pr==6.2.

looking at Fig. 4b and c it is clear that the percentage of
increase in thermal conductivity ratio is approximately
equal to the decrease in temperature gradient. Therefore,
according to Eq. (10), the multiplication of the temperature
gradient term and the thermal conductivity ratio term does
not affect the Nusselt number. Accordingly, the Nusselt
number becomes less dependent of the volume fraction of
the nanoparticles. Consequently, the high Nusselt number
inside the recirculation depends mainly on the thermophys-
ical properties of the nanoparticles and is independent of
Reynolds number because of the small values of the inertia
forces. However, outside the recirculation zone both the
Reynolds number and the thermophysical properties of
the nanofluids affect the value of Nusselt number. The opti-
mum nanoparticle selection for the recirculation regions is
nanoparticles with low thermal diffusivity. This could be
done by using particles with high values of density and
thermal capacitance.

Fig. 3c shows the effect of volume fraction on the Nus-
selt number at the top wall for Re = 400. For Re = 400, the
upper secondary recirculation zone appears as shown in
Figs. 5 and 6. Therefore, the behavior inside the secondary
recirculation zone is similar to the behavior encountered in
the primary recirculation zone, for the case of Re = 200.
Figs. 5 and 6 show the increased size of upper secondary
recirculation zone with the volume fraction of nanoparti-
cles for Re =400. Fig. 3d shows that, at the bottom wall
and outside the recirculation zone, the behavior of
Re =400 is similar to the behavior of Re =200 where an
increase in the Nusselt number is observed by increasing
the volume fraction of nanoparticles. It is worth mention-
ing that the case of Re =600 has a similar trend to that
of Re =400. It is clear that for (x > 10), Nusselt number
is independent of Reynolds number and is only a function
of volume fraction of nanoparticles. However, around the
point of reattachment the Nusselt number is a function
of Reynolds number and the volume fraction of the
nanoparticles.

An interesting comparison between various nanofluids is
presented in Fig. 7. It is interesting to note that on the top
wall, and before the beginning of the top secondary recircu-
lation zone, nanoparticles with high thermal conductivity
have more enhancements on the value of the Nusselt num-
ber. However, within the recirculation zone, nanoparticles
with low thermal conductivity display more enhancements
on heat transfer. This conclusion is consistent with our ear-
lier discussion that inside the recirculation zone the fluid
needs to have lower thermal diffusivity. Therefore, nano-
particles of low thermal conductivity (or low thermal diffu-
sivity as shown in Table 1) are more appropriate for the
recirculation zone. However, outside the recirculation zone
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Fig. 6. Streamline patterns for Cu nanoparticles, Re =400 (a) ¢ =0, (b) ¢ = 0.1 and (c) ¢ =0.2.
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Fig. 8. Average number versus volume fraction using Cu nanoparticles. (a) Top wall and (b) Bottom wall.

nanoparticles of high thermal conductivity are more
suitable.

Fig. 8 shows the average Nusselt number at the top and
the bottom walls. There is an increase in the average Nus-
selt number with the volume fraction of nanoparticles for
the whole range of Reynolds number. Also, the figure
shows that the average Nusselt number is more sensitive
to volume fraction than to Reynolds number.

6. Conclusions

At the top wall, and for Re =200, an enhancement in
the Nusselt number is registered by increasing the volume
fraction of the nanoparticles. For Re > 300, there was an
enhancement in Nusselt number at the top wall except in
the secondary recirculation zone where insignificant
enhancement is registered. It is found that the high Nusselt
number inside the recirculation zone depends mainly on the
thermophysical properties of the nanoparticles and is inde-
pendent of Reynolds number. However, outside the recir-
culation zone both the Reynolds number and the
thermophysical properties of the nanofluids affect the value
of Nusselt number. It was found outside the recirculation
zones, nanoparticles having high thermal conductivity
(such as Ag or Cu) have more enhancements on the value
of the Nusselt number. However, within the primary and
secondary recirculation zones, nanoparticles having low
thermal conductivity (such as TiO,) have better enhance-
ment on heat transfer.
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