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Two-dimensional numerical simulations are conducted to study forced convection flow of different water-based nanofluids (ZnO,
Al2O3, and SiO2) with volume fractions (ϕ)� 0–5% and fixed nanoparticle size (dp)� 20 nm for Reynolds numbers (Re)� 50–225
over a double backward-facing step with an expansion ratio (ER)� 2 under constant heat flux (q″� 3000W/m2) condition using
the finite volume method. Results indicate that the local Nusselt number increases with volume fraction and Reynolds number for
all working fluids. In comparison to water, the maximum heat transfer augmentation of about 21.22% was achieved by using
water-SiO2 nanofluid at Re� 225 with ϕ� 5% and dp � 20 nm. Under similar conditions, the Al2O3 and ZnO nanofluids
demonstrated 14.23% and 11.86% augmentation in heat transfer in comparison to water. *e skin friction coefficient decreases
with the increase in Re for all working fluids. No significant differences are observed in the values of skin friction coefficient among
all working fluids at a particular Re.*ese results indicate that the heat transfer enhancement has been achieved with no increased
energy requirements. In addition, the velocity increases with the rise in Re, with SiO2 nanofluid exhibiting the highest velocity as
compared to other working fluids.

1. Introduction

Heat transfer enhancement has been the topic of great in-
terest for researchers for the past few decades. Several active
and passive techniques such as the use of a magnetic field,
geometry modifications, use of ribs and baffles, surface
roughness, and use of nanoparticles have been utilized to
achieve enhanced heat transfer. Among such techniques,
nanofluids have been widely employed and are considered to
be a new class of fluids with high thermal performance. For
example, some of the nanoparticles are Cu, ZnO, Al2O3,
TiO2, etc. [1]. *ey are prepared by suspending nano-
particles such as oxides and metals in the conventional base
fluids such as water and ethylene glycol [2].*ese nanofluids
have gained popularity over the past several years due to
wide range of applications in microelectronics, biomedical
engineering, combustors, manufacturing, etc.

Our main concern in this paper is the study of flow and
heat transfer using nanofluids over a backward-facing step
(BFS) channel, which is one of the fundamental problems in
fluid mechanics. *e BFS geometry is simple but the as-
sociated flow dynamics are complexas evidenced by flow
separation caused by sudden expansion, forming a recir-
culation zone consisting of vortices. While such separated
flows can be detrimental and undesirable due to energy
losses in engineering systems, they have proved to be
beneficial in terms of heat transfer enhancement due to
enhanced mixing by turbulence. Such separated flows in the
BFS channels are evident in several practical engineering
applications such as the cooling of electronic components,
building aerodynamics, heat exchanger, and diffusers [3].

Over decades, extensive analytical, numerical, and ex-
perimental investigations have been conducted on heat
transfer augmentation using nanofluids in backward- and
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forward-facing step channels. Salman et al. [4] provided a
comprehensive review on convective heat transfer in
backward- and forward-facing step channels. Togun et al. [5]
numerically investigated the forced convection heat transfer
of Cu/water nanofluid with volume fractions (ϕ) = 0–4% for
Reynolds numbers varying from 50 to 200 for laminar re-
gime and from 5000 to 20000 for turbulent regime in a
backward-facing step with an expansion ratio of 2 under a
constant heat flux of 4000W/m2. *ey implemented the
finite volume method with a FORTRAN code to solve the
continuity, momentum, energy, and turbulence equations.
*ey found that a peak value of Nusselt number was ob-
served due to formation of recirculation zone behind the
step. Increasing Reynolds number caused increment in
Nusselt number, with the highest thermal performance
achieved about 26% and 36% for the laminar and turbulent
regimes, respectively. Safaei et al. [6] numerically studied the
turbulent forced convection heat transfer of water/func-
tionalized multiwalled carbon nanotube (FMWCNT)
nanofluids with volume fractions (ϕ) = 0–0.25% and Re =
10000–40000 over a forward-facing step channel under heat
fluxes ranging from 1000W/m2 to 10000W/m2. *eir re-
sults indicated that the rise in Reynolds number and volume
fraction caused increment in local heat transfer coefficient.
Togun et al. [7] carried out a numerical study to investigate
the thermal performance of water-based Al2O3 and CuO
nanofluids with volume fractions ranging from 1% to 4% in a
double forward-facing step channel under turbulent flow
regime.*ey concluded that the rise in volume fraction leads
to enhancement of heat transfer, with the maximum thermal
improvement attained at 4% volume fraction with the
Al2O3/water nanofluid. Kherbeet et al. [8] studied the effects
of inclination angle and step height on laminar mixed
convection flow of ethylene glycol-SiO2 nanofluid with a
25 nm particle diameter and 4% volume fraction over a
three-dimensional horizontal microscale forward-facing
step channel. *eir results revealed that the Nusselt number
increases with the increase in step height Also, the effect of
inclination angle on heat transfer and fluid flow is negligible.
Alrashed et al. [9] numerically studied the heat transfer and
fluid flow using water/functional multiwalled carbon
nanotube nanofluid with weight percentages ranging from 0
to 0.25 for Re = 1–150 in a backward-facing step contracting
channel. *ey found that the surface temperature decreased
with the increment of Reynolds number and weight per-
centages. Referring to the work done by Ekiciler [10], the
thermal-hydraulic characteristics were investigated using
Al2O3/water nanofluid with volume fractions (ϕ) = 1–5% at
Re = 100–500 in a single backward-facing step with an ex-
pansion ratio of 2. He observed that the local Nusselt
number rapidly rises to themaximum at the separation point
and gradually decreases along the heated wall and an almost
fixed shape is attained. However, a peculiar observation was
made regarding the behavior of the local Nusselt number
along the heated wall in the study done by Abuldrazzaq et al.
[11]. In their work, they analyzed the thermal performance
of different conventional fluids (water, ethylene glycol, and
ammonia liquid) in a double backward-facing step channel
at Re = 98.5–512 under constant heat flux (q’″= 2000W/m2)

using the finite volume method. It was found that the local
Nusselt number rapidly increased to the maximum from the
first step and gradually decreased along the heated wall. But
the Nusselt number dropped to the minimum at the second
step corner due to expansion and then followed a similar
trend as in the first step region.

Channel flows exist in many industrial applications such
as microchannel heat sinks, heat exchangers, and automo-
tive systems. Whether the BFS channel has a single-step or
double-step configuration, the key role is played by the
recirculation zone in both cases, which affects the thermal-
hydraulic characteristics in those engineering systems. *e
formation of multiple recirculation zones could be one of
many possible flow situations in such engineering devices
[12]. For instance, Nie et al. [13] examined the effects of a
baffle by studying the three-dimensional laminar forced
convection flow in a backward-facing step. *e presence of
baffles caused the formation of secondary recirculation
zones affecting the heat transfer and pressure drop char-
acteristics. *ey found that the baffle significantly enhances
the heat transfer. Togun [14] indicated a 22% improvement
in heat transfer with the use of a vertical obstacle in a single
backward-facing step channel utilizing CuO nanofluid.
*ese studies dealt with the effects of contraction due to
external obstacles as opposed to the expansion problem
addressed by Abuldrazzaq et al. [11]. *e study of heat
transfer characteristics in such expansion problems cannot
be ignored in terms of design and theoretical perspectives.
Moreover, the exploration of the thermal performance of
nanofluids in such configurations requires further attention.

To the best of the authors’ knowledge, no studies are
available regarding heat transfer augmentation with the
utilization of nanofluids as coolants over a rectangular
channel having a double backward-facing step configura-
tion. Hence, the present work aims to make a comparative
analysis of the thermal performance of the three different
water-based nanofluids, namely, ZnO, Al2O3, and SiO2 over
a double backward-facing step channel under a constant
heat flux condition. *is work will provide further insights
into the existing research and is useful in the optimization of
heat transfer rate in cooling equipment. Lastly, the results are
presented in terms of Nusselt number, skin friction coeffi-
cient, and velocity distribution for all working fluids.

2. Problem Description and
Mathematical Modelling

2.1. Geometrical Configuration. *e forced convective heat
transfer problem under consideration is shown in Figure 1.
It represents a double backward-facing step channel with an
expansion ratio (ER) of 2.*e inlet height of the channel (H)
is 4.8mm. *e upstream length (L1) is 50mm, whereas the
first (L2) and second (L3) downstream wall lengths are both
equal to 500mm. *e upstream wall and the first step of the
lower section and the upper wall are thermally insulated,
whereas downstream walls starting from the corner of the
first step are heated with constant heat flux (qw″) = 3000W/
m2. *e Reynolds numbers considered in this study range
from 50 to 225 for three different nanofluids consisting of
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water as the base fluid and ZnO, Al2O3, and SiO2 as
nanoparticles each having the size of 20 nm.

No-slip condition occurs between the base fluid and the
nanoparticles and they are considered to be in thermal
equilibrium with each other. Radiation heat transfer and
viscous dissipation are neglected. Also, internal heat gen-
eration is not considered in this study.

2.2. Governing Equations. *e present study considers the
flow to be two-dimensional, steady, laminar, and incom-
pressible. Under such assumptions, the governing equations
for continuity, momentum, and energy for a Newtonian
fluid can be written as follows [11]:

Continuity equation:
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where ] is the kinematic viscosity and α is the thermal
diffusivity. *e Reynolds number has been defined based on
hydraulic diameter as follows:

Re �
ρU∞Dh

μ
, (5)

where Dh is the hydraulic diameter equal to the channel inlet
height and μ is the fluid viscosity.

Similarly, the Nusselt number (Nu) can be evaluated as

Nu �
hDh

k
, (6)

where h is the heat transfer coefficient and k is the thermal
conductivity.

*e skin friction coefficient (Cf) can be computed as

Cf �
2τw

ρU
2
∞

, (7)

where τw is the wall shear stress.

2.3. Boundary Conditions. *e appropriate boundary con-
ditions in dimensional form associated with above gov-
erning equations are presented in the following:

(i) At the Channel Inlet. Velocity inlet condition is
applied at the inlet boundary of the channel. *e
fluid flows with a uniform velocity U∞ and free-
stream temperature T∞.

(ii) On the Upper Wall. An adiabatic wall with no-slip
boundary condition is applied on the upper wall;
that is, U � V � 0 and T � T∞.

(iv) On the Upstream and First Step Walls. An adiabatic
wall with a no-slip boundary condition is applied;
that is, U � V � 0 and T � T∞.

(v) On the Downstream Walls. A constant heat flux is
applied on the downstream walls with no-slip
boundary condition; that is, U � V � 0.

(vi) At the Channel Outlet. Pressure outlet condition is
applied at the outlet boundary.

2.4. 8ermophysical Properties of Nanofluids. *e nano-
particles used in this study are ZnO, Al2O3, and SiO2. Table 1
provides the thermophysical properties of water and the
three nanoparticles at T� 300K. *e thermophysical
properties under consideration are density, dynamic vis-
cosity, thermal conductivity, and specific heat capacity. *e
calculation of effective thermophysical properties of the

H = 4.8 mm

L1 = 50 mm

L2 = 500 mm

L3 = 500 mm

L = 1000 mm

S = 4.8 mm
X, U

Y, V S = 4.8 mmqw = 0

U = V = 0, T∞

U = V = 0 , qw=constant

U∞, T∞

P0 = 0
T∞

Figure 1: Geometrical configuration of double backward-facing step (DBFS) channel.
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nanofluids has been done using theoretical relations as
follows:

(1) Effective thermal conductivity
*e effective thermal conductivity can be estimated
using the following theoretical model [15]:

keff � kf

kp + 2kf − 2ϕ kf − kp 

kp + 2kf + ϕ kf − kp 
⎛⎝ ⎞⎠. (8)

(2) Effective viscosity
*e effective viscosity can be determined from the
following empirical correlation [16]:

μeff �
μf

1 − 34.87 dp/df 
−0.3

ϕ1.03
, (9)

where μeff and μf are the viscosities of the nanofluid
and base fluid, respectively. Similarly, ϕ is the
nanoparticle volume fraction, dp is the nanoparticle
diameter, and df is the diameter of the base fluid
molecule.
*e equivalent diameter of the base fluid molecule
(df) can be expressed as follows:

df �
6M

Nπρf

 

1/3

, (10)

where M is the molecular weight of the base fluid, N

is the Avogadro number, and subscriptsf and p refer
to the base fluid and nanoparticle, respectively. Here,
ρf is the mass density of base fluid taken at
T0 � 293K.

(3) Effective density
*e effective density of the nanofluid can be ap-
proximated by the following correlation [16]:

ρeff � (1 − ϕ)ρf + ϕρp, (11)

where ρf and ρp are the densities of the base fluid
and nanoparticles, respectively.

(4) Effective heat capacity
*e effective heat capacity of the nanofluid can be
estimated as follows [16]:

ρCp 
eff

� (1 − ϕ) ρCp 
f

+ ϕ ρCp 
p
, (12)

where (ρCp)f and (ρCp)eff are heat capacities of the
base fluid and nanoparticles, respectively.

2.5. Grid Independence Study. Seven progressively refined
grids of size ranging from 50×103 to 2.4×105 elements were
generated to carry out the grid independence studies.

Figure 2 shows the grid structure used in this study. All
the test simulations have been conducted at Re� 175 with
water as the working fluid. *e variation in the values of
average Nusselt number and skin friction coefficient along
the heated wall with increasing grid sizes is illustrated in
Figures 3(a) and 3(b). It was observed that the changes in the
values of the average Nusselt number are less than 0.1% and
those of the average skin friction coefficient are less than 5%
when the grid size is further increased from 1× 105 to
2.4×105. Consequently, the grid consisting of 1× 105 ele-
ments has been selected in terms of computational time and
accuracy.

2.6. Model Validation. *e computational model has been
compared with the results of Al-Aswadi et al. [17] for val-
idation purposes. In their study, they numerically investi-
gated the laminar forced convection of different nanofluids
in a backward-facing step. For validation, a comparison of
the present results of the velocity profiles for SiO2 nanofluid
at Re = 175 with ϕ= 5% has been done. Figures 4(a)–4(b)
show the comparison between the present results and the
published literature of the velocity profiles at different
streamwise sections of the channel. *e average differences
between the present results and the published literature of
the profiles of x-velocity at X/S = 1.04, 1.92, 2.6, and 32.8 are
3.56%, 2.23%, 3.3%, and 1.56%, respectively. Hence, a good
agreement has been obtained with the published literature.

2.7. Numerical Procedures. Computational simulations were
carried out to solve the governing conservation equations,
that is, equations (1)–(4) with associated boundary condi-
tions using the finite volume method implemented in
commercial ANSYS FLUENT 18 software. Structured non-
uniform grids have been generated using ICEM CFD for
simulation purposes. To account for steep velocity gradients
in the recirculation zone near the step, a fine grid has been
created in the x-direction at both step regions of the channel.
But a coarser grid outside and away from the reattachment
point has been generated throughout the channel. Similarly,
a fine grid is also created in the y-direction near the bottom
and top walls and the steps. *e second-order upwind
scheme was employed to discretize all the terms in equa-
tions. *e coupling of pressure and velocity fields was done
by Semi-Implicit Method for Pressure-Linked Equations
(SIMPLE) algorithm [18]. More details on SIMPLE algo-
rithm can be found in the works of Patankar [19] and
Versteeg and Malalasekera [20]. In this algorithm, the so-
lution process is iterative such that numerical computation
is started by initially guessing the pressure field. *en the
momentum equation is solved to obtain solution of velocity
components. *e pressure is then updated using the con-
tinuity equation. *e solution is said to have converged
when the residuals for continuity, momentum, and energy
equations reach 10−8.

Table 1: *ermophysical properties of water and nanoparticles at
T� 300K.

Property Water ZnO Al2O3 SiO2

ρ(kg/m3) 997.1 5600 3970 2200
k(W/mK) 0.613 13 40 1.2
Cp(J/kgK) 4179 495.2 765 70
μ(Pa.s) 0.001 — — —
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3. Results and Discussion

In this section, the effects of types of nanofluids, volume
concentration, and Reynolds number on fluid flow and heat
transfer have been investigated in terms of Nusselt number,
skin friction coefficient, and velocity distribution.

3.1. Effects of Different Types of Nanoparticles

3.1.1. Nusselt Number. A comparative analysis of the in-
fluence of three different types of nanoparticles, namely,
ZnO, Al2O3, and SiO2, with water as base fluid on the
Nusselt number is performed at Re� 225 with ϕ � 5% and
dp � 20 nm as shown in Figure 5. Starting from the corner

between the first step and the heated wall, the Nusselt
number steeply rises to reach a peak near the reattachment
point and slowly declines along the heated wall, dropping to
the minimum near the second step corner.

On the second step, the Nusselt number follows a trend
similar to that in the first step region. Such distribution of
the Nusselt number is similar for all working fluids as shown
in Figure 5(a). Also, our observations regarding the behavior
of Nusselt number are consistent with the results of
Abuldrazzaq et al. [11]. In comparison to water, the three
nanofluids show higher Nusselt numbers among which the
SiO2 nanofluid has the highest one due to the highest Prandtl
number, followed by Al2O3 and ZnO. Figure 5(b) demon-
strates the average Nusselt number obtained at Re� 50–225
for water (ϕ � 0%) and the three nanofluids (ϕ � 5%). It can

First step region (A) Second step region (B)

A B

Full mesh

Figure 2: Grid structure. (a) First step region. (b) Second step region.
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Figure 3: Variation of Nusselt number and skin friction coefficient with increasing grid size. (a) Average Nusselt number. (b) Average skin
friction coefficient.
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be observed that SiO2 outperforms all other working fluids
in terms of heat transfer augmentation at all Reynolds
numbers. Also, the contours of velocity for water at Re � 175
are depicted in Figures 6(a) and 6(b). To validate these
results, the dimensional velocity profiles obtained at dif-
ferent channel sections, that is, X/S� 1.04, 1.92, 2.6, and 32.8,
have been compared with the results presented by Al-
Aswadi et al. [17]. It is observed that our results show a good
agreement with the published literature as shown in Fig-
ure 7. Major observations are seen at the first and second

steps, where recirculation zones are formed due to adverse
pressure gradient arising due to sudden expansion. *e
presence of these recirculation zones at both steps allows
proper mixing of the hot and cold fluids, thereby promoting
the heat transfer.

3.1.2. Skin Friction Coefficient. Figure 8 depicts the distri-
bution of skin friction coefficient along the heated wall for
different nanofluids at Re�225 with ϕ� 5% and dp � 20 nm.
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*e results indicate that the distributions of skin friction
coefficient along the heated wall are similar for all working
fluids. Another important observation is that no significant
differences are observed in the values of the skin friction
coefficient among all working fluids. *is means that these
nanoparticles, when dispersed in water, offer almost same
contribution to frictional losses, implying similar pumping
power requirements.

3.1.3. Velocity Profile. Figures 9(a)–9(d) depict the profiles
of velocity for different nanofluids at Re = 225 with ϕ= 5%
and dp= 20 nm at different streamwise sections (inlet,
X= 0.012m, X= 0.505m, outlet) of the channel. In all sec-
tions, it is seen that the SiO2 nanofluid has the highest
absolute velocity in comparison to the rest of the nanofluids.
*is can be attributed to the fact that it has the lowest density
among other nanofluids. *e flow attains a fully developed
condition up to the first step and then separates due to
adverse pressure gradient caused by sudden expansion,

forming a recirculation zone consisting of vortices as
depicted by Figure 9(b).

*e flow then redevelops to achieve a fully developed
state as it makes way toward the second step. Downstream
the second step, the second recirculation zone is formed as
evidenced by the profiles of negative velocity depicted in
Figure 9(c). While the flow moves toward the channel exit, it
reaches a fully developed state shown by the parabolic ve-
locity profile depicted in Figure 9(d).

3.2. Effect of Volume Fraction. *e effect of volume fraction
on Nusselt number for the three different nanofluids,
namely, ZnO, Al2O3, and SiO2, at Re� 225 with ϕ � 1–5%
and dp � 20 nm is shown in Figure 10. For all nanofluids, it is
seen that the increment in the volume fraction of the
nanoparticles increases the average Nusselt number, indi-
cating enhanced thermal performance.*is can be explained
by the fact that the thermal conductivity of the nanofluids
increases with the rise in volume fraction. At ϕ� 5%, the
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Figure 5: Comparison of Nusselt number between different nanofluids. (a) Local Nusselt number. (b) Average Nusselt number.
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SiO2 nanofluid demonstrates the highest Nusselt number,
followed by Al2O3 and ZnO.

3.3. Effect of Reynolds Number

3.3.1. Nusselt Number. *e effect of Reynolds number on
Nusselt number for the three nanofluids is studied. Figure 11
shows the variation of average Nusselt number for the three
nanofluids at Re � 50–225 with ϕ� 5% and dp � 20 nm. For
all nanofluids, it can be observed that the average Nusselt
number increases with the increment of Re.

3.3.2. Skin Friction Coefficient. *e effect of the Reynolds
number on the values of average skin friction coefficient for
different working fluids is studied. Figure 12 shows the vari-
ation of average skin friction coefficient for Re� 50–225 with
ϕ� 5% and dp� 20nm. It can be observed that the average skin
friction coefficient decreases with the rise in Reynolds number
for all working fluids.*is is because the velocity of these fluids
increases with the increase in Re but the skin friction coefficient
is inversely proportional to the velocity.

In addition, at a particular Re, there is no substantial
difference in the value of average skin friction coefficient
among all nanofluids. For instance, at Re� 50, the three
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Figure 9: Distribution of velocity profile for different nanofluids at different channel sections. (a) Inlet; (b) X� 0.012m; (c) X� 0.505m;
(d) outlet.
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nanofluids showed less than 0.03% deviation in the value of
average skin friction coefficient in comparison to water.
Such observations are consistent with the results shown
earlier in Figure 8.

3.3.3. Velocity Profile. Figures 13(a) and 13(b) illustrate the
velocity contours for SiO2 nanofluid with ϕ= 5% and

dp= 20 nm at the first and second step regions for
Re = 50–225. It can be observed that the size of the recir-
culation zones at both steps increases with the rise in Re.

To validate the contours of velocity for the SiO2 nano-
fluid with 5% volume fraction, the present results of non-
dimensionalized velocity distributions for Re = 50–175 at
different streamwise channel sections, that is, X/S = 1.04,
1.92, 2.6, and 32.8, have been compared with the results of
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Figure 10: Effect of volume fraction on average Nusselt number for different nanofluids.
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Figure 13: Velocity contours for SiO2 nanofluid with different Reynolds numbers. (a) First step region. (b) Second step region.
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Figure 14: Comparison of distribution of nondimensional velocity profiles for Re� 50–175 at different channel sections for SiO2 nanofluid.
(a) X/S� 1.04. (b) X/S� 1.92. (c) X/S� 2.6. (d) X/S� 32.8.
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Al-Aswadi et al. [17] as shown in Figures 14(a)–14(d). It is
observed that the present results agree well with the pub-
lished literature.

4. Conclusion

Numerical investigations were carried out to study laminar
forced convection of different nanofluids in a double
backward-facing step under constant heat flux conditions
applied at lower walls of the channel. *e study primarily
focuses on the comparative analysis of the thermal per-
formance of different nanofluids compared to water
resulting from various parameters such as volume fraction
and Reynolds number. *e key conclusions of this study are
listed as follows:

(i) *e local Nusselt number increases with the rise in
volume fraction and Reynolds number for all
working fluids.

(ii) *e SiO2 nanofluid shows the highest thermal
performance as demonstrated by the highest Nus-
selt number, followed by Al2O3 and ZnO in com-
parison to water.

(iii) With the increase in Re, the skin friction coefficient
decreases for all working fluids. For a particular Re,
no significant changes are observed in the values of
skin friction coefficient along the heated wall among
the working fluids.

(iv) *e velocity increases with the rise in Re for all
types of working fluids, with the SiO2 nanofluid
having the highest velocity among other working
fluids.

5. Future Works

Future works can be carried out on the following topics:

(i) Hybrid nanofluids are more efficient in terms of
thermal performance compared to base fluids and
nanofluids. Due to limited number of research
works on hybrid nanofluids, numerical and ex-
perimental investigations should be carried out to
study thermohydraulic characteristics of hybrid
nanofluids in backward- and forward-facing step
channels.

(ii) Most of the research works have focused more
on the implementation of nanofluids in mac-
roscale backward- and forward-facing step
channels. However, more studies should be
carried out to study flow and heat transfer using
mono/hybrid nanofluids in microscale back-
ward- and forward-facing step channels by
implementing numerical and experimental
techniques.

(iii) Further studies should be carried out on the tur-
bulent flow and heat transfer of mono/hybrid
nanofluids over microscale backward- and forward-
facing step channels.
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