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Abstract
Purpose – The purpose of this paper is to carry out a hydrodynamic and thermal analysis of turbulent

forced-convection ﬂows of pure water, pure ethylene glycol and water-ethylene glycol mixture, as base ﬂuids
dispersed by Al2O3 nano-sized solid particles, through a constant temperature-surfaced rectangular crosssection channel with detached and attached obstacles, using a computational ﬂuid dynamics (CFD) technique.
Effects of various base ﬂuids and different Al2O3 nano-sized solid particle solid volume fractions with
Reynolds numbers ranging from 5,000 to 50,000 were analyzed. The contour plots of dynamic pressure,
stream-function, velocity-magnitude, axial velocity, transverse velocity, turbulent intensity, turbulent kinetic
energy, turbulent viscosity and temperature ﬁelds, the axial velocity proﬁles, the local and average Nusselt
numbers, as well as the local and average coefﬁcients of skin friction, were obtained and investigated
numerically.
Design/methodology/approach – The ﬂuid ﬂow and temperature ﬁelds were simulated using the
Commercial CFD Software FLUENT. The same package included a preprocessor GAMBIT which was used
to create the mesh needed for the solver. The RANS equations, along with the standard k-epsilon turbulence
model and the energy equation were used to control the channel ﬂow model. All the equations were
discretized by the ﬁnite volume method using a two-dimensional formulation, using the semi-implicit method
for pressure-linked equations pressure-velocity coupling algorithm. With regard to the ﬂow characteristics,
the interpolation QUICK scheme was applied, and a second-order upwind scheme was used for the pressure
terms. The under-relaxation was changed between the values 0.3 and 1.0 to control the update of the
computed variables at each iteration. Moreover, various grid systems were tested to analyze the effect of the
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grid size on the numerical solution. Then, the solutions are said to be converging when the normalized
residuals are smaller than 10-12 and 10-9 for the energy equation and the other variables, respectively. The
equations were iterated by the solver till it reached the needed residuals or when it stabilized at a ﬁxed value.
Findings – The result analysis showed that the pure ethylene glycol with Al2O3 nanoparticles showed a
signiﬁcant heat transfer enhancement, in terms of local and average Nusselt numbers, compared with other pure
or mixed ﬂuid-based nanoﬂuids, with low-pressure losses in terms of local and average skin friction coefﬁcients.
Originality/value – The present research ended up at interesting results which constitute a valuable
contribution to the improvement of the knowledge basis of professional work through research related to turbulent
ﬂow forced-convection within channels supplied with obstacles, and especially inside heat exchangers and solar
ﬂat plate collectors.

Keywords CFD, Al2O3-ethylene glycol, Al2O3-water, Al2O3-water-ethylene, Aluminium oxide
Paper type Research paper

1. Introduction
In literature, numerous numerical and experimental contributions on heat and nanoﬂuid
mass transfer in heat exchangers and solar collectors are reported, but only the relevant
papers are cited here. Minakov et al. (2017) carried out an experimental study of forced
turbulent convection of water-based nanoﬂuids with nanoparticles of zirconium oxide (ZrO2)
in smooth tubes and channels with wall heat transfer enhancers. Tahmasebi et al. (2018)
addressed the natural convection heat transfer in a cavity ﬁlled with three layers of the solid,
porous medium and free ﬂuid using the Buongiorno’s model incorporating the
thermophoresis and Brownian motion effects. They showed that the Brownian motion and
thermophoresis effects result in signiﬁcant concentration gradients of nanoparticles in the
porous and free ﬂuid layers. Mosayebidorcheh and Hatami (2018) applied the least square
method analytical solution to ﬁnd the solution of 2D modeling of asymmetric peristaltic ﬂow
and heat transfer of nanoﬂuids in a wavy wall channel. As an important outcome, reverse
ﬂow and maximum velocity were observed in channel throat and maximum temperature
area occurred near the lower wall because of its higher temperature in the boundary
condition. Also, Brinkman number, thermal slip parameter and Grashoff number
increments enhanced the temperature values in channel. Nazari et al. (2019) experimentally
evaluated the effects of using the thermoelectric channel for cooling of the glass cover in the
single slope solar still. The copper oxide nanoﬂuid at different concentrations was also used
in the basin of the modiﬁed solar still rather than the brackish water. In addition, a
comparison was made between the water productivity, thermal energy efﬁciency and
exergy efﬁciency of the modiﬁed solar still and those of the conventional solar still.
Moreover, an economic analysis was carried out to estimate the overall cost of the system as
well as the return period of the investment. Noreen (2018) presented a detailed diffusion
analysis of the peristaltic transport of pseudoplastic nanoﬂuid in an asymmetric channel.
The solution was developed numerically with a focus on the effects of thermophoretic
diffusion and Brownian motion of nanoparticle. Diverse parameters approaching the
problem were studied on velocity, stream function, concentration, pressure drop and
temperature. Moreover, the comparison between pseudoplastic and viscous nanoﬂuid was
also given. Sabour et al. (2017) theoretically analyzed the laminar free convection heat
transfer of nanoﬂuids in a square cavity. They showed that the most signiﬁcant parameters
on the analysis of the convective heat transfer of nanoﬂuids in the enclosure are the thermal
conductivity parameter, the dynamic viscosity parameter and the Rayleigh number.
Selimefendigil and Öztop (2018) numerically examined a numerical simulation of mixed
convective heat transfer in a branching channel with annulus at the junction and a rotating
surface. The numerical simulations were performed for various values of pertinent

parameters such as Richardson number, the angular rotational velocity of the inner surface
at the annulus junction, solid nanoparticle volume fraction and diameter of the inner
rotating. It was observed that the recirculation regions established within the annulus and
separated ﬂuid zones on the walls of the branching channel near the junction are strongly
inﬂuenced by the rotation of the inner surface at the annulus. The average Nusselt number
enhancements up to 64 per cent were obtained for the nanoﬂuid containing the highest
particle volume fraction for Ri = 0.01 and Ri = 1 when the inclination angle of the lower
branching channel is 45°. Finally, ANFIS modeling technique with a triangular-shaped
membership function and 48 fuzzy rules were used to predict the average Nusselt numbers
for the hot walls of the channel and annulus part. Sheikholeslami et al. (2018a, 2018b)
reported a CuO-H2O nanoﬂuid ﬂow because of Lorentz forces in a permeable channel via the
lattice Boltzmann method. The homogeneous model was considered for nanoﬂuid in which
Brownian motion inﬂuence is taken into account. The results indicated that the heat transfer
rate enhances with the increase of permeability of the porous medium. Similar behavior was
reported for Reynolds number. The temperature boundary layer thickness increased in the
existence of the magnetic ﬁeld. Sheikholeslami et al. (2018, 2019) examined the Neural
Network method to analyze nanoﬂuid heat in a duct. The effect of expansion ratio,
nanoparticle concentration, power-law index and Reynolds number on Nusselt number was
demonstrated. Neural Network was used to estimate the heat transfer rate. Numerical data
were obtained via the Runge-Kutta method. The impact of expansion ratio, nanoparticle
concentration, power-law index and Reynolds number on Nusselt number was also studied.
They showed that heat transfer intensiﬁes by the rise of nanoparticle concentration,
whereas it has a reducing trend with the rise of expansion ratio. Pop et al. (2016) theoretically
studied the natural convective ﬂow and heat transfer of nanoﬂuids in a square enclosure
ﬁlled with a homogenous porous medium saturated with a nanoﬂuid using the local thermal
non-equilibrium model considering the Buongiorno’s model. Their results for the heat
transfer of nanoﬂuids were reported in the form of the Nusselt number graphs for three
phases of the solid porous matrix, base ﬂuid and nanoparticles. Turkyilmazoglu (2018)
devoted an analytical analysis of the fully developed laminar wall driven channel ﬂow of
nanoﬂuids. Initially, the pure ﬂuid ﬂow and thermal layer were resolved. Buongiorno’s
model was later adopted to capture the Brownian motion and thermophoresis, inﬂuences by
the presence of nanoﬂuids. The prime emphasize was to fulﬁll the zero net particle ﬂux at
the walls of the channel which is not true in the general case. By describing a well-posed
asymmetric problem, dissimilar to the symmetric cousins of the problem already available
in the literature, the distributions of temperature ﬁeld and nanoparticles volume fraction
across the channel were analytically determined via a small perturbation approximation.
The results explained the combined effects of thermophoresis and Brownian on the physical
motion. Particularly, it was shown why the Nusselt number of high practical concerns
should be enhanced under the inﬂuence of this combined phenomena leading to the cooling
of the system. Xu and Cui (2018) studied the fully developed mixed convection channel ﬂow
of a porous medium in the suspension of nanoparticles and microorganisms driven by its
upper moving stripy wall. The transport mechanism of heat and mass because of the
permeability, the slip parameter, the thermophoresis and Brownian diffusions, as well as
the bioconvection diffusion, were obtained. It was expected that the current analysis can be
applied in petroleum engineering where nanoparticles and microorganisms play a role in the
exploitation efﬁciency enhancement and energy conservation. Makinde (2018) studied
theoretically the ﬂow structure and heat transfer characteristics of a variable viscosity
nanoﬂuid containing ethylene glycol (EG)-water mixture with silver (Ag) nanoparticles in a
micro-channel with symmetric convective cooling at the slip walls. They found that the
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critical Eckert number for nanoﬂuid thermal stability and the Nusselt number are enhanced
with an increase in the nanoparticles volume fraction whereas an increase of EG volume
ratio in the base ﬂuid lessens the critical Eckert number. Monaledi and Makinde (2018)
reported a non-linear model based on the ﬁrst-law and second-law of thermodynamics for a
variable viscosity EG/Ag nanoﬂuids ﬂow in a vertical microchannel with convective cooling
under the combined action of thermal radiation and buoyancy force. They observed that the
thermal radiation, Biot number and buoyancy force boost the release of heat energy thereby
cooling the ﬂow system. Ghalambaz et al. (2017) numerically studied the convective heat
transfer in a square differentially heated cavity with an oscillating elastic thin ﬁn placed at
the mid-height of the vertical hot wall. They used the ﬁnite element Galerkin method with
the aid of the Arbitrary Lagrangian–Eulerian procedure in their numerical analysis. They
studied the effects of the Rayleigh number, ﬁn length, oscillating amplitude, oscillating
period, thermal conductivity ratio (ﬁn to ﬂuid) and the non-dimensional Young’s modulus.
Other research studies can be found in literature (Ghalambaz and Noghrehabadi, 2014;
Ghalambaz et al., 2014a, 2014b, 2019; Noghrehabadi et al., 2012a, 2012b, 2012c, 2013a, 2013b,
2014; Mansour et al., 2016; Ahmed et al., 2013; EL-Kabeir et al., 2007; Rashad, 2008; Rashad
et al., 2011, 2017a, 2017b; Gorla et al., 2011; Sivasankaran et al., 2016; Liu et al., 2019; Aly and
Pop, 2019; Nasrin et al., 2019; Sreedevi et al., 2019; Hayat et al., 2015; Mohammed et al., 2012;
Makinde (2013); S enay et al., 2019; Prakash and Agrawal, 2016; Rajesh et al., 2017; Khamis
et al., 2015; Alsabery et al., 2019; Vemula et al., 2016; Fornalik-Wajs et al., 2019; Sun and Pop,
2014; Malvandi et al., 2017; Thumma et al., 2017; Rawat et al., 2019; Venkateswarlu et al.,
2019a, 2019b). In these research works, different nanoﬂuid parameters and various
numerical and experimental models were addressed.
In this paper, the turbulent forced-convection heat transfer of Al2O3 nano-sized solid
particles in three base ﬂuids, i.e. pure water, pure EG and water-EG mixture through a
constant temperature-surfaced rectangular channel with detached and attached obstacles
was numerically analyzed.
2. Computational domain under consideration
2.1 Problem statement
A computational ﬂuid dynamics analysis has been carried out to investigate the impact of
convective heat transfer of nanoﬂuid ﬂows passing through a constant temperaturesurfaced rectangular channel which is provided by detached bafﬂes and attached ﬁns. The
detail of the investigated whole domain with the ﬂat rectangular detached/attached
obstacles and the thermal hydrodynamic boundary conditions is reported in Figure 1.
Demartini et al. (2004) performed a numerical and experimental investigation which served

Figure 1.
Computational
domain under
analysis

as the basis for the detailed structural parameters used, i.e. channel height, length and width
of 0.146 m, 0.554 m and 0.193 m, respectively.
The present channel is ﬁlled with nanoﬂuids of different base ﬂuid types (pure water, pure
EG, and water-EG mixture 60:40 by mass). Steady, turbulent, incompressible, twodimensional ﬂow was assumed. The solid nanoparticle used here is Al2O3; the ﬂow rate is
given in terms of Reynolds numbers, ranging from 5,000 to 50,000. The considered
thermophysical properties of base ﬂuids (i.e. pure water, pure EG and water-EG mixture
60:40 by mass) and Al2O3 nanoﬂuids (water/Al2O3, EG/Al2O3 and water-EG/Al2O3) are
shown in Table I, as presented in more detail in Bayat and Nikseresht (2011). The
thermophysical properties of the nanoﬂuid: density r nf, thermal conductivity knf, viscosity
m nf, and speciﬁc heat (Cp)nf have been obtained using the expressions presented in (Bayat
and Nikseresht, 2011; Ajeel et al., 2019).
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2.2 Physical model
In this numerical investigation, the following assumptions are adopted as:
 The ﬂow is assumed to be steady, turbulent and incompressible.
 The velocity proﬁle at the channel intake is uniform one-dimensional, u = Uin
(Demartini et al., 2004).
 The temperature of the ﬂuid is set equal to 295° K (Tin) at the intake of the channel
(Bayat and Nikseresht, 2011).
 The thermal boundary condition consisted of the constant temperature (Tw) of 375°
K which was applied to the upper and lower wall of the computational domain.
 The atmospheric pressure (Patm) is prescribed at the channel exit (Demartini et al.,
2004).
 Impermeable boundary and no-slip wall conditions are applied for the channel and
obstacle walls.
 The radiation mode of heat transfer is neglected.

2.3 Governing equations
The channel ﬂow model is governed by the Reynolds averaged Navier-Stokes equations
with the standard k-« turbulence model, developed by Launder and Spalding (1974), and the
energy equation. These governing equations can then be written in the conservative form as:

Thermophysical properties

Water Water/Al2O3

Nanoparticles concentration (%)
0.00
Thermal conductivity [W m1 k1]
0.606
Viscosity [mN s m2]
0.96
Speciﬁc heat [ J kg1 k1]
4,183.32
Density [kg m3]
997.51
Source: Bayat and Nikseresht (2011)

3.00
0.656
1.27
3,808.43
1,086.69

EG

EG/Al2O3 EG-Water EG-Water/Al2O3

0.00
3.00
0.00
0.251
0.278
0.350
19.36
24.58
5.02
2,396.58 2,235.64 3,092.93
1,117.64 1,203.21 1,084.99

3.00
0.382
6.49
2,864.68
1,171.54

Table I.
Considered
thermophysical
properties of base
ﬂuids and Al2O3
nanoﬂuids
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(1)

in which f is a variable used to represent quantities such as velocity components u, v,
turbulent kinetic energy k or turbulent energy dissipation rate « , temperature T, whereas
the diffusion coefﬁcient C f and the source term Sf have speciﬁc values for the different
conservation equations using the standard k-« turbulence model as.
Continuity equation:

f ¼1

(2a)

Cf ¼ 0

(2b)

Sf ¼ 0

(2c)

f ¼u

(3a)

Cf ¼ m e

(3b)

  
  
@P
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@u
@
@v
Sf ¼
þ
þ
me
me
@x @x
@x
@y
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(3c)

Momentum equation in X-Direction:

Momentum equation in Y-Direction:

f ¼v

(4a)

Cf ¼ m e

(4b)

  
  
@P
@
@u
@
@v
þ
þ
Sf ¼
me
me
@y @x
@y
@y
@y

(4c)

Energy equation in the ﬂuid region:

f ¼T
Cf ¼

me
sT

Sf ¼ 0
Energy equation in the solid region:

(5a)
(5b)

(5c)

w ¼T

(6a)

Cf ¼ l s
@
@
S f ¼ ð r s uT Þ þ ð r s vT Þ
@x
@y

(6b)
(6c)

k-turbulent kinetic energy equation:

f ¼k
Cf ¼ m l þ

(7a)

mt
sk

(7b)

Sf ¼  r« þ Gk

(7c)

f ¼«

(8a)

« -turbulent dissipation rate equation:

Cf ¼ m l þ
Sw ¼

mt
s«

(8b)

«
ðC1« Gk  C2« r « Þ;
k

(8c)

m eff ¼ m l þ m t

(9a)

where:

and Gk is the production rate of the kinetic energy because of the energy transfer from the
mean ﬂow to turbulence given by:
( " 
 2 # 
2 )
2
@u
@v
@u @v
Gk ¼ m t 2
þ
;
(9b)
þ
þ
@x
@y
@y @x
where Cm , C1« , C2« , s k, s « and s T are the turbulence model constants. Their standard
values, which are used in the present work, are described in Launder and Spalding’s (1974)
study.
2.4 Near-wall treatment
Considering the effects of the wall for the standard k-« model, based on Launder and
Spalding (1974), a “law-of-the-wall” for the mean velocity distribution is given by Valencia
and Cid (2002), Demartini et al. (2004):

1 
(10a)
u* ¼ ln Ey* ;
k
where:
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u* 
and:

up C m1=4 kp
t w =r

(10b)

1=2

r C m1=4 kp yp
y* 
;
(10c)
m
where k is the von Kármán constant (= 0.42), E the empirical constant (= 9.793), up the mean
velocity of the ﬂuid at position P, kp the turbulence kinetic energy at position P, yp the
distance from point P to the wall, y* the dimensionless distance to the wall and t w is the wall
shear stress.
The law-of-the-wall for temperature has the following composite form (Valencia and Cid,
2002):

T 
*


1=2
Tw  Tp r cp C 1=4
m kp
qw

;

(11a)

where, the heat ﬂux to the channel wall qw, is derived from the thermal wall function:



1=2
Tw  Tp r cp C m1=4 kp

 ;
qw 
Prt lnð Ey* Þ=k þ P

(11b)

where the empirical function P is speciﬁed as:
P¼

 1=2 
 1=4
p =4
A
Pr
Prt
1
Pr
sinðp =4Þ k
Prt

(11c)

and cp is the speciﬁc heat of ﬂuid, qw the wall heat ﬂux, Tp the temperature at the cell
adjacent to the wall, Tw the temperature at the wall, Pr the molecular Prandtl number
( m cp/kf), Prt the turbulent Prandtl number (0.85 at the wall) and A is the Van Driest
constant (= 26).
The boundary condition for k imposed at the wall is (Valencia and Cid, 2002; Demartini
et al., 2004):
@k
¼ 0;
@n

(12a)

where n is the local coordinate normal to the wall. The production rate of k is computed
from:
Gk  t w
and « is computed from:

@up
tw
¼ tw
1=4
@yp
k r C m k1=2
p yp

(12b)

3=2

«p ¼

C 3=4
m kp
k yp

(12c)

The « -equation is not solved at the wall-adjacent cells but instead is computed using
equation (12c).
2.5 Boundary conditions
 At the channel inlet (x = 0, –H/2 # y # H/2), the working ﬂuid is taken at ambient
conditions:
uð0; yÞ ¼ Uin

(13a)

vð0; yÞ ¼ 0

(13b)

T ð0; yÞ ¼ Tin

(13c)

The kinetic energy of turbulence and its dissipation rate are prescribed, respectively, as:







kð0; yÞ ¼ kin ¼ 0; 005:Uin2

(14a)

« ð0; yÞ ¼ « in ¼ 0; 1:k2in

(14b)

At the upper wall of the channel (0 # x # L, y = H/2), it is imposed:
u¼v¼0

(15a)

k¼« ¼0

(15b)

T ¼ Tw

(15c)

At the lower wall of the channel (0 # x # L, y = H/2), it is imposed:
u¼v¼0

(16a)

k¼« ¼0

(16b)

@T
¼0
@y

(16c)

Additionally, the points of solid-ﬂuid contact must maintain continuity of both
temperature and heat ﬂux such that:
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(17a)

and:
ks

@Tf
@Ts
¼ kf
;
@n
@n

(17b)

where the partial derivative with respect to n indicates a normal derivative, kf and ks are
thermal conductivities of ﬂuid and solid, respectively.
 At the channel outlet (x = L, H/2 # y # H/2), it is imposed:
P ð L; yÞ ¼ Patm

(18a)

@w
ð L; yÞ ¼ 0;
@x

(18b)

where f : (u, v, T, k, « ).
2.6 Governing parameters
The ﬂow Reynolds number Re, based on channel hydraulic diameter:
Dh ¼ 2HW=ð H þ W Þ

(19a)

Re ¼ r U Dh = m

(19b)

is given by:

The skin friction coefﬁcient Cf, can be written as:
Cf ¼

2t w

rU

2

(20a)

The friction factor f, is computed by:
f ¼

2ðDP=LÞDh

rU

2

(20b)

In the main ﬂow direction, the local heat transfer coefﬁcient h(x) is calculated as:
hðxÞ ¼ kt ðxÞ

Tw  Tp ðxÞ
1
;
:
yp
Tw  Tb ðxÞ

(21a)

where kt is the turbulent thermal conductivity. The subscript “p” indicates the ﬁrst inner
node from the solid wall. The bulk temperature Tb (x) is calculated as:

ð
uðx; yÞ:T ðx; yÞdA
Tb ðxÞ ¼ A

ð
uðx; yÞ:dA

(21b)
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The local Nusselt number Nux, is estimated as follow:
hðxÞ:Dh
Nux ¼
:
kf
The average Nusselt number Nu, is obtained by:
ð
1
Nux @x;
Nu ¼
L

(22a)

(22b)

where U is the mean ﬂuid velocity of the channel, and DP is the pressure drop across the test
channel.
3. Solution methodology
Simulations were conducted using the ﬁnite volume approach, details of which can be found
in Patankar (1980). For velocity-pressure coupling, the semi-implicit method for pressurelinked equations algorithm of Patankar (1980) was used, and to discretize the convective
terms in the momentum and energy equations, the QUICK (Quadratic Upstream
Interpolation for Convective Kinematics) scheme (Leonard and Mokhtari, 1990) was utilized.
The solutions are said to be converging when the normalized residuals are smaller than
1012 and 109 for the energy equation and the other variables, respectively.
A two-dimensional non-uniform grid was used. Figure 2 shows the reﬁned mesh at all
solid boundaries. This reﬁnement is required if one wants to resolve the important velocity
and temperature gradients in the region under consideration. The mesh is uniform for the
regions that are far away from the walls, as depicted in Figure 2.
The grid independence test was performed by comparing seven sets of the grid cells
(120  45, 145  55, 170  65, 195  75, 220  85, 245  95 and 370  145) on the optimal
axial velocity (Umax) at the channel outlet, with the Nusselt number (Nu) and friction factor
(f) for Re = 8.73  104. The grid cell, with 245  95 nodes along the X and Y directions,
respectively, showed about 0.150, 0.350 and 0.392 per cent deviation from the values Umax,
Nu and f, respectively, as compared with those of the grid cell 370  145. Therefore, the grid
with 245  95 nodes is chosen for all cases.
The numerical solution is validated by comparing the predicted friction factor with the
data obtained from the Petukhov’s correlation (Petukhov, 1970), as shown in Figure 3. As

Figure 2.
Mesh system
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Figure 3.
Veriﬁcation of
friction factor for
smooth channel
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observed in this ﬁgure, the comparison shows that there is a qualitative agreement as well
as a very good concordance between the two results.
4. Results and discussion
A channel comprising obstacles may represent an interesting application to increase the
forced-convection heat transfer. Researchers consider this situation as a signiﬁcant issue in
the ﬁeld of heat exchangers, for which the ﬂuid ﬂow characterization, heat transfer and skinfriction loss distribution, along with the existence and the extension of possible
recirculations must be determined.
The contour plots of dynamic-pressure ﬁelds inside the channel in the case of
attached and detached bafﬂes are listed in Figure 4. The effect of the nanoﬂuid ﬂow by
changing the base ﬂuid type, i.e. pure water, pure EG and water-EG mixture, is also
shown in this ﬁgure. In all studied cases, the pressure values are low at the channel
entrance. These values rise as the current approaches the ﬁrst upper and lower attached
bafﬂes, because of reduced ﬂow area. The pressure values are important in the gap
between the top and bottom edges of the ﬁrst attached bafﬂes. This increase in pressure
decreases near the bafﬂe located in the center, where the ﬂow goes toward the upper
and lower gaps next to this bafﬂe with high-pressure values. The pressure behind this
bafﬂe drops to the adjacent detached bafﬂes, where there are high-pressure gaps. The
pressure values are very high next to the upper and lower sides of the last two bafﬂes
because of a small outlet in this area to the exit of the channel. The pressure value is
mainly related to the base ﬂuid type, which is very important in the case of pure EG
type base ﬂuid, especially in the presence of solid nanoparticles of Al2O3, while
decreasing in other cases, especially in the cases of pure water, Figures 4 and 5.
As expected, the streamlines are regular at the channel entrance, Figure 6. These lines are
disturbed as the ﬂow approaches the ﬁrst lower and upper attached bafﬂes. The current
ﬂows through the gap between the top ends of the same bafﬂes, where the pressure
increases in this area of the channel, whereas a part of the current is stagnant near the left
upper sides of these bafﬂes, where small, low-intensity cells of recycling rings are formed.
The ﬂow is split into the front point of the upper ends of the bafﬂes, where recirculation
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Figure 4.
Contour plots of
dynamic-pressure
ﬁelds for various
cases at Re = 5,000

zones are formed in the back areas, whereas the main stream continues to ﬂow until it
collides with the central bafﬂe, where the current goes towards the upper and lower gaps
next to the inner walls of the channel. The current is separated for the second time next to
the upper and lower surfaces of this bafﬂe, and then two new recycling cells are formed on
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Figure 5.
Optimal dynamic
pressure values for
various case at
Re = 5,000

the back, because of the decrease in the pressure in this region. The ﬂow crosses the adjacent
bafﬂes through the three existing gaps, where the recycling cells form downstream of these
bafﬂes, whereas the ﬂow exits from the port between the last bafﬂes, where very strong cells
of recirculation are shown in the back areas, extending to the channel outlet. These
recirculation zones are characterized by varying intensities, very large in the cases of pure
EG, whereas these rings are very weak in the cases of pure water.
It is very clear that the average velocity values are very low next to the detached and
attached bafﬂes, especially in the back areas, Figure 7. This decrease is because of the lowpressure values in these areas. The average velocity values rise when pressure values
augment. First, in the gap located after the channel entrance, conﬁned between the ends of
the ﬁrst upper and lower attached bafﬂes. Second, cross the gaps adjacent to the top and
bottom edges of the ﬁrst detached bafﬂe. Third, through the narrow gap between the second
detached bafﬂes, as well as adjacent to the inner surfaces of the channel. Finally, through the
only exit situated between the last attached bafﬂes, to the end of the channel. By comparing
the various used base ﬂuids, it is very clear that the pure EG shows the greatest mean
velocity in the ﬂow ﬁeld, while decreasing in the cases of pure water and water–EG mixture,
as shown in Figures 7 and 8.
To further illustrate the effectiveness of base ﬂuids and obstacles within the
channel, axial velocity ﬁelds were recorded in the various studied cases, Figure 9. As
expected, the axial velocity ﬁelds are uniform at the channel entrance but are very
disturbed near the bafﬂes and ﬁns, where their values are very low in the back areas
because of the presence of recycling cells. These cells are rings of reverse current ﬂow
at negative speeds. These cells have a large size and a high intensity in the back areas,
especially behind the last bafﬂes, which extend to the outlet of the channel, whereas
these rings are very small next to the upper left sides of the bafﬂes and ﬁns, near the
surfaces of the inner walls of the channel. The axial velocity values rise through the
gaps, which are formed between the obstacles, or between the bafﬂes and the walls of
the channel. The axial velocity reaches its maximum values across the last gap
between the tips of the last bafﬂes, near the channel exit. As expected, the axial
velocity values increase in presence of nanoﬂuids in all cases under consideration, but
their maximum value is in the pure EG-based nanoﬂuid case while decreasing in both
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Figure 6.
Contour plots of
streamlines for
various cases at
Re = 5,000

pure water and water–EG mixture based nanoﬂuid cases, as shown in Figures 9
and 10.
The transverse velocity ﬁeld contour plots were also analyzed in this study as
shown in Figure 11. The y-velocity values augment and decrease near the upper and
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Figure 7.
Contour plots of
velocity-magnitude
ﬁelds for various
cases at Re = 5,000

lower front sharp edges of the obstacles, respectively. It is very important to note that
the y-velocity values of the nanoﬂuids vary depending on the base ﬂuids used. The pure
EG-based nanoﬂuid is the ideal case for rapid ﬂow by expending the recycling cells
because of the presence of detached and attached bafﬂes, whereas the speed is
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signiﬁcantly reduced in the case of pure water or water-EG mixture based nanoﬂuids
(Figures 11 and 12).
The contour plots of kinetic energy ﬁelds of turbulence (TKE) in the suggested situations
are listed in Figure 13. The TKE values are enhanced in areas with high values of pressure
through the gaps and on the front side of the ﬁrst detached bafﬂe, especially if the base ﬂuid is
dispersed by aluminum dioxide nano-sized solid particles, while there is a diminution in TKE
values at the channel inlet and near the right sides of all obstacles. Furthermore, recycling cells
in the back areas of the bafﬂes and ﬁns have very low TKEs because of the decrease in
pressure and hence the decrease in kinetic energy, thus reducing the nanoﬂuid ﬂow velocity. It
is very clear that the values of TKE vary from one case to another. They are great in the case of
pure EG nanoﬂuids, whereas decreasing in the case of water-EG mixture nanoﬂuids, where it
researches its minimum values in the case of pure water nanoﬂuids (Figures 13 and 14).
The ﬂow structure is stable starting from the inlet of the channel as shown in Figure 15.
As expected, the ﬂow ﬁeld is disturbed as it approaches the upper and lower detached/
attached obstacles, detaching at the front sharp edge of each bafﬂe, resulting in reverse
ﬂows in the form of recycling rings located in the back areas which are characterized by
signiﬁcant disturbance. Moreover, the intensity of the turbulence is greatly increased
through the gaps as a result of the reduction in the ﬂow areas because of the presence of
obstacles and thus increased pressure, resulting in a strong disturbance. As expected, the
use case of nanoﬂuids provides higher turbulence intensities than that in the case of base
ﬂuids, especially in the pure EG nanoﬂuid case (Figures 15 and 16).
In Figure 17, high turbulent viscosity values exist between the upper sharp edges of the
ﬁrst attached bafﬂes and next to the front side of the ﬁrst detached bafﬂes, as well as
through the last gap between the tips of the last attached bafﬂes to the outlet of the channel.
The turbulent viscosity value is great near the end of the channel, whereas its value
decreases near its entrance as well as in the back areas of the detached and attached
obstacles. It is also clear that the turbulent viscosity (Figure 17) is proportional to the
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Figure 9.
Contour plots of
axial-velocity ﬁelds
for various cases at
Re = 5,000

turbulent intensity values (Figure 15). So, there is a direct correlation between the rise in the
turbulent intensity and the increase in the turbulent viscosity. Great values of turbulent
viscosity exist in the case of pure EG nanoﬂuid and this indicates the effectiveness of their
thermophysical properties (Figures 17 and 18).
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The axial velocity proﬁles at a transverse station x = 0.17 m from entrance, 30 mm before the
ﬁrst attached bafﬂes and 384 mm before the exit, are represented in Figure 19. The various
studied cases were also analyzed in this ﬁgure. The values of axial velocity are high in the
middle of the channel, while decreasing near their upper and lower walls. The Al2O3 nanoﬂuids
give a high-speed ﬂow compared to that given by the base ﬂuids. By comparing the various
working ﬂuids, the pure EG nanoﬂuid gives the greatest acceleration of the ﬂow ﬁeld, where its
axial velocity exceeds 0.9 m/s.
The evolution of axial velocity proﬁles through the ﬁrst gap situated between the tips of
the ﬁrst upper and lower attached bafﬂes is shown in Figure 20 on the cross-sectional station
x = 0.205 m from the channel entrance, 65 mm before the ﬁrst detached bafﬂe, and 349 mm
before the end of the channel. The axial velocity values are very high on this site because of
the small gap and the presence of these attached bafﬂes where the pressure increases in this
area, causing a strong acceleration of the high-speed ﬂow. As expected, axial velocity proﬁles
increase considerably in the cases of pure EG ﬂows (with or without Al2O3), while decreasing
signiﬁcantly in the cases of pure water and water-EG mixture ﬂows.
The distribution of axial velocity proﬁles along the transverse location x = 0.24 m from
the entrance channel, 314 mm from its exit, respectively, 30 mm after and before the ﬁrst
attached and detached bafﬂes, is shown in Figure 21. The axial velocity proﬁles are
characterized by negative values in the vicinity of the inner walls of the channel. This
indicates the extension of the recycling cells behind the ﬁrst upper and lower attached
bafﬂes to this station. While axial velocity values are greatly increased in the center of the
channel, indicating the acceleration of the ﬂow ﬁeld across the ﬁrst gap. These remarks are
valid for all cases studied. In this station, it has been conﬁrmed that the ﬂuids of pure EG
with or without Al2O3 particles better ensure the increase in the ﬂow velocity in both
positive and negative directions.
Figure 22 reports the proﬁles of axial velocity in the upper and lower regimes of the ﬁrst
detached bafﬂe at x = 0.275 m after the channel inlet for Re = 5,000. As shown in the ﬁgure,
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Figure 11.
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ﬁelds for various
cases at Re = 5,000

there are very high values of velocity in the regions between the tip of the ﬁrst detached bafﬂe
and the channel walls. This increase in ﬂuid ﬁeld velocity is because of the lower ﬂow area, so
that the pressure augments through this space, accelerating the ﬂow ﬁeld. As expected, the
pure EG currents have high ﬂow velocities by increasing the size of recycling cells.
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Figure 23 shows a comparison of axial velocity proﬁles between the ﬁrst and the second
detached bafﬂes at x = 0.30915 m from channel inlet. The velocity decreases next to the
left and right sides of the ﬁrst and second detached bafﬂes, respectively, because of the
presence of two recycling cells in this region, whereas their values rise near the top and
bottom surfaces of the channel as a result of current ﬂow adjacent gaps. The axial speed
values are higher in the case of pure EG ﬂows because of their ideal thermal-physical
properties.
Figure 24 shows the axial velocity proﬁle distribution in the regime of the second
detached bafﬂes at x = 0.3433 m from the entrance. Through the plot in Figure 24, the ﬂow
ﬁeld velocity is increasing through the gaps in this region, especially near the two walls of
the channel, as extensions of the main currents. The current also ﬂows through the gap
between the tip of the second detached bafﬂes, but less because of the presence of large
recycling cells behind the ﬁrst detached bafﬂe that extend to the right corners of the second
detached bafﬂes, which prevents the ﬂow of the current greatly. The pure EG ﬂows are more
rapid than the pure water or water-EG mixture ﬂows in all the proposed gaps because the
strength of their zones of recirculation.
The analysis of axial velocity proﬁles between the second detached and attached
bafﬂes, at x = 0.37415 m from entrance, is shown in Figure 25. The axial velocity values
are very low near the right faces of the second detached bafﬂes because of the presence of
recycling cells in this region of the channel. The velocity slightly increases next to the
upper and lower sharp edges of the lower and upper second detached bafﬂes,
respectively. This indicates the extension of the secondary ﬂow across the small gap
between the tips of the upper and lower second detached bafﬂes, whereas the ﬂow
strength and velocity increase in the upper and lower parts of the channel because of the
rapid extension of the strong current through the existing gaps near the upper and lower
walls, where the velocity reaches its maximum value in the case of pure EG ﬂows,
whereas it decreases in the other cases.
Figures 26 shows the distribution of the axial velocity in the station starting from the
tip of the upper last bafﬂe to the edge of the lower last bafﬂe at x = 0.405 m. All the sub-
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Figure 13.
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currents are joined through the gaps formed by the second detached bafﬂes as these
ﬂows approach the only gap of the current between the top edges of the last bafﬂes in the
channel. This large ﬂow causes a rise in the pressure across this last gap, and therefore a
very high speed of the ﬂow, whereas the pressure drops near the left sides of the second
attached bafﬂes, resulting in a signiﬁcant decline in velocity values. As expected, the
pure EG ﬂows are super-fast. These currents continue to accelerate to the exit of the
channel. This acceleration also is because of the presence of very strong recycling cells on
the upper and lower parts of the channel extending to the its exit (x = 0.44085 m;
Figure 27).
Figure 28 reports the local Nusselt number (Nux) proﬁles along the bottom surface of the
top wall of the channel wall for various base ﬂuid types in the cases Re = 5,000. The local
Nusselt number reduces at the location of the upper ﬁrst attached ﬁn. The ﬁgure shows that
because of the high thermal conductivity of the conjugate parts (the ﬁn), the temperature
gradient drops while the heat transfer (Nux) would increase as the heat transfer is the
temperature gradient times thermal conductivity. In the back region of the same bafﬂe, The
Nux values rise because of the presence of recycling cells in this area. This rise continues until
it reaches its great value next to the upper edge of the ﬁrst detached bafﬂe. The Nux values
gradually reduce near the upper detached bafﬂe until they are zero at the base of the second
upper attached ﬁn, whereas increasing in the downstream region to the exit. This
enhancement is because of the presence of strong and large rings of recirculation in the upper
and lower sections of the channel. The ﬁgure analysis also shows that the pure EG ﬂows
ensure better intensiﬁcations of heat transfer in terms of local Nusselt number.
Figure 29 shows the variation of the average Nusselt number (Nuav) with Reynolds
number, from 5,000 to 50,000. The effects of various base ﬂuids on the heat and
nanoﬂuids mass transfer are also reported in this ﬁgure. As expected, there is a direct
correlation between average Nusselt numbers and Reynolds number values. The pure EG
ﬂows give the largest thermal exchange compared with the water and water-EG ﬂows in
the case of the presence or absence of solid particles of Al2O3 in all cases of Reynolds
number values.
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The axial evolution of local skin friction coefﬁcient (Cf) proﬁles for the upper wall of the
channel with different ﬂows at Re = 5,000 is plotted in Figure 30. As shown in the
ﬁgure, the friction values drop directly after the inlet of the channel due to a reduction
in the contact with the upper wall due to the changes in the ﬂow direction produced by
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the obstacles from the ﬁrst upper attached bafﬂe toward the bottom of the channel. The
friction values tend to drop to almost zero near the right side of the same bafﬂe because
of the non-contact. The friction values behind this bafﬂe are slightly increased because
of the presence of recirculation cells in this region near the upper wall of the channel.
Then drop directly at the point separated the end of the recycling cells behind the ﬁrst
upper attached bafﬂe and the direct ﬂow next to the right side of the ﬁrst detached
bafﬂe. The friction values are very high next to the detached bafﬂes where the friction
coefﬁcient reaches its maximum value between these deﬂectors because of the presence
of recycling cells in this region, where these recirculation zones force the main ﬂow
towards the upper wall of the channel. As the current passes over the second detached
bafﬂes, its friction coefﬁcient with the upper channel surface decreases because of the
presence of the upper last attached bafﬂe that orients the ﬂow toward the lower part of
the channel, whereas friction values rise behind the last bafﬂes because of the presence
of recirculation cells in this region of the channel. Finally, the friction values decrease
gradually in the region behind these recirculation rings, where the impact of the
recirculation mixing is reducing. As shown from this ﬁgure, the trends of local skin
friction coefﬁcients are similar and identical for all studied cases. This means that the
type of base ﬂuids does not affect the friction values in the case of the investigated
conﬁguration. In addition, there is an inverse correlation between the average skin
friction coefﬁcient and the Reynolds number in all examined cases (Figure 31).
5. Conclusion
A computational ﬂuid dynamic analysis of heat and nanoﬂuid mass transfer characteristics
for various base ﬂuids, i.e. pure water, pure EG and water-EG mixture, inside a twodimensional rectangular cross-section channel provided by detached and attached obstacles
with a constant wall temperature condition has been reported. The most important
conclusions that can be drawn from this study are as follows:
 The dynamic pressure is mainly related to the base ﬂuid type, which is very
important in the case of pure EG type base ﬂuid, especially in the presence of solid
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nanoparticles of Al2O3, while decreasing in other cases, especially in the cases of
pure water.
Recirculation zones are characterized by varying intensities, very large in the cases
of pure EG, whereas these rings are very weak in the cases of pure water.
By comparing the various used base ﬂuids, it was very clear that the pure EG shows
the greatest mean velocity in the ﬂow ﬁeld while decreasing in the cases of pure
water and water–EG mixture.
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The axial velocity values rise through the gaps, which are formed between the
obstacles or between the bafﬂes and the walls of the channel. The axial velocity
reaches its maximum values across the last gap between the tips of the last bafﬂes,
near the channel exit. As expected, the axial velocity values increase in the presence
of nanoﬂuids in all cases under consideration, but their maximum value is in the
pure EG-based nanoﬂuid case, whereas decreasing in both pure water and water–
EG mixture-based nanoﬂuid cases.
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The transverse velocity result analysis showed that the y-velocity values of the
nanoﬂuids vary depending on the base ﬂuids used. The pure EG-based nanoﬂuid is
the ideal case for rapid ﬂow by expending the recycling cells because of the presence
of detached and attached bafﬂes, whereas the speed is signiﬁcantly reduced in the
case of pure water or water–EG mixture-based nanoﬂuids.
The TKE values are enhanced in areas with high values of pressure through the
gaps and on the front side of the ﬁrst detached bafﬂe, especially if the base ﬂuid is
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dispersed by aluminum dioxide nano-sized solid particles, whereas there is a
diminution in TKE values at the channel inlet and near the right sides of all
obstacles. The TKE values are great in the case of pure EG nanoﬂuids, whereas
decreasing in the case of water EG mixture nanoﬂuids, where it researches its
minimum values in the case of pure water nanoﬂuids.
The turbulence intensity is greatly increased through the gaps as a result of the
reduction in the ﬂow areas because of the presences of obstacles and thus increased
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pressure, resulting in a strong disturbance. As expected, the use case of nanoﬂuids
provides higher turbulence intensities than that in the case of base ﬂuids, especially
in the pure EG nanoﬂuid case.
Great values of turbulent viscosity exist in the case of pure EG nanoﬂuid, and this
indicates the effectiveness of their thermophysical properties.
The local heat transfer rate analysis also shows that the pure EG ﬂows ensure better
intensiﬁcations of heat transfer in terms of local Nusselt number.

Figure 27.
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As expected, there is a direct correlation between average Nusselt numbers and
Reynolds number values. The pure EG ﬂows give the largest thermal exchange
compared with the water and water–EG ﬂows in the case of the presence or
absence of solid particles of Al2 O 3 in all cases of Reynolds number values.
The trends of local skin friction coefﬁcients are similar and identical for all studied
cases. This means that the type of base ﬂuids does not affect the friction values in
the case of the investigated conﬁguration. In addition, there is an inverse correlation
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between the average skin friction coefﬁcient and the Reynolds number in all
examined cases.
This study can contribute to the design and the heat and nanoﬂuid mass transfer
improvement of heat exchange channels as well as in different solar collector
geometries.

Future work will involve more complex geometries and using new nanoﬂuids with good
base ﬂuids to assess the optimum conditions for heat transfer enhancements. The study
will also include the effects of different geometrical parameters of the bafﬂed channel

Figure 31.
Variation of friction
factor with Reynolds
number for various
examined cases
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and various physical parameters of the nanoﬂuid on the temperature and skin friction
proﬁles, as well as pressure drop as it reﬂects the pumping power.
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