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ABSTRACT: In this study, the least square method is applied to study the laminar flow, heat transfer and microrotation of MgOAg/water micropolar hybrid nanofluid in a permeable channel. The bottom wall is hot and coolant fluid is injected into the channel from
the top wall. The base fluid in the channel is water and volume fraction of nanoparticle (50% Ag and 50% MgO by volume) is between
0 and 0.02. By comparing the results which are obtained from Least Square Method (LSM) with those of obtained from numerical
method (fourth order Rung-Kutta method), a good conformity can be seen between them. The effects of different parameters such as
Reynolds number, volume fraction of nanoparticles and microrotation factor of nanoparticles on flow field and heat transfer are
examined. The results show that by increasing Reynolds number, the temperature of the hybrid nanofluid reduces and the microrotation
parameter near the hot wall decreases and near the permeable wall increases. Also, heat transfer increases, especially in high Reynolds
numbers and volume fraction of nanoparticles, when the hybrid nanofluid are used instead of common nanofluid.
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INTRODUCTION
-cular tube subjected to a uniform wall heat flux. According
to their results, the heat transfer coefficient linearly
increases with both Reynolds number and volume fraction
and non-linearley decreases with increasing the particle
size.
Sheikholeslami et al. [15] studied laminar nanofluid flow
in a semi-porous channel analytically in the presence of
transverse magnetic field. They showed that by increasing
the volume fraction of nanoparticles, heat transfer
increases.
Although nanofluids individually have the abovementioned advantages in many practical applications, in
order to gain better properties and increase heat transfer in
fluid flow, the hybrid nanofluids as a new group of
nanofluids have been introduced that have more enhanced
properties.
Hybrid nanofluids have better thermal conductivity,
chemical stability, physical strength, mechanical resistance
and so on than individual nanofluids. Different researches
have been done and different experimental models of
hybrid nanofluid have been introduced in recent years.
Wang et al. [16] measured effective thermal conductivity of
mixtures of fluids and nanoparticles.
They used Al2O3 and CuO as nanoparticles and water as
a base fluid.
According to their results, the thermal conductivities of
nanoparticle–fluid mixtures are higher than nanofluids.
Selvakumar et al. [17] experimentally examined the effect
of using Al2O3–Cu/water hybrid nanofluid in cooling of
electronic components.

Convection heat transfer has a great importance in many
applications in engineering, technology and natural
processes. One of these applications is cooling systems
which are the main concerns of microelectronic industries.
In most cases, heat transfer optimization of these systems is
done by increasing their surface which increases the
volume and size of these devices. To conquer this problem,
new working fluid and effective cooling system are
required. Nanofluids have been proposed as a new approach
in this field. Nanofluids which have better thermal
conductivity than common fluids are suspensions of
nanoparticles with average sizes below 100 nm in a fluid
such as water, oil and ethylene glycol. Nowadays,
applications of nanofluids are studied in a wide range of
researches and are used in medicine due to their
enhancement properties than those of common fluids.
Various researches [1-12] have been conducted in the
field of nanofluids which show that by adding nanoparticles
to base fluid, heat transfer increases. The flow and heat
transfer of naofluids in the channels is considered in recent
years due to its importance in the industry. Binaco et al.
[13] numerically investigated laminar forced convection
flow of a Al2O3/water nanofluid in a circular tube. They
showed that heat transfer increases when Reynolds number
and volume fraction of nanoparticles increases.
Tahir and Mital [14] examined developing laminar
forced convection flow of alumina/water nanofluid in a cir*Corresponding Author Email: mahdimollamahdi@gmail.com
Tel.: +989196635245; Note. This manuscript was submitted on February
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Species concentration
dimensionless stream function
dimensionless micro rotation
Least square method
Fourth order Rung-Kutta numerical method
micro-inertia density

Re

Reynolds number

Greek Symbols
Similarity variable





ρ
μ




ψ



Prandtl number
Micro rotation factor
Residual function



x

micro rotation/angular velocity
Distance between parallel walls
Expand or contract function
Specific heat at constant pressure (Jkg-1K-1)
Constant parameters in nanofluids
Coefficient of thermal conductivity(Wm-1K-1)
Temperature power index
Nusselt number
Pressure(Pa)

R

y

Temperature(K)
Velocity components in x and y direction
Velocity of cooling injection fluid
Horizontal axes coordinate
Vertical axes coordinate

f
nf
s

Their experimental results indicate that the convective
heat transfer coefficient of the heat sink is increased
considerably when hybrid nanofluid was applied as the
working fluid instead of water. Suresh et al. [18]
investigated laminar convective heat transfer through a
uniformly heated circular tube using Al2O3–Cu/water
hybrid nanofluid. They showed that a maximum
enhancement of 13.56% in Nusselt number at a Reynolds
number of 1730 occurs compared to Nusselt number of
pure water. Their results illustrate that 0.1% Al2O3–
Cu/water hybrid nanofluids have slightly higher friction
factor than 0.1% Al2O3/water nanofluid. Hemmat et al. [19]
found an experimental correlation for Ag–MgO/water
hybrid nanofluid with the particle diameter of 40(MgO) and
25(Ag) nm and nanoparticle volume fraction range between
0% and 2%. Moghadassi et al. [20] numerically
investigated the laminar forced convection heat transfer in a
horizontal circular tube. They showed that for Al2O3–
Cu/water hybrid nanofluids, the average Nusselt number
increases 4.73% and 13.46% comparing to Al2O3-water and
pure water, respectively.
The theory of micropolar fluid was introduced by
Eringen [21]. There are two kinematic vector fields in this
theory: general velocity field and axis of the rotation vector
which shows the spin movement or micro rotation of the
rigid particles of micropolar fluid. The theory is made up of
a new transport equation for micro rotation with some
material parameters. Bourantas and Loukopoulos [22]
studied theoretically differentially heated natural
convection of micropolar nanofluid of Al2O3-water in a

Expansion ratio
Nanoparticle volume fraction
Dimensionless temperature
Density(kgm-3)
dynamic viscosity
Kinematic viscosity
coupling coefficient
Stream function(m2s-1)
Trial function
Subscripts
Fluid
Nanofluid
Solid

cavity. They showed that the microrotation of nanoparticles
in suspension decreases overall heat transfer. Hussain et al.
[23] investigated theoretically micropolar nanofluid flow
over a stretching surface. According to their results,
microrotation has decreasing influence on the skin friction
and increasing effect on the heat transfer rate of the
nanofluid. Ahmed et al. [24] studied numerically the
laminar mixed convection flow in a square lid-driven
enclosure filled with water-based micropolar nanofluid by
using the finite volume method. Based on their results, the
average Nusselt number increases when the solid volume
fraction increases. The other researches which are dedicated
to the use of micropolar fluid and nanofluid in convective
heat transfer problems are presented in [25-30]. According
to the reviewed available researches, it is observed that no
study was done in the field of using micropolar hybrid
nanofluid in channels.
When the analytical solution of a problem is impossible
or very difficult, analytical-approximate methods such as
the weighted residuals methods are used. The most popular
of these methods is the Least Square Method (LSM). Initial
works were performed by these methods in various cases.
Stern and Rasmussen [31] solved a third order linear
differential equation using collocation method. Vaferi et al.
[32] investigated the possibility of using the orthogonal
collocation method to solve diffusivity equations in the
radial transient flow system. Recently the least square
method have been used by Aziz and Bouaziz [33] to
prognosticate the performance of the longitudinal fins.
They found that the least square method is simpler than
14
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other analytical methods. Sheikholeslami et al. [34] studied
laminar flow of nanofluids in a semi-porous channel in the
presence of a magnetic field by use of the Galerkin and
least square methods. They found that by decreasing
Reynolds number and increasing Hartmann number, the
thickness of the velocity boundary layer increases. Hatami
et al. [35] examined nanofluid flow and heat transfer in an
asymmetric porous channel with expanding or contracting
wall. They used the least square method and Galerkin
method to simulate the problem. They illustrated that the
Nusselt number increases with an increase of the
nanoparticle volume fraction and Reynolds number. Hatami
et al. [36] employed the least square method and numerical
method to analyze the flow and heat transfer of nanofluid
between contracting rotating disks. Their results indicate
that as the wall permeability parameter increases,
temperature increases and the position of maximum radial
velocity is shifted towards the middle of two disks.
According to the above survey, it is illustrated that
several investigations have been performed in the field of
using nanofluid in channels, but using the hybrid nanofluid
in channels does not receive any attention in last decade. So
in this study, the laminar flow of a micropolar hybrid
nanofluid in a channel with permeable wall is examined
using the least square method. The conformity of the results
of the least square analytical-approximate method with
Rung-Kutta numerical method is checked and the effect of
the Reynolds number, volume fraction of nanoparticles,
expanding ratio and microrotation on heat transfer are
considered. Also Nusselt number of hybrid nanofluid is
compared with common nanofluid.

THE
GOVERNING
EQUATIONS
BOUNDARY CONDITIONS

properties of water as the base fluid and Ag and MgO
nanoparticles are presented in Table 1.
Table 1
Thermophysical properties of base fluid and nanoparticles
[35, 37].
ρ(kg/m3)
cp (j/kg K)
K (W/ m K) Pr
MgO
3560
955
45
Ag
10500
235
429
Pure Water
997.1
4179
0.613
6.2

The diameter of MgO and Ag nanoparticles are 40 and
25nm respectively. The range of nanoparticles volume
fraction (50% Ag and 50% MgO by volume) is between 0%
and 2%.
The density and heat capacity of hybrid nanofluid are
obtained from mixture relations 1 and 2 [38-39]. These
relations are usually used for common nanofluids, but
several studies have been used from them for hybrid
nanofluids [40-43].
Also the viscosity and thermal conductivity are
obtained from relations 3 and 4 according to experimental
results presented by Hemmat et al [19]. The viscosity and
thermal conductivity of Mg-Ag/water are showed at Figure
2.
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In this problem, the laminar flow of micropolar hybrid
nanofluid in a permeable channel is investigated. The
geometry of the problem is shown in Figure 1.
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In order to calculate the thermal conductivity and
viscosity of MgO/water nanofluid, one time the Maxwell
[44] and Brinkman [45] model has been used and another
time, Corcione [46] model has been applied. The Maxwell
and Brinkman relations are as follows:
Fig. 1. Geometry of the problem

The bottom wall is hot and is cooled by a micropolar
hybrid nanofluid which is injected into the channel with
velocity νw from the permeable top wall. The distance
between the two walls is a(t) and the x-axis is coincided to
the bottom wall. The temperature of the bottom wall is T 2
and the top wall temperature is T 1. Thermo-physical
properties of water as the base fluid and Ag and MgO
nanoparticles are presented in Table 1. Thermo-physical

nf
1

f
(1   ) 2.5

(5)

2k s  k f   ( k s  k f )
k nf

kf
2k s  k f  2 (k s  k f )

(6)

Corcione relations for calculating the thermal
conductivity and viscosity of MgO/water nanofluid are
presented at 7 and 8. It is worth mentioning that the
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nanoparticles diameter is 40 nm, the diameter of water
particles is 0.385 nm, and the average temperature is
considered 24.7oC [19].
The viscosity and thermal conductivity of Mg/water
nanofluid are showed at Figure 2 based on Maxwell and
Brinkman and Corcione model.
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in which u and v are the velocity components in the x
and y directions, respectively.
ρ is the fluid density, μ is the dynamic viscosity, cp is
specific heat at constant pressure, j is the micro rotation
viscosity, k is the vortex viscosity, k is the thermal
conductivity, and N is micro rotation velocity. The
boundary conditions of the problem can be expressed as
follow:
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Fig. 2. Curve fitting on experimental Data of hybrid nanofluid [20] and
theorical models for a) Conductivity, and b) Viscosity
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The Reynolds and Prandtl numbers in relation 8 are
obtained with the aim of relations 9 and 10.
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The governing equations of the problem are [47]:

1
d 
1  34.87  s 
 df 

2 f K BT
 f2 d s

(16)
(17)

N=0 represents that the microelements which are near
to the wall are impotent to rotate. The temperature of the
fluid at a η distance from the wall and the temperature of
the heated wall are defined as follows:

(9)

T  T1  C m  x a  m  
m
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With boundary conditions:

m  0  1,

m 1  0

(19)

f 

When the wall temperature is expressed as a
polynomial variation (equation 18), calculating a single
value for the heat transfer coefficient along the hot wall is
not conceivable. Therefore, the hot wall temperature should
be considered as:

T 2  T1  C m  x a  m  0 
m

The similarity parameters are given by:
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One of the approximation techniques for solving
differential equations is the Weighted Residual Methods
(WRMs).
The weighted residual methods are general and
tremendous powerful methods for obtaining approximate
solutions for Ordinary Differential Equations (ODEs) or
Partial Differential Equations (PDEs).

(22)

Lm    f at Ω

(23)

(30)

where Lm denotes the differential operator with the
highest order of derivative m in the Ω domain. Φ is the
unknown function and f is a given function. The aim of
solution is to seek a solution of Φ which satisfies equation
30.
Assume that Φ is approximated by a function Φ* (trail
solution), which is a linear combination of basic functions
chosen from a linearly autonomous set. That is,
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Analysis of the Least Square Method
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In this case the non-dimensional Nusselt number is
obtained as:

When the above parameters are put in equations 11 to
15, these equations change as follows:
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It is noteworthy to say that the Reynolds number is
positive for suction and negative for injection.
The boundary conditions are given by:
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v

xF  , t  , v  F  , t  ,
2
a
a

y
N  2 xG  , t  ,  
a
a (t )

v
F
G
, g
, Re  w
Re
Re
vf

(24)

n

      c i i
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Where 𝑞 = 𝑘⁄𝜇𝑓 , 𝜉 = ⁄𝑎2 , 𝛼 = 𝑎𝑎̇ /𝜈𝑓 is the
expansion ratio and it is positive when we have expansion
and negative when we have contraction and m is the
temperature power index. The other parameters are as
follows:

A1 

 c p f
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By substituting equation 31 into 30, the result of the
operations generally isn't f. It results in the so-called
residual R , defined as:

R  Lm     f

(25)
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By introducing these equations into equations 17 to 19
the residual function is obtained and by substituting the
residual functions into equations 32 to 35, a set of equations
will obtain and by solving these algebraic equations,
coefficients c1–c13 will be determined.

We can use some techniques to properly obtain an
approximate function so as to make the residual as “small”
as possible; we force the residual to zero in an average
sense by setting weighted integrals of residuals to zero. For
example, we impose

 RW d   0
i

i  1, 2,3,

,n

Numerical solution

(33)

The numerical solution of the governing equations of
the problem is the fourth order Runge-Kutta-Fehlberg
method. This method is used for problems with definite
boundary conditions.
In this method, the equations are solved for two time
steps of h and h/2, and the results of the larger time step are
compared with the smaller ones until the problem reach to
the considered accuracy. This method is employed to solve
various engineering and mathematical equations [48]. Also
the convergence criterion in numerical simulation has been
considered 10-5.



Note that in WRMs, the number of weight functions Wi
always equals the number of unknown constants ci in  * .
This yields n algebraic equations for the unknown constants
ci. In the LSM method, the summation of all the square of
the residues should be minimized.

   R 2d     R i2d     Lm i    f i  d 
n
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n
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RESULTS AND DISCUSSION

In order to achieve a minimum of the functional ζ, the
derivatives of ζ with respect to all the unknown parameters
must be zero. That is,


R
 2 R
d  0
c i
c i


In this study, flow field and heat transfer and
microrotation of MgO-Ag/water micropolar hybrid
nanofluid are investigated in a channel with permeable and
contracting or expanding wall using LSM analytical method
and fourth order Rung-Kutta-Fehlberg numerical method.
The effect of using the hybrid nanofluid is compared to
common nanofluid.
Also the effects of parameters such as Re,  , q and α on
the flow filed and heat transfer are examined. The study is
done for Re=1, 2 and 3, α=-1,0 and 1, q=0.2, 0.4 and 0.6,
  0.00 to 0.02, Pr=6.2, m=4 and   1.

(35)

Comparing with equation 33, the weight functions are
obtained. (Due to its value should be zero so we do not
consider its constant.)

Wi 

R
c i

(36)

Comparison of LSM and NUM
In Figure 3, the components of velocity(axial velocity, f
and normal velocity, f  ), temperature(θ) and micro
rotation(g) which obtained from LSM are compared to
those of NUM method for φ=0.02, q=0.2, Re=1 and α=-1.
As can be seen from this figure, there is an excellent
conformity between the LSM and NUM results. The
conformity of the obtained temperature by using the LSM
and NUM methods is less than the conformity of velocity
components because of the temperature profile is
considered by default.

In order to use the least square method in this problem,
the considered functions must be satisfied the boundary
conditions of the problem. These functions are considered
as equation 37 to 40 generally.

f  y 2  c1 ( y 2  y 3 )  c 2 ( y 2  y 4 ) 
c3 ( y 2  y 5 )  c 4 ( y 2  y 6 )  c5 ( y 2  y 7 )
f   2 y  c1 (2 y  3 y 2 )  c 2 (2 y  4 y 3 ) 
c 3 (2 y  5 y 4 )  c 4 (2 y  6 y 5 )  c 5 (2 y  7 y 6 )

g  c6 ( y  y 2 )  c7 ( y  y 3 ) 
c8 ( y  y 4 )  c 9 ( y  y 5 )
q  1  y  c10 ( y  y 2 )  c11 ( y  y 3 )
 c12 ( y  y 4 )  c13 ( y  y 5 )

(37)

Study of the effective parameters on flow and
temperature field

(38)

In Figure 4, the effect of Reynolds number on axial and
normal velocity profiles are shown for φ=0.02, q=0.2 and
α=-1. As can be seen in this figure, by increasing Reynolds
number the axial velocity component increases.
The normal velocity component has different behavior
with changing Reynolds number so that for η< 0.5, with
increasing of Re the 𝑓 ʹ component increases and for η> 0.5,
with an increase of Re the 𝑓 ʹ component decreases.
In
Figure 5, the effect of Reynolds number on temperature is

(39)

(40)
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shown at φ=0.02, q=0.2 and α=-1. Based on this Figure, by
increasing Reynolds number the temperature of the hybrid
1

nanofluid decreases.
1.5
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Fig. 3. Comparison of LSM and NUM results for (a). f, (b). f ‘, (c). θ and (d). g for φ=0.02, q=0.2, Re=1 and α=-1
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Fig. 4. Effect of Reynolds number on (a). f and (b). c for φ=0.02, q=0.2 and α=-1.
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Fig. 5. Effect of Reynolds number on θ when φ=0.02, q=0.2 and α=-1
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Also in figure 6, the variation of microrotation
parameter in terms of  in different Reynolds numbers is
illustrated
.
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Fig. 7. Effect of expanding ratio on (a). f and (b). f  for φ=0.02, q=0.2
and Re=1
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Figure 8 represents the behaviour of the hybrid
nanofluid temperature when α increases. As expected, by
expanding the distance between two walls of channel, the
temperature of hybrid nanofluid between two plates
increases.

1

Fig. 6. Effect of Reynolds number on g when φ=0.02, q=0.2 and α=-1

This parameter decreases near the hot wall and by
approaching to the permeable wall, the amount of
microrotation increases.
Also, this parameter is positive near the hot wall and
will be negative by closing to the permeable wall. With
respect to the considered boundary conditions, for the
microrotation parameter in this problem (S=0) the micro
rotation value near the walls is zero.
The effect of expanding ratio (α) on velocity
components are indicated in Figure 7 for φ=0.02, q=0.2,
Re=1. α> 0 shows expanding and   0 indicates
contracting. The axial velocity component increases with an
increase of α, although the normal velocity component
increases up to a distinctive η for each α and then
decreases.
In fact, it can be said that the normal velocity has the
critical point that by expanding the walls of the channel, it
increases and approaches to the hot wall.
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Fig. 8. Effect of expanding ratio on θ when for φ=0.02, q=0.2 and
Re=1

Figure 9 shows the effect of α on the variations of hybrid
nanofluid microrotation in terms of η. These variations
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1.5

have two critical points in the distance between two walls
of channel. By increasing α, the microrotation near the hot
wall and permeable wall decreases and increases,
respectively. g near the center of the channel has inflection
point and its value in this point is zero. In addition, by
increasing α, this point is closed to the hot wall.
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Fig. 10. Effect of q on (a). f and (b). f  for φ=0.02, Re=1 and α=-1.
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The influence of the volume fraction of nanoparticles on
axial and normal velocity profiles are illustrated in Figure
13.

1

1

Fig. 9. Effect of expanding ratio on g when for φ=0.02, q=0.2 and
Re=1

0.8

In Figures 10 and 11, the effect of q on velocity
components and temperature of hybrid nanofluid are
investigated.
This parameter does not have significant impact on the
velocity and temperature components. When q increases the
axial velocity close to the hot wall decreases slightly and
the normal velocity has the maximum value in the center of
the channel. As can be seen in Figure 11, the increment of q
causes an increase in g and the discrepancy between the
maximum and minimum values of the micro rotation. In
different values of q, the curve of g still has three points
that are zero that shows in addition to the top and bottom
walls which have the zero microrotation, in the center of the
channel this characteristic is zero too.
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Fig. 11. Effect of q on θ when φ=0.02, Re=1 and α=-1
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Fig. 12. Effect of q on g when φ=0.02, Re=1 and α=-1
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The impact of the volume fraction of nanoparticles on
microrotation of hybrid nanofluid is shown in Figure 15. It
is obvious that when the volume fraction of nanoparticles
increases, the value of g decreases but the critical point and
inflection points in the curve are remained fixed.
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Fig. 15. Effect of volume fraction on g when q=0.2, Re=1 and α=-1
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Comparison of the flow field and heat transfer
between the nanofluid and hybrid nanofluid

0.6
0.4

By considering the definition for the Nusselt number in
equation 24, Figure 16 indicates that the Nusselt number
increases by increasing the volume fraction of nanoparticles
and Reynolds number. Since adding the nanoparticles
increases the coefficient of equivalent thermal conductivity,
but locally the synthesis of this effects increases the Nusselt
number.
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Fig. 13. Effect of volume fraction of nanoparticles on (a). f and (b). f 
for q=0.2, Re=1 and α=-1

8.5

The axial velocity component decreases near the hot
wall by increasing the volume fraction of nanoparticles,
while the normal velocity components near the two walls
decrease and in the area between two walls increase. Figure
14 shows that by increasing the volume fraction of
nanoparticles, the temperature of the hybrid nanofluid
increases.
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MgO-Ag/water hybrid nanofluid (%50 Ag and %50 MgO) , Re=3
MgO/water nanofluid, Corcione model , Re=3
MgO/water nanofluid, Maxwell and Brinkman model , Re=3
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Fig. 16. Comparison between the results of using MgO nanoparticles
and hybrid of MgO- Ag nanoparticles on Nu when φ=0.02, q=0.2 and
α=-1
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Also the results of using MgO nanoparticles compared
with hybrid of MgO-Ag nanoparticles shows that using of
the hybrid of nanoparticles has a striking influence on
increment of heat transfer. Also, In order to calculate the
thermal conductivity coefficient and viscosity of

1

Fig. 14. Effect of volume fraction on θ when q=0.2, Re=1 and α=-1
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MgO/water nanofluid, one time the relation 5 and 6 has
been employed and another time, the relations 7 and 8 has
been used. According to Figure 16, when the hybrid
nanofluid is used, the Nusselt number is more than when
the MgO is used. In addition, the Nusselt number is high
when the Corsine relations are employed compared to when
Maxwell and Brinkman relations.
Figure 17 also illustrates the effect of using hybrid
nanofluid on velocity components. As can be seen, in high
Reynolds number, the difference between two models is
perceptible and applying the hybrid nanofluid causes in
increasing the axial velocity in the area between two walls
and the normal velocity near the hot wall. In Figure 18, the
effect of using hybrid nanoparticles on temperature is
studied. Using the hybrid nanoparticles increases the
temperature.
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Fig. 19. Comparison between the results of using MgO nanoparticles
and hybrid of MgO-Ag nanoparticles on g when φ=0.02, q=0.2 and
α=-1

MgO-Ag/water hybrid nanofluid (%50 Ag and %50 MgO) , Re=1
MgO/water nanofluid, Corcione model , Re=1
MgO-Ag/water hybrid nanofluid (%50 Ag and %50 MgO) , Re=3
MgO/water nanofluid, Corcione model , Re=3

1.2

CONCLUSION

f'

In this study, the effect of using the micropolar hybrid
nanofluid in a permeable channel with expanding and
contracting walls are studied by using LSM analytical
method and fourth order Rung-Kutta numerical method.
The comparison between the analytical and numerical
method represents the high accuracy of the analytical
method which is applied to solve the non-linear system of
equations in a specified range. According to the obtained
results it is obvious that:
1. By increasing the Reynolds number, the axial
velocity components increase in the area between
the two walls; while the normal velocity
components near the hot wall increase and near the
permeable wall decrease.
2. By increasing the Reynolds number, the
temperature of the nanofluid reduces in the area
between the two walls; while the microrotation
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Fig. 18. Comparison between the results of using MgO nanoparticles
and hybrid of MgO- Ag nanoparticles on θ when φ=0.02, q=0.2 and
α=-1
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MgO/water nanofluid, Corcione model , Re=3
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(b)
Fig. 17. Comparison between the results of using MgO nanoparticles
and hybrid of MgO- Ag nanoparticles on (a). f and (b). f  for φ=0.02,
q=0.2 and α=-1

In Figure 19, the effect of hybrid nanoparticles on micro
rotation of micropolar fluid is examined. Using the hybrid
nanoparticles decreases the microrotation near the two
walls.
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