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Abstract

The nanofluid is a mixture of base fluid and solid nanoparticles in nanosize. The heat transfer generated by the nanofluid is
more than the base fluid and its lowering pressure drop, which is why its use is increasing. In this paper, the effect of
volume fraction, aspect ratio and diameter of the nanoparticles on the turbulent mixed convection in a three-dimensional
rectangular channel is numerically investigated. The boundary conditions are constant heat flux, and governing equations
are numerically solved by the mixture model. Base fluid in this study, water and aluminum oxide are used as nanoparticles.
In this study, all physical properties are considered constant and the effects of volume fraction, aspect ratio and diameter of
the particles on the thermal and hydrodynamic parameters of the fluid were studied.
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Perr  Effective thermal expansion coefficient

pr Thermal expansion coefficient of base fluid

far Thermal expansion coefficient of nanofluid

¢ Volume fraction of the k-phase

¢,  Volume fraction of particles

uerr  Effective viscosity

Uns  Nanofluid viscosity

ue  Viscosity of base fluid

perr  Effective nanofluid density

pr  Density of basic fluid

px  Density of the k-phase density of the mixture
(kg m™?)

Pm  Density of the mixture (kg m73)

pp  Density of particles

\% Gradient
T Shear stress
Introduction

Nanofluid is defined as a fluid, which uses metal or non-
metallic particles in nano sizes as nanoparticles in the base
fluid. Previously, more research was done to measure and
model the thermal conductivity, but in recent years, there
has been much research on nanofluid heat transfer. Nano-
fluid is a fluid with nanoparticles in sizes from 1 to 100 nm,
which has a high thermal conductivity and heat transfer
coefficient relative to the base fluid.

The idea of adding solid particle in ordinary fluids to
increase heat transfer was first proposed by Maxwell [1]
about a century ago, but due to the large size of the solid
metal particles (in millimeter and microsize), problems
such as instability and sedimentation of these particles
arose. Choi [2] was the first to use the term nanofluid for a
fluid having nanoparticles. He showed that the addition of a
small amount of nanoparticles (for example, 1% volume
fraction) to the base fluid nearly doubles the thermal con-
ductivity coefficient. Other researchers, including Xuan
and Li [3], showed that increasing volume fraction about
1-5% could increase the ratio of effective thermal con-
ductivity to the thermal conductivity of the base fluid by
20%. Wang et al. [4] proposed a model to predict the
thermal conductivity of the nanofluid. The model was
suitable for low volume fractions of nanofluid with
metallic. The comparison of the above model with exper-
imental results in a nanoparticle diameter of 50 nm and a
volume fraction of less than 0.05 has an acceptable agree-
ment. Hwang et al. [5] measured the thermal conductivity
coefficient of four nanofluid types and showed that the
thermal conductivity is linear with the volume fraction of
nanoparticles. They also stated that the thermal conduc-
tivity measured in the experiments was larger than that
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obtained from theoretical models, and the thermal con-
ductivity of the nanofluid in comparison with the base fluid
in the volume fraction of 1% was 11.3%. Nie et al. [6]
examined various mechanisms to increase the thermal
conductivity and showed that in a given size of nanopar-
ticles, the thermal conductivity is proportional to temper-
ature and inversely proportional to viscosity. Sankar et al.
[7] used a theory based on the molecular dynamics model
to estimate the thermal conductivity of the nanofluid. They
showed that by increasing the volume fraction from 1 to
7%, the thermal conductivity coefficient increases and the
temperature increase also increases the thermal conduc-
tivity coefficient. Two approaches based on conservation
equations have been adopted in the literature to investigate
the numerical heat transfer of nanofluids: single-phase
model and two-phase model (see Wang and Mujumdar
[8]). In Ghaffari et al. [9], a two-phase numerical study of
the thermal and hydrodynamic effects of the turbulent flow
of the nanofluid in the curved horizontal tube was per-
formed using a mixture model. They measured numerically
the mixed convection of the turbulent flow of nanofluid
containing water and aluminum oxide in the inlet region of
a curved tube. They also considered the governing equa-
tions in the form of three-dimensional cylindrical coordi-
nates. To analyze the thermal and hydrodynamic
parameters, they used a mixed multiphase model and also
studied the effects of buoyancy force, centrifugal force and
the volume fraction of nanoparticles. Their results show
that the volume fraction of nanoparticles has no significant
effect on the skin friction coefficient, but its effect on the
thermal parameters and the turbulence intensity of the flow
is high and the results are close to the experimental and
numerical work carried out by others. Rostamani et al. [10]
investigated numerically the forced convection of the
nanofluid through the channel. The studied flow regime
was a turbulent and two-dimensional channel, and the
assumption of constant thermal heat flux was used on the
channel wall. The nanoparticles used were a mixture of
copper oxide, titanium oxide and aluminum oxide and
water base fluid. The boundary condition of the constant
heat flux along the wall was applied, and the thermo-
physical properties of the temperature-dependent nanofluid
were considered. Their results showed that with the
increasing of the volume fraction, the shear stress at the
wall and the heat transfer rate increased. Also, for a given
Reynolds number and volume fraction, the copper oxide
nanoparticles improved the heat transfer rate rather than the
nanoparticles of aluminum and titanium oxide.
Mirmasoumi et al. [11] studied the effect of the average
diameter of nanoparticles on the mixed convection heat
transfer in a nanomaterial. The geometry studied in this
work, the horizontal tube and the nanofluid, was water with
aluminum oxide nanoparticles. Flow is a fully developed,
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laminar method of solving this problem, and the numerical
model used is two-phase mixture model. In this case, it is
assumed that constant heat flux is applied along the wall;
all the physical properties of the fluid are assumed to be
constant, except for the density that changes linearly with
temperature. The boundary conditions at the inlet part of
the pipe are such that the specified inlet temperature and
the input velocity are fixed in the axial direction, and in
other directions, zero is considered. Laminar and turbulent
mixed convection heat transfer of nanofluids in a rectan-
gular shallow cavity using a two-phase mixture model is
studied by Goodarzi et al. [12]. Garoosi et al. [13] studied
mixed convection heat transfer of nanofluid in a two-sided
lid-driven cavity with several pairs of heaters and coolers
inside using two-phase mixture model. Armaghani et al.
[14-19] used the Buongiorno two-phase model for mod-
eling the forced convection heat transfer of nanofluid in
LNTE and LTE porous channel. Rashidi et al. [20, 21]
studied steady two-dimensional, viscous incompressible
MHD nanofluid flow. They concluded that the presence of
magnetic field leads to decrease the nanofluid velocity and
increase the nanofluid temperature. Effects of the external
magnetic field on flow and heat transfer are investigated by
Sheikholeslami et al. [22, 23]. Their results show that the
Nusselt number is an increasing function of the Reynolds
number, the nanoparticle volume fraction and the magnetic
number. The Euler and mixture two-phase models for
turbulent flow of alumina nanofluid inside a horizontal tube
are compared by Hejazian et al. [24]. They showed the
mixture model was in a better agreement with experimental
results for the estimation of average Nusselt number. It is
worth mentioning that many references on nanofluids can
be found in the books by Das et al. [25], Nield and Bejan
[26], and Shenoy et al. [27], and in the review papers by
Buongiorno et al. [28], Kaka¢ and Pramuanjaroenkij [29],
Wong and Leon [30], Manca et al. [31], Mahian et al. [32],
Sheikholeslami and. Ganji [33], Meyes et al. [34], etc.

The purpose of this study is to investigate the heat
transfer and pressure drop of nanofluid in a three-dimen-
sional rectangular channel using two-phase approach. The
fluid flow was considered to be turbulent and the effect of
parameters such as volume fraction, aspect ratio and
diameter of nanoparticles on thermal and hydrodynamic
parameters was investigated.

Problem definition and mathematical
formulation
Geometry

The geometry studied in this work is a 3D channel with
length L, width 2a and height 2b as shown in Fig. 1. The

Fig. 1 Geometry of the problem

fluid used is the water, and aluminum oxide particles were
used as nanoparticles in the base fluid.

Governing equations
Continuity equation

The general form of the continuity equation is as follows:

In the above equation, V,, is the mean mass velocity of
the mixture and p,, is the density of the mixture as defined
below,

_ > i1 Do Vi
Pm

Vin & pm = Z PPy (2)
k=1

In the above equation, ¢y is the volume fraction of the k-
phase.

Momentum equation

V- (pmvmvm) =-VP+V- (‘E — ‘Et) +V
(o VarkVark) — pmBee8(T — T;)

(3)
T= feftVVm, T = — Z ViV (4)
=1

n is the number of secondary phases and V' is the fluctu-
ating velocity. Vg« is equal to the spin velocity defined for
the kth secondary phase as follows:

Varx = Vk — V. (5)

The relative velocity (slip) is defined as the speed of the
second phase (particles, p) relative to the velocity of the
first phase (base fluid, f), as follows:

Vor =V, = Vi (6)

Also, the relationship between the spin velocity and slip
velocity is as follows:

Varp = Vot — Zwvﬂ(. (7)

k=1 m
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Finally, the slip or relative velocity between the two
phases, which is considered to be the interaction between
the two phases, is calculated from the following relation
known as Manning’s relation (see Nie et al. [6]).

Pody  (Pp = Pu)
fo = a
18Mtfdrag pp

(3)

In the above relation, f is the drag function, which is
derived from the relation of Schiller and Neumann [31]:

Fine = 14+ 0.15Re)7, Re, <1000 9)
e 7 0.0183Re,, Re, >1000 [

In this case, Re, and acceleration a are defined as
follows:

a=g— (Vm-V)Vn (10)
Rep = Yo (11)
Veff

Second-phase volume fractional equation

The second-phase fractional equation for the two-phase
flow is as follows:

V- (¢pppvm) =-V- (q&pppvdfsp)' (12)

Energy equation

V- (VilprEx + P) = V - (kett VT — Cop V'T'),
=1

(13)

where k. is the effective thermal conductivity of the
nanofluid and 7" is the fluctuating temperature. Ey in the
above relationship is defined as follows:
PV
Ex=h ——+—=, (14)
e 2
where hy in the above equation is the sensible enthalpy of
the k-phase.

Turbulence model

The simplest “complete models” of turbulence are two-
equation models in which the solution of two separate
transport equations allows the turbulent velocity and length
scales to be independently determined. The standard k — ¢
model falls within this class of turbulence model and has
become the workhorse of practical engineering flow cal-
culations. In this work, the turbulent flow is modeled by the
of the two-equation k — & model of Shah and London [35].

@ Springer

In this model, the turbulent kinetic energy equation is as
follows:
k

Also, the energy dissipation rate of the turbulent kinetic
energy is as follows:

Him e
Vo (pmVme) =V - ( ;;; Vs) +E(61Gk’m — C2Pme).
(16)

In the above relationships, the terms and constants are
defined as follows:
k2 T
Hem = pmcu?a Gym = Hem (va + (VVm> )7

or (17)
Gy = ﬂgiocwta—xi
cp=144, =192, ¢,=0.09, ox=1,
g, = 1.3. (18)

Physical properties

Effective nanofluid density (see Baqaie et al. [16]):
Peir = (1 = @)pp + dp,- (19)
Nanofluid thermal capacity (see Baqaie et al. [16]):

- [m — )(0Gy); + ¢<pcp>p} |

Petf

(20)

Thermal conductivity coefficient:

Kahn et al. [2], who considered the Brownian motion
and the mean diameter of the nanoparticles, obtained the
thermal conductivity of the nanofluid as follows:

ket o746 (A% kp 0.740 0.9955
—=14647x ¢~ — — X Pr~
P VA ke g
% Rel2321
(21)
In the above relationships, the terms and constants are as
follows:
e

Pr= 22
POt (22)
prcT

Re = 23

¢ 37‘C,lelbf ( )
p=Ax10rc, C=140K, B=247K,

A=2414x107(Pas), B.=1.3807 x 107> (%)
(24)

Viscosity:
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The effective viscosity of the nanofluid from
Mirmasoumi et al.’s relationship (see Mirmasoumi and
Behzadmehr [11]), which is a function of temperature,
mean diameter of nanoparticles, the volume fraction of
nanoparticles, nanoparticle density and physical properties
of the base fluid, is obtained as follows:
ppVBdlg
72C5
where the Vg of the Brownian Speed and ¢ is obtained from
the following equation:

1 [18kT
Ve = — 26
B a4\ mpyd, (26)
T
0 \/6¢dp ( 7)

and C in Eq. (25) is obtained from the following equation:
C = ' [(c1dy + €2) + (c3dy + ca)]. (28)

Hnp = Mg + (25)

It should be noted that in the equation above the con-
stants are considered as follows:

C;=—0.113x107, C,=-0277x107,

29
C3=—-009%10"°, Cy=—0.039x107°. (29)

Volumetric expansion coefficient:

The thermal expansion coefficient of the nanofluid is
obtained from the following equation (see Schiller and
Neumann [36]):

1 p 1
- £y
nf 1+ (l;sz)ﬂf B¢

s

. 30

Pt

Boundary conditions

Inlet BCs:
Vi=V, =0, V,=VW&T=T,.
For turbulent the below condition is used:
3 2 0.75 K'?
k== (1V, =C" C, =0.09 31
2( O)a € k01D’ p ) ( )
where I = 0.16Re ™.
Wall BCs:
k or B
eff an =dqw (32)

Vi=V, =V, =0
and below for turbulent:
k=0,e=0.

Outlet BCs:

In the channel outlet (z = 100), the static pressure is
assumed to be py, and also the mass balance is used.

Numerical method and validation

Figure 2 shows the grid of the channel, which is denser in
the boundary of the entrance and near the walls due to the
high gradient of the speed and the network temperature.
The finite volume method was used to discretize the gov-
erning equations, and SIMPLEC algorithm was used for
velocity and pressure coupling. Also, the second-order
upwind scheme has been used for modeling convection
terms. The simulation of the nanofluid is carried out using
finite volume method. Two-equation K — ¢ model is used
for modeling turbulence. In this work, the grid sensitivity
study of the results was investigated by applying different
mesh. The results of this study were in the aspect ratio of 1
and volume fraction of 3% and other fixed parameters
appeared in Table 1:

The grid study is appeared in Table 2.

Therefore, the number of nodes in different directions is
30 x 60 x 30.

Table 3 shows time of running for the different above-
mentioned fixed parameters coding in computer with RAM
4.00 GB and CPU core i3 2.73 GH characteristics (Fig. 2).

Results and discussion

In this work, the modeling of the turbulent flow of alu-
minum oxide nanofluid was done in a rectangular channel
in the three-dimensional model. In this study, the effect of
different parameters such as volume fraction, aspect ratio
and diameter of nanoparticles on thermal and hydrody-
namic parameters such as Nusselt number and friction
coefficient was investigated. The results of this research are
shown in Figs. 3 and 4. In order to study and validate the
solving method, the Nusselt number obtained from this
work was compared with the Ditos—Bolter [37] relationship
as well as the Darcy friction coefficient with a maximum
error value of almost 9% (see Cebeci and Cousteix [38], for
example). It should be noted that this comparison is carried
out for pure water flow for forced convection.

Table 1 Fixed parameters for grid study

¢ AR Re Gr Pr Ri

0.03 1 40,000 16 x 10° 7.997 0.01
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Table 2 Grid sensitivity study

Number of nodes Z x ¥ x X % %
5x5x5 1.04151 1.0974
5x5x 15 1.03834 1.1274
5x5x30 1.03787 1.1294
5 x5 x 60 1.03762 1.1301
5 x 15 x 60 1.09806 0.21209
5 x 30 x 60 1.05308 0.50578
5 x 60 x 60 1.05183 0.6738
5 x 30 x 60 1.17562 0.10072
15 x 30 x 60 1.13694 0.32218
30 x 30 x 60 1.0668 0.71281
60 x 30 x 60 1.05432 0.77935
Table 3 CPU time for different Ri
Ri 1 0.1 0.01 0.001
CPU time (s) 2100 1620 1260 1080
—
——
S ——So— >
=
=——
——
==
P e —

S ————— e
s P e
N—=—=c2z22=22C

= —
W
R

N
Fig. 2 Channel variable grid

350;

| ——m=—— Nu-Present Work

3005,,,,A,,,, Nu-Dittus Boelter ' A

250 F
= 200f

150 |

100 f

50 L 1 1 1 1 1 1 1 1 1

e

Fig. 3 Comparison of Nusselt number obtained from modeling with
Ditos—Bolter model in different Reynolds number
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Fig. 4 Comparison of friction coefficient with methods of Belazius
and Putukhov for different Reynolds number

Volume fraction effect on heat transfer

In this section, the effect of a change in the nanoparticle
volume fraction on the forced convection heat transfer of
the turbulent flow of nanofluid of aluminum oxide water
into a rectangular channel and in the conditions of Re =
50,000, Ri = 0.01, AR =0.75, Dy, = 0.01 m, L/Dy, = 100
was investigated. For this purpose, the volume fraction of
nanoparticles containing 0, 1, 3 and 5% of aluminum oxide
nanoparticles in water was used. The diameter of the alu-
minum oxide nanoparticles used in this study is 28 nm. The
physical properties of the aluminum oxide nanoparticles
and of the water base fluid are considered for the inlet
temperature (7; = 20 °C). Given that the physical proper-
ties of the nanofluid are a function of the volume fraction of
nanoparticles, for each volume fraction, the physical
properties of the fluid change. Figure 5 shows the profile of

=0
————— ¢ = 001
————————— ¢ = 0.03
— — ¢ =005
Re =50,000 Ri =0.01
AR =0.75
\\\\IT\\\I\\\\I\\\\I\\\\I\\\\I\\\\
0 0.0005 0.001 0.0015 0.002 0.0025 0.003
T*

Fig. 5 Dimensionless temperature on a line perpendicular to the
channel axis for L/Dy, = 100
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non-dimensional temperature variation. It should be noted
that the dimensionless temperature is defined as follows:

Te7
AN
(kell’>

By increasing the volume fraction of nanoparticles in a
given Reynolds and Richardson numbers, the constant
thermal fluxes on the walls and the conduction heat transfer
coefficient increase, and the effect of these results will lead
to a decrease in the non-dimensional temperature, with the
minimum amount of non-dimensional temperature at the
channel center and its maximum value occurred near the
walls.

The following non-dimensional axial velocity changes
in different volume fraction of nanoparticles on an imagi-
nary line perpendicular to the axis of the channel at the
point z = 80 are shown in Fig. 6. In this figure, it can be
seen that due to the increase in the volume fraction, the
dimensionless axial velocity changes are not significant;
this is due to the fact that the hydrodynamic development
depends on Reynolds number, and in all the fractional
volumes used in this section, the Reynolds number is
constant, so the axial speed profiles will coincide. That is,
in fact, with the increase in the volume fraction of
nanoparticles, the flow regime will not change. The max-
imum velocity is at the center of the channel, and its lowest
value is near the walls; also, due to forced convection of
the flow and the absence of secondary flows, the dimen-
sionless axial velocity is symmetrical to the horizontal and
vertical center lines. By increasing the volume fraction of
nanoparticles from 0 to 5%, the value of this number
increases.

As seen in Fig. 7, at the beginning of the channel, due to
the low difference in the temperature of the nanofluid and
the wall temperature, the Nusselt number is high, but

T* (33)

1 —
B 6=0
05+
- - = = = = ¢ = 0.01
r - ¢ = 0.03
+ ok s — ¢ = 0.05
P~ L
L Re =150,000 Ri=0.01
L AR=075
-05F
il afer L1 L1 L P L P
0 0.2 0.4 0.6 0.8 1 1.2
W*

Fig. 6 Dimensionless axial velocity on a line perpendicular to the
channel axis for L/Dy, = 100

3253
2500 | =0
e ¢ = 0.01
2000 | S ¢ =003
Fl ¢ = 005
2 1500F Re = 50,000 Ri=0.01
1000 -
500
0 50 100
Z*

Fig. 7 Nusselt number along the channel in L/D;, = 100

gradually and over the channel, the temperature difference
increases, and as a result, the Nusselt number decreases to
reach a constant value in the developed region. The Nusselt
number is the ratio of the convection to the conduction heat
transfer, by increasing the volume fraction of nanoparti-
cles, the transfer of heat convection and conduction of
nanofluid increases, but the amount of increase in con-
vection is higher than conduction.

With increasing volume fraction of nanoparticles in
constant Reynolds number, the values of the physical
properties of nanofluids and therefore the inlet velocity
change.

Figure 8 shows variations in the mean skin friction
coefficient along the channel. At the beginning of the
channel, due to the high gradient velocity and therefore
high shear stress, this coefficient is high but gradually
decreases along the channel due to the reduction in the
velocity gradient, which amounts to a constant amount
during developed region. As shown in Fig. 7, with
increasing volume fraction of nanoparticles, the skin fric-
tion coefficient is constant and does not change. The flow
regime depends on the Reynolds number. Therefore, in the
fixed Reynolds number with the change in the nanoparticle

0.012
0.01F $=0
N ¢ = 0.01
0.008: T ¢ = 0.03
G f e ¢ = 0.05
i Re = 50,000 Ri=0.01
0.006 -
0.004
0 50 100

Fig. 8 Skin friction coefficient along the channel in L/Dy, = 100
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volume fraction, the mean frictional coefficient of the
channel wall is constant. The coefficient of skin friction of
the channel is defined as:

Aspect ratio effect on the thermal
and hydrodynamic parameters

In this section, the effect of changing the aspect ratio of the
channel on the thermal and hydrodynamic parameters of
the nanofluid in the turbulent forced convection heat
transfer is considered. In all this section, Reynolds number
is 30,000 and Richardson number is 0.01. The channel is
considered to have a hydraulic diameter of 0.01 m and a
channel length of 100. The aspect ratio (height-to-width) of
the channel has been considered in four aspect ratios of
0.25, 0.5, 0.75 and 1. Considering that in each aspect ratio
the hydraulic diameter of the channel is constant, and given
that the geometric characteristics of the cross section of the
channels are different, the total amount of heat input is
different to the channel.

In Fig. 9, the amount of dimensionless temperature
increases with increasing aspect ratio. By increasing the
aspect ratio for constant Reynolds and Richardson num-
bers, the dimesnionless temperature profiles decrease.
Interaction of nanofluids dimensionless temperature and
reduction in heat loss against the walls of the channel lead
to an increase in the dimensionless temperature of
nanofluids, by increasing the aspect ratio (Fig. 10).

In Fig. 11, due to the decrease in temperature difference
with increasing aspect ratio, the amount of forced con-
vection coefficient increases with increasing aspect ratio. In
all aspect ratios, the amount of heat transfer coefficient at
the beginning of the channel is high due to the low varia-
tion in wall temperature and the nanofluid temperature, but
gradually decreases the value of this coefficient by moving
the length of the channel due to the increase in the

o AR=0.75
F e AR=0.5
« — AR=025
>~ of _
| Re =30000, Ri=0.01
i ¢ = 0.05
~0sf
1k
L 1 1
0.002 0.004
T*

Fig. 9 Dimensionless temperature on the perpendicular line for L/
Dy, =100
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r ¢ =005
~05}F
-C 1 1 1
0 05 I

W*

Fig. 10 Dimensionless transversal velocity for L/Dy, = 100

100,000}
L AR =
- === AR = 0.75
80,000~ | . .. _ AR =05
- e AR = 0.25
= 60,000 Re=30000,  Ri=0.01
B ¢ =005
40,000
20000F S~ - —
[ B S W —
0 0.5 1
Z (m)

Fig. 11 Heat transfer coefficient in L/Dy, = 100

temperature difference until to having a constant value in
the developed region. In Fig. 12, the coefficient of skin
friction at the beginning of the channel is due to the high
gradient velocity, which is large and reduces in the direc-
tion of the channel’s axis to a constant value in the
developed hydrodynamic region. As can be seen in the
figure, with increasing aspect ratio, the skin friction coef-
ficient of the channel increases. The effects of the geometry
of the cross section of flow can increase the coefficient of
skin friction of the channel by increasing the aspect ratio.

Effect of the nanoparticles diameter on thermal
and hydrodynamic parameters

In this section, the effect of changing the diameter of the
nanoparticles on thermal and hydrodynamic parameters in
mixed and forced convection is investigated. This study has
been done in a 3% volume fraction and a diameter of
nanoparticles of 20, 30 and 90 nm. The inlet temperature is
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0014 — AR-=
= AR =0.75
T AR=05
- e AR =025
0.01 Re=30000, Ri=0.01
[
© i ¢ =005
0.008 |-
0.006 | |
0.004 | B
1 1 1 1 1 1 1 1 1 1 1
0 50 100
Z*

Fig. 12 Friction coefficient along the channel for L/Dy, = 100

assumed to be 20 °C, and the input properties are consid-
ered in this temperature. To investigate the effect of
nanoparticle diameter on forced convection transfer heat,
the Reynolds number is 30,000 and the Richardson number
is 0.01. The channel has a hydraulic diameter of 0.01 m, a
0.75 aspect ratio and a channel length of 100.

In Fig. 13, it can be seen that increasing the average
diameter of nanoparticles in a constant Reynolds number,
the dimensionless axial velocity does not change signifi-
cantly. According to Fig. 14, with the increasing mean
diameter of the nanoparticles, the thermal conductivity
coefficient, the thermal constant heat flux on the walls and
the nanofluid temperature are reduced, which results in an
increase in the nanofluid dimensionless temperature. With
the increase in the average diameter of the nanoparticles
for the constant Reynolds and Richardson numbers, the
Prandtl number decreases, and this leads to the thermal
development that occured earlier.

0.5

Re =30000 Ri=0.01

¢ = 0.03

AR =0.25

-0.5

Y*
[}
L L L L L L L |

Fig. 13 Axial velocity perpendicular to axis for L/Dy, = 100
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Fig. 14 Dimensional temperature variations on the perpendicular line
for L/Dy, = 100

It is seen in Fig. 15 that the heat convection coefficient
at the beginning of the channel is high due to the gradient
of its extreme temperature, and when moving in the
direction of flow, the amount of heat convection coefficient
decreases to reach a constant value in the developed region.
It is also seen in this figure that the increase in the diameter
of the nanoparticles decreases the heat convection coeffi-
cient, because with the increase in the diameter of the
nanoparticles, the thermal heat flux changes on the channel
walls and, consequently, the nanofluid temperature, which
due to the relationship of the forced heat convection
coefficient, reduces the heat convection coefficient by
increasing the diameter of the nanoparticles.

In Fig. 16, variation in the coefficient of skin friction
along the channel for the forced turbulent flow of nanofluid
in the constant Reynolds and Richardson is shown by
increasing the diameter of the nanoparticles. As shown in
this figure, the skin friction coefficient in the aspect ratio of

[ 1
150,000
'y -—-——-—=—-- d, =20 nm
L e - d,=30nm
100,000} - d,=90nm
= i Re =30000 Ri= 001
| AR =025 ¢ =003
50,000
1 1 1
0 0 50 100

Fig. 15 Heat convection coefficient over channel length for L/
Dy, =100
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© - Re=30000  Ri=0.01
- AR=025 ¢ =003
0.01
0.005
1 1 ]
0 50 100

Z*
Fig. 16 Skin friction coefficient along the channel for L/D;, = 100

0.75 with increasing diameter of the nanoparticles has no
significant changes.

Conclusions

In this study, nanofluid turbulent mixed convection of
water and aluminum oxide in a three-dimensional channel
with a rectangular cross section by using a two-phase
mixture was analyzed. The effect of nanoparticle volume
fraction on thermal and hydrodynamic parameters was
studied. The results show that with increasing volume
fraction of nanoparticles in constant Reynolds and
Richardson number, dimensionless temperature reduces
and Nusselt number increases, but dimensionless axial
velocity and skin friction coefficient changes are not sig-
nificant. It should be noted that in mixed convection heat
transfer, the velocity and temperature profiles are not
symmetrical due to the presence of secondary flow due to
buoyancy force, and the minimum temperature and maxi-
mum velocity toward the wall of the bottom of the channel
tend to be. About the aspect ratio, the results of this survey
show that increasing the aspect ratio, the dimensionless
temperature, the heat convection coefficient, Nusselt
number and the skin friction coefficient of the channel
increase. Also, by increasing the aspect ratio, the maximum
axial velocity was not changed. In the nanoparticle diam-
eter section, the results of this study show that in the
constant volume fraction, Reynolds and Richardson num-
ber, with an increase in the mean diameter of the
nanoparticles, dimensionless temperature increases and
forced heat convection coefficient and the Nusselt number
decrease. Also, the increase in mean diameter of
nanoparticles has no significant effect on the dimensionless
axial velocity and the mean skin friction coefficient of the
channel.
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