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Numerical analysis of electromagnetic trihybrid nanofluid flow  
in a convectively heated permeable channel

Abstract: This research aims to examine the tri-hybrid nanofluid flow in a convectively heated permeable channel 
with the effect of heat generation/absorption. Tri-hybrid nanofluid is formed by suspending three different nanoparticles 
namely, aluminium oxide (Al2O3), copper (Cu) and nickel (Ni) in the base fluid water (H2O). For stability of the fluid 
transverse magnetic and electric fields are considered in the fluid model. The aim of this work is to carry out a 
comparative study for the heat transfer enhancement of base fluid with mono (Al2O3), hybrid (Al2O3+Cu) and ternary 
(Al2O3+Cu+Ni) nanofluids. This study is implicated in those fields which are dealing with extreme heat or cold
conditions, aerospace technology, biosensors, nano-drugs and metal coatings. The boundary layer equations that govern 
the flow are transformed to dimension-free form by appropriate transformable variables and then solved by using bvp4c 
program in MATLAB software. It is found that the fluid flow resist by magnetic parameter and assist by electric field, 
while the thermal profiles rise by enhancing the value of these parameters. Furthermore, numerical outcomes for skin-
friction coefficient and Nusselt number are deliberated in graphical form. Thus, it is concluded that, ternary hybrid 
nanofluid enhances the thermal conductivity of the base fluid more than to traditional or hybrid nanofluid. 
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1. Introduction 

Several researchers have observed that the 
mono-nanofluid significantly increases the potential 
to enhance heat transfer properties compared to 
traditional base fluids such as water, oils, ethylene 
glycol etc.[1]–[10]. Mono nanofluid is a combination 
of base fluid with solid nano particles such as carbon, 
silver, alumina oxide, copper, titanium oxide etc. 
Although, Mono-nanofluids have wide range of 
applications in industries, including electronics 
cooling, automotive engine cooling, solar thermal 
systems, and industrial processes where efficient heat 
transfer is crucial, but have some limitations. For 
example metallic nanoparticles such as Ag, Cu, Al
have very high thermal conductivity but they are 
unstable due to high reactivity, while the non-
metallic nanoparticles as CuO, MgO, Al2O3 have 
more stability but low conductivity. These limitations 
inspired the researchers to form better nanofluids, 
with this a new concept of hybrid or tri-hybrid 
nanofluid came into existence. Hybrid and tri-hybrid 
nanofluids refer to the combination of different types
of nanoparticles within a single base fluid. It is 
concluded in many studies that the inclusion of Al2O3

nanoparticles in hybrid nanofluids, significantly 
enhances the thermal conductivity of base fluid [11]–

[20] . Tri-hybrid nanofluids are designed to exhibit 
superior thermal conductivity, optimal viscosity and 
enhanced heat transfer performance. Xuan et al. [21]
experimentally investigate the stability and non-
Newtonian characteristic of tri-hybrid nanofluid 
Al2O3-TiO2-Cu/water. Thakur and Sood [22]
analyzed a computational model for Al2O3-Cu-
Ni/water over a convectively heated Riga plate. 
Guedri et al. [23] investigated tri-hybrid nanofluid 
MgO-Cu-MWCNT/water past a stretching surface 
with the impact of Joule heating. Mahmood et al. [24]
studied tri-hybrid nanofluid Al2O3-TiO2-Cu/water 
past a non-linear permeable stretching/shrinking 
surface. Guedri et al. [25] examined flow of ternary 
hybrid nanofluid Cu-TiO2-Al2O3/H2O towards a non-
linear stretching sheet. Das et al. [26] focused on 
electro-osmotic convective flow of Cu-Ag-
Al2O3/H2O ternary hybrid nanofluid in a vertical 
channel. Bilal et al. [27] studied the effect of Soret 
and Dufour on ternary hybrid nanofluid in a 3D 
computational domain. Ramesh et al. [28] analyzed 
heat source/sink effect in a convergent/divergent 
stretchable channel. Rauf et al. [29] presented a study 
for MHD micropolar ternary nanofluid Fe3O4-Al2O3-
TiO2/H2O between two parallel sheets with hall 
current and morphological effects. Manjunatha et al. 
[30] studied convective heat transfer in TiO2-SiO2-
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Al2O3/H2O ternary nanofluid past a stretching sheet. 
Abideen et al. [31] analyzed the impact of activation 
energy in MHD tri-hybrid nanofluid flow through 
porous surface.

Fluid flow in permeable channel is significant 
due to its broad applications in engineering, 
biomedicine and in daily life as ground water flow, 
filtration, printing papers etc. Many researchers have 
numerically investigated nanofluid flow in a channel. 
Najafabadi et al. [32] investigated nanofluid flow in 
a vertical channel with polynomial boundary 
conditions. Maiti et al. [33] studied mass suction and 
injection effect on hybrid nanofluid flow between 
two parallel plates. Raza et al. and Kumari et al. [34], 
[35] studied Casson fluid flow in a permeable 
channel. Siddique et al. [36] analyzed the effect of 
heat source/sink in a Channel. Zheng et al. [37]
investigated the influence of shape of vortex 
generator on a nanofluid flow in a channel. Zeeshan 
et al. [38] studied non-thermal conductivity on 
nanofluid flow in a channel. Ahmed et al. [39]
analyzed Cu/H2O nanofluid with pressure drop 
characteristics in a channel. Verma et al. [40]
explored heat transfer enhancement in a channel 
using hybrid nano particles Cu and Al2O3. Tlili et al. 
[41] studied MHD flow of Couette-Poiseuille 
nanofluid in a permeable channel.

In recent years, researchers considered electro-
magnetic fluid flow due to their significant 
applications in MHD power generation, aerospace, 
biomedical, space propulsion system etc. Asogwa et 
al. [42] investigated Casson nanofluid over an 
electromagnetic plate. Wakif et al. [43] investigated 
suction and Joule heating effects on EMHD fluid 
flow over a moving Riga plate. Bhatti et al. [44]
analyzed electromagnetohydrodynamic flow of third
grade fluid. Tian et al. [45]studied electrokinetic 
effects on EMHD flows. Rashid et al. [46] examined 

the impact of Knudsen number on EMHD flow. 
Algehyne et al. [47] studied effects of chemical 
reaction and velocity slip on EMHD nanofluid flow 
along a Riga plate. Khatun et al. [48] studied suction 
effect on EMHD fluid flow over a Riga plate. 

From a comprehensive literature review, it has 
been revealed that no investigation has been 
conducted on the flow of ternary hybrid nanofluid of 
Al2O3, Cu and Ni in a channel till date. The 
composition of ternary hybrid nanofluid is made by 
submerging Al2O3, Cu and Ni in the base fluid H2O.
This composition was stable because of non-
reactivity of the nanoparticle Al2O3 with 
nanoparticles of Cu and Ni. For more stability of the 
fluid the electric and transverse magnetic fields are 
considered in the fluid model. The aim of this work 
is to carry out a comparative study for the heat 
transfer enhancement of traditional nanofluid with 
hybrid and ternary nanofluid. The results for various 
pertinent physical parameters are examined through 
graphs and tables for velocity and temperature. 

2. Mathematical Formulation

We have considered the flow of two dimensional, 
steady incompressible ternary hybrid nanofluid with 
the effect of heat generation/absorption in a 
permeable channel. Coordinate system is taken in 
such way that the x-axis is along the centreline of the 
channel and y-axis is parallel to it. Lower and upper 
plate of the channel is located at y=-h/2 and y=h/2
respectively. The composition of ternary hybrid 
nanofluid is made by submerging Al2O3, Cu and Ni in 
the base fluid H2O. A transverse magnetic field 𝐵𝐵𝐵𝐵0
and electrical field 𝐸𝐸𝐸𝐸0 stabilize the fluid is acting in 
y-direction. The temperature is maintained constant 
and symbolized by 𝑇𝑇𝑇𝑇0 and 𝑇𝑇𝑇𝑇ℎ at lower and upper plate 
respectively.

x, u, 
h/2 

-

Th 

y, v, E0, 

Figure 1 – Coordinate system and schematic diagram of the flow problem
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The relevant governing equations to the problem 
are given by:

Continuity equation

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= 0     (1)

Momentum equation

𝑢𝑢𝑢𝑢
𝜕𝜕𝜕𝜕𝑢𝑢𝑢𝑢
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝑣𝑣𝑣𝑣
𝜕𝜕𝜕𝜕𝑢𝑢𝑢𝑢
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= −
1

𝜌𝜌𝜌𝜌𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝜐𝜐𝜐𝜐𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝜕𝜕𝜕𝜕2𝑢𝑢𝑢𝑢
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕2

−

−  𝜎𝜎𝜎𝜎𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝜌𝜌𝜌𝜌𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝐵𝐵𝐵𝐵02𝑢𝑢𝑢𝑢 −
𝜎𝜎𝜎𝜎𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝜌𝜌𝜌𝜌𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝐸𝐸𝐸𝐸0𝐵𝐵𝐵𝐵0 ± 𝑔𝑔𝑔𝑔𝛽𝛽𝛽𝛽𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑇𝑇𝑇𝑇 − 𝑇𝑇𝑇𝑇ℎ) (2)

𝑢𝑢𝑢𝑢 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝑣𝑣𝑣𝑣 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= − 1
𝜌𝜌𝜌𝜌𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝜐𝜐𝜐𝜐𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝜕𝜕𝜕𝜕2𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕2

(3)

Energy equation

𝑢𝑢𝑢𝑢
𝜕𝜕𝜕𝜕𝑇𝑇𝑇𝑇
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝑣𝑣𝑣𝑣
𝜕𝜕𝜕𝜕𝑇𝑇𝑇𝑇
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= −
𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

�𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕�𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝜕𝜕𝜕𝜕2𝑇𝑇𝑇𝑇
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕2

+

+
𝑄𝑄𝑄𝑄0

�𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕�𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
(𝑇𝑇𝑇𝑇 − 𝑇𝑇𝑇𝑇ℎ) +

+ 𝜎𝜎𝜎𝜎𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
�𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝�𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

(𝑢𝑢𝑢𝑢𝐵𝐵𝐵𝐵0 − 𝐸𝐸𝐸𝐸0)2  (4)

With the boundary conditions

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝜕𝜕𝜕𝜕 = 0,
𝜕𝜕𝜕𝜕𝑢𝑢𝑢𝑢
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= 0, 𝑣𝑣𝑣𝑣 = 0,𝑇𝑇𝑇𝑇 = 𝑇𝑇𝑇𝑇0

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝜕𝜕𝜕𝜕 = ℎ
2

,𝑢𝑢𝑢𝑢 = 0, 𝑣𝑣𝑣𝑣 = 0,𝑇𝑇𝑇𝑇 = 𝑇𝑇𝑇𝑇ℎ       (5)

Where µ is dynamic viscosity, ρ is density, ν is 
kinematic viscosity, σ is electrical conductivity, k is 
thermal conductivity, 𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕is specific heat, T0 and Th are 
temperature at y=0 and y=ℎ

2
respectively. Subscripts

thnf is used for tri-hybrid nanofluid and f for base 
fluid water.

Let stream function such that 𝑢𝑢𝑢𝑢 = 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

, 𝑣𝑣𝑣𝑣 = −𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

for eliminating pressure term from equations (2) and 
(3), we get

𝑢𝑢𝑢𝑢
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ 𝑣𝑣𝑣𝑣
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= 𝜈𝜈𝜈𝜈𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 �
𝜕𝜕𝜕𝜕2𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕2

+
𝜕𝜕𝜕𝜕2𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕2

� −

−  𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
�𝜎𝜎𝜎𝜎𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝜌𝜌𝜌𝜌𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝐵𝐵𝐵𝐵02𝑢𝑢𝑢𝑢 + 𝜎𝜎𝜎𝜎𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝜌𝜌𝜌𝜌𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝐸𝐸𝐸𝐸0𝐵𝐵𝐵𝐵0 ∓ 𝑔𝑔𝑔𝑔𝛽𝛽𝛽𝛽𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑇𝑇𝑇𝑇 − 𝑇𝑇𝑇𝑇ℎ)�

(6)

Where w is vorticity, defined as w = ∂v
∂x
− ∂u

∂y

Thermophysical properties of nano-particles are given as:

Thermophysical characteristics of tri-hybrid and hybrid nanofluid are defined as:

Physical properties Unit Base fluid nanoparticles
𝐻𝐻𝐻𝐻2𝑂𝑂𝑂𝑂 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴2𝑂𝑂𝑂𝑂3 Cu Ni

Dynamic viscosity (µ) mPa𝑠𝑠𝑠𝑠−1 0.891 - - -
Electrical conductivity (σ) Ω−1𝑚𝑚𝑚𝑚−1 0.05 1×10-10 5.96×107 1.7×107

Density (𝜌𝜌𝜌𝜌) kgm-3 997.10 3970 8933 8900
Heat Capacity (cp) Jkg-1 K-1 4179 765 385 444
Thermal Conductivity (k) Wm-1 K-1 0.613 40 401 90.7
Thermal expansion coefficient (βT) K-1 21 × 105 0.85 × 105 1.67 × 105 134 × 107

Properties Mono-nanofluid Hybrid nanofluid Tri-hybrid nanofluid

Dynamic 
Viscosity (µ) 𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 =

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛
(1 − 𝜙𝜙𝜙𝜙1)2.5 𝜇𝜇𝜇𝜇ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 =

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛
(1 − 𝜙𝜙𝜙𝜙1)2.5(1 − 𝜙𝜙𝜙𝜙2)2.5 𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛
(1 − 𝜙𝜙𝜙𝜙1)2.5(1 − 𝜙𝜙𝜙𝜙2)2.5(1 − 𝜙𝜙𝜙𝜙3)2.5

Density (ρ) 𝜌𝜌𝜌𝜌𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = (1 − 𝜙𝜙𝜙𝜙1)𝜌𝜌𝜌𝜌𝑛𝑛𝑛𝑛 + 𝜙𝜙𝜙𝜙1𝜌𝜌𝜌𝜌𝑛𝑛𝑛𝑛1
𝜌𝜌𝜌𝜌ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = (1 − 𝜙𝜙𝜙𝜙2)�(1 − 𝜙𝜙𝜙𝜙1)𝜌𝜌𝜌𝜌𝑛𝑛𝑛𝑛

+ 𝜙𝜙𝜙𝜙1𝜌𝜌𝜌𝜌𝑛𝑛𝑛𝑛1�
+ 𝜙𝜙𝜙𝜙2𝜌𝜌𝜌𝜌𝑛𝑛𝑛𝑛2

𝜌𝜌𝜌𝜌𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = (1 − 𝜙𝜙𝜙𝜙3) �(1
− 𝜙𝜙𝜙𝜙2)�(1 − 𝜙𝜙𝜙𝜙1)𝜌𝜌𝜌𝜌𝑛𝑛𝑛𝑛
+ 𝜙𝜙𝜙𝜙1𝜌𝜌𝜌𝜌𝑛𝑛𝑛𝑛1� + 𝜙𝜙𝜙𝜙2𝜌𝜌𝜌𝜌𝑛𝑛𝑛𝑛2�
+ 𝜙𝜙𝜙𝜙3𝜌𝜌𝜌𝜌𝑛𝑛𝑛𝑛3
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Now, the similarity variables are introduced as 
follow :

𝑢𝑢𝑢𝑢 = 𝛼𝛼𝛼𝛼𝜕𝜕𝜕𝜕𝑓𝑓𝑓𝑓′(𝜂𝜂𝜂𝜂), 𝑣𝑣𝑣𝑣 = −𝛼𝛼𝛼𝛼ℎ𝑓𝑓𝑓𝑓(𝜂𝜂𝜂𝜂), 
𝜃𝜃𝜃𝜃(𝜂𝜂𝜂𝜂) = 𝑇𝑇𝑇𝑇−𝑇𝑇𝑇𝑇ℎ

𝑇𝑇𝑇𝑇0−𝑇𝑇𝑇𝑇ℎ
, 𝜂𝜂𝜂𝜂 = 𝜕𝜕𝜕𝜕

ℎ
                      (7)

Using equation (7), equations (4)-(6) are written 
as:

𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝜕𝜕𝜕𝜕 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝜈𝜈𝜈𝜈𝑛𝑛𝑛𝑛

𝜈𝜈𝜈𝜈𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
�𝑓𝑓𝑓𝑓′𝑛𝑛𝑛𝑛′′ − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓′′′� −

𝜎𝜎𝜎𝜎𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝜎𝜎𝜎𝜎𝑛𝑛𝑛𝑛

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛
𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝑀𝑀𝑀𝑀𝑓𝑓𝑓𝑓′′

+
+ 𝜎𝜎𝜎𝜎𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝜎𝜎𝜎𝜎𝑛𝑛𝑛𝑛

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛
𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝐸𝐸𝐸𝐸𝑀𝑀𝑀𝑀 + 𝜈𝜈𝜈𝜈𝑛𝑛𝑛𝑛
𝜈𝜈𝜈𝜈𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝛽𝛽𝛽𝛽𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝛽𝛽𝛽𝛽𝑛𝑛𝑛𝑛

𝜆𝜆𝜆𝜆𝜃𝜃𝜃𝜃′ = 0 (8)

𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛

𝜃𝜃𝜃𝜃′′ −
�𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕�𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
�𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕�𝑛𝑛𝑛𝑛

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝜃𝜃𝜃𝜃′ + 𝑄𝑄𝑄𝑄𝜃𝜃𝜃𝜃 +

+ 𝜎𝜎𝜎𝜎𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝜎𝜎𝜎𝜎𝑛𝑛𝑛𝑛

𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐(𝑓𝑓𝑓𝑓′ + 𝐸𝐸𝐸𝐸)2 = 0              (9)

With boundary conditions 

𝑓𝑓𝑓𝑓′′(0) = 0, 𝑓𝑓𝑓𝑓(0) = 0, 

𝜃𝜃𝜃𝜃(0) = 1, 𝑓𝑓𝑓𝑓′(1) = 0, 𝑓𝑓𝑓𝑓(1) = 1
2

 ,𝜃𝜃𝜃𝜃(1) = 0 (10)

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑉𝑉𝑉𝑉ℎ
𝜈𝜈𝜈𝜈𝑛𝑛𝑛𝑛

, 𝑀𝑀𝑀𝑀 = 𝜎𝜎𝜎𝜎𝑛𝑛𝑛𝑛ℎ2𝐵𝐵𝐵𝐵02

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛
, 𝐸𝐸𝐸𝐸 = ℎ𝐸𝐸𝐸𝐸0

𝐵𝐵𝐵𝐵0𝑉𝑉𝑉𝑉𝜕𝜕𝜕𝜕
,

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝ℎ𝑉𝑉𝑉𝑉
𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛

, 𝑄𝑄𝑄𝑄 = 𝑄𝑄𝑄𝑄0ℎ2

𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛
, 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐 = 𝑉𝑉𝑉𝑉2𝜕𝜕𝜕𝜕2

ℎ2(𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝)𝑛𝑛𝑛𝑛(𝑇𝑇𝑇𝑇0−𝑇𝑇𝑇𝑇ℎ)
,

𝜆𝜆𝜆𝜆 = 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅2

, 𝐺𝐺𝐺𝐺𝑃𝑃𝑃𝑃 = 𝑉𝑉𝑉𝑉ℎ4𝑔𝑔𝑔𝑔𝛽𝛽𝛽𝛽(𝑇𝑇𝑇𝑇0−𝑇𝑇𝑇𝑇ℎ)
𝜕𝜕𝜕𝜕𝜈𝜈𝜈𝜈3

.

Where, V is uniform velocity (V>0 suction and 
V<0 injection), Re is Reynolds number, M is
magnetic field parameter, E is electric field 
parameter, Pr is Prandtl number, Ec is Eckert 
number, λ is thermal buoyancy parameter, Gr is 
Grashof number.

The skin-friction coefficient 𝐶𝐶𝐶𝐶𝑛𝑛𝑛𝑛 and Nusselt 
number Nu that characterize this study are given by:

𝐶𝐶𝐶𝐶𝑛𝑛𝑛𝑛 =
2𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝜌𝜌𝜌𝜌𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢02

𝜕𝜕𝜕𝜕𝑢𝑢𝑢𝑢
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
�
𝜕𝜕𝜕𝜕=0

𝑁𝑁𝑁𝑁𝑢𝑢𝑢𝑢 = −ℎ
𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛(𝑇𝑇𝑇𝑇0−𝑇𝑇𝑇𝑇ℎ)

(𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛) 𝜕𝜕𝜕𝜕𝑇𝑇𝑇𝑇
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
�
𝜕𝜕𝜕𝜕=0

(11)

Using (7) equation (11) can be written as

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝜕𝜕𝜕𝜕
1
2𝐶𝐶𝐶𝐶𝑛𝑛𝑛𝑛 = −2

𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛

𝜌𝜌𝜌𝜌𝑛𝑛𝑛𝑛
𝜌𝜌𝜌𝜌𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝑓𝑓𝑓𝑓′′(0)

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝜕𝜕𝜕𝜕
−12𝑁𝑁𝑁𝑁𝑢𝑢𝑢𝑢 = −𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛
𝜃𝜃𝜃𝜃′(0).            (12)

Thermal 
Conductivity (k)

𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

=
𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛1 + 2𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛 − 2𝜙𝜙𝜙𝜙1(𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛 − 𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛1
𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛1 + 2𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛 + 𝜙𝜙𝜙𝜙1(𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛 − 𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛1

𝑘𝑘𝑘𝑘ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

=
𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛2 + 2𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 − 2𝜙𝜙𝜙𝜙2(𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 − 𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛2)
𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛2 + 2𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 + 𝜙𝜙𝜙𝜙2(𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 − 𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛2) 𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛

𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

=
𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛3 + 2𝑘𝑘𝑘𝑘ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 − 2𝜙𝜙𝜙𝜙2(𝑘𝑘𝑘𝑘ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 − 𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛3)
𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛3 + 2𝑘𝑘𝑘𝑘ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 + 𝜙𝜙𝜙𝜙2(𝑘𝑘𝑘𝑘ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 − 𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛3) 𝑘𝑘𝑘𝑘ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

Heat capacity (𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕)

�𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕�𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
= (1 − 𝜙𝜙𝜙𝜙1)�𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕�𝑛𝑛𝑛𝑛
+ 𝜙𝜙𝜙𝜙1�𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕�𝑛𝑛𝑛𝑛1

�𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕�ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = (1 − 𝜙𝜙𝜙𝜙2) �(1

− 𝜙𝜙𝜙𝜙1)�𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕�𝑛𝑛𝑛𝑛
+ 𝜙𝜙𝜙𝜙1�𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕�𝑛𝑛𝑛𝑛1�
+ 𝜙𝜙𝜙𝜙2(𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕)𝑛𝑛𝑛𝑛2

�𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕�𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = (1 − 𝜙𝜙𝜙𝜙3)�(1

− 𝜙𝜙𝜙𝜙2) �(1
− 𝜙𝜙𝜙𝜙1)�𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕�𝑛𝑛𝑛𝑛
+ 𝜙𝜙𝜙𝜙1�𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕�𝑛𝑛𝑛𝑛1�

+ 𝜙𝜙𝜙𝜙2�𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕�𝑛𝑛𝑛𝑛2�

+ 𝜙𝜙𝜙𝜙3�𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕�𝑛𝑛𝑛𝑛3

Electrical 
Conductivity (σ)

𝜎𝜎𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

=
(1 + 2𝜙𝜙𝜙𝜙1)𝜎𝜎𝜎𝜎1 + (1 − 2𝜙𝜙𝜙𝜙1)𝜎𝜎𝜎𝜎
(1 − 𝜙𝜙𝜙𝜙1)𝜎𝜎𝜎𝜎1 + (1 + 𝜙𝜙𝜙𝜙1)𝜎𝜎𝜎𝜎𝑛𝑛𝑛𝑛 

𝜎𝜎𝜎𝜎ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

=
(1 + 2𝜙𝜙𝜙𝜙2)𝜎𝜎𝜎𝜎2 + (1 − 2𝜙𝜙𝜙𝜙2)𝜎𝜎𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

(1 − 𝜙𝜙𝜙𝜙2)𝜎𝜎𝜎𝜎2 + (1 + 𝜙𝜙𝜙𝜙2)𝜎𝜎𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝜎𝜎𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝜎𝜎𝜎𝜎𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

=
(1 + 2𝜙𝜙𝜙𝜙3)𝜎𝜎𝜎𝜎3 + (1 − 2𝜙𝜙𝜙𝜙3)𝜎𝜎𝜎𝜎ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

(1 − 𝜙𝜙𝜙𝜙3)𝜎𝜎𝜎𝜎3 + (1 + 𝜙𝜙𝜙𝜙3)𝜎𝜎𝜎𝜎ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝜎𝜎𝜎𝜎ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

Thermal 
expansion 

coefficient (β)

(𝜌𝜌𝜌𝜌𝛽𝛽𝛽𝛽)𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
= (1 − 𝜙𝜙𝜙𝜙1)(𝜌𝜌𝜌𝜌𝛽𝛽𝛽𝛽)𝑛𝑛𝑛𝑛
+ 𝜙𝜙𝜙𝜙1(𝜌𝜌𝜌𝜌𝛽𝛽𝛽𝛽)𝑛𝑛𝑛𝑛1

(𝜌𝜌𝜌𝜌𝛽𝛽𝛽𝛽)ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = (1 − 𝜙𝜙𝜙𝜙2)� (1
− 𝜙𝜙𝜙𝜙1)(𝜌𝜌𝜌𝜌𝛽𝛽𝛽𝛽)𝑛𝑛𝑛𝑛
+ 𝜙𝜙𝜙𝜙1(𝜌𝜌𝜌𝜌𝛽𝛽𝛽𝛽)𝑛𝑛𝑛𝑛1�
+ 𝜙𝜙𝜙𝜙2(𝜌𝜌𝜌𝜌𝛽𝛽𝛽𝛽)𝑛𝑛𝑛𝑛2

(𝜌𝜌𝜌𝜌𝛽𝛽𝛽𝛽)𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = (1 − 𝜙𝜙𝜙𝜙3)�� (1 − 𝜙𝜙𝜙𝜙1)(𝜌𝜌𝜌𝜌𝛽𝛽𝛽𝛽)𝑛𝑛𝑛𝑛
+ 𝜙𝜙𝜙𝜙1(𝜌𝜌𝜌𝜌𝛽𝛽𝛽𝛽)𝑛𝑛𝑛𝑛1�
+ 𝜙𝜙𝜙𝜙2(𝜌𝜌𝜌𝜌𝛽𝛽𝛽𝛽)𝑛𝑛𝑛𝑛2�
+ 𝜙𝜙𝜙𝜙3(𝜌𝜌𝜌𝜌𝛽𝛽𝛽𝛽)𝑛𝑛𝑛𝑛3
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3. Method of solution

Bvp4c program solver in MATLAB software is 
used to solve the formulated problem. In the first step, 
the non-linear ordinary differential equation (9)-(11)
are altered to first order differential equation. 

Let 𝑓𝑓𝑓𝑓 = 𝑓𝑓𝑓𝑓1,  𝑓𝑓𝑓𝑓′ = 𝑓𝑓𝑓𝑓2, 

𝑓𝑓𝑓𝑓′′ = 𝑓𝑓𝑓𝑓3, 𝑓𝑓𝑓𝑓′′′ = 𝑓𝑓𝑓𝑓4,𝜃𝜃𝜃𝜃 = 𝑓𝑓𝑓𝑓5,𝜃𝜃𝜃𝜃′ = 𝑓𝑓𝑓𝑓6

For these assumptions equation (8)-(10) will take 
the following form:

𝑓𝑓𝑓𝑓′(1) = 𝑓𝑓𝑓𝑓(2)

𝑓𝑓𝑓𝑓′(2) = 𝑓𝑓𝑓𝑓(3)

𝑓𝑓𝑓𝑓′(3) = 𝑓𝑓𝑓𝑓(4)

𝑓𝑓𝑓𝑓′(4) =  −𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝜈𝜈𝜈𝜈𝑛𝑛𝑛𝑛

𝜈𝜈𝜈𝜈𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
(𝑓𝑓𝑓𝑓2𝑓𝑓𝑓𝑓3 − 𝑓𝑓𝑓𝑓1𝑓𝑓𝑓𝑓4) +

+
𝜎𝜎𝜎𝜎𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝜎𝜎𝜎𝜎𝑛𝑛𝑛𝑛

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛
𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝑀𝑀𝑀𝑀𝑓𝑓𝑓𝑓3 −
𝜎𝜎𝜎𝜎𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝜎𝜎𝜎𝜎𝑛𝑛𝑛𝑛

𝜇𝜇𝜇𝜇𝑛𝑛𝑛𝑛
𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝐸𝐸𝐸𝐸𝑀𝑀𝑀𝑀 −

−
𝜈𝜈𝜈𝜈𝑛𝑛𝑛𝑛

𝜈𝜈𝜈𝜈𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝛽𝛽𝛽𝛽𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝛽𝛽𝛽𝛽𝑛𝑛𝑛𝑛

𝜆𝜆𝜆𝜆𝑓𝑓𝑓𝑓

𝑓𝑓𝑓𝑓′(5) = 𝑓𝑓𝑓𝑓(6)

𝑓𝑓𝑓𝑓′(6) =

=  
𝑘𝑘𝑘𝑘𝑛𝑛𝑛𝑛

𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
�
�𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕�𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
�𝜌𝜌𝜌𝜌𝑐𝑐𝑐𝑐𝜕𝜕𝜕𝜕�𝑛𝑛𝑛𝑛

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓1𝑓𝑓𝑓𝑓6 − 𝑄𝑄𝑄𝑄𝑓𝑓𝑓𝑓5

−
𝜎𝜎𝜎𝜎𝑡𝑡𝑡𝑡ℎ𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝜎𝜎𝜎𝜎𝑛𝑛𝑛𝑛

𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐(𝑓𝑓𝑓𝑓′ + 𝐸𝐸𝐸𝐸)2�

The boundary conditions (11) are reduced as
𝑓𝑓𝑓𝑓3(0) = 0, 𝑓𝑓𝑓𝑓1(0) = 1, 𝑓𝑓𝑓𝑓5(0) = 1, 𝑓𝑓𝑓𝑓2(1) =

0, 𝑓𝑓𝑓𝑓(1) = 1
2

 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓𝑓𝑓5(1) = 0 Now we guess the initial 
value for the first iteration with mesh size 0.01 and 
then the first-order equations with boundary 
conditions are solved by using bvp4c solver in 
MATLAB software.

4. Results and discussions

To analyse the physical aspects of the considered 
problem, a comprehensive study have been done. The 
graphs for fluid velocity and temperature for the 
different values of physical parameters such as 
magnetic field parameter (M), electric field 
parameter (E), Prandtl number (Pr), Eckert number 
(Ec), thermal buoyancy parameter (λ) and Grashof 
number (Gr) are shown in Figure (2-15), by setting 
parameter M=1, E=0.1, λ=0.1, Ec=1, Pr=1, Re=20, 
Q=0.5. The numerical results for local skin friction 
and Nusselt number are presented in graphically 
form. Figure (2) demonstrates that enhancing the 
value of magnetic field parameter (M) depreciates the 
velocity profile near the centreline of the channel and 
enhances the velocity profile near the channel walls. 
Since magnetic field is applied normal to the channel 
walls. Larger values of M increase Lorentz force 
which enhances the viscosity of the fluid and hence 
reduces the velocity field. So by controlling the 
strength of magnetic field, fluid flow in many 
systems such as MHD power generation, casting of 
metals etc. can be controlled. The effect of magnetic 
Field on temperature profile is illustrates via Figure 
(3). Since Lorentz force retards the body force that 
transverses the motion of the nano particles and this 
generates more energy dissipation in the fluid model. 
Hence, by this phenomenon the temperature field 
increases with growing the values of magnetic field 
parameter.

Figure (4, 5) displays the effect of electric 
parameter E on velocity and temperature profile. 
Strong electric field conveys a decline in resistive 
forces and due to this, motion of nanoparticles in 
the fluid increases. Hence the velocity profile 
increases for higher electric field. Strong electric 
field increases thermal diffusivity of the fluid. 
Thermal diffusivity is the ratio of thermal 
conductivity to density and specific heat capacity 
at a constant pressure. High thermal diffusivity 
enhances the heat transfer rate and this causes the 
thermal boundary layer to rise. Hence the 
temperature profile is also increases for electric 
field parameter.
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Figure 2 – Effect of M on velocity profile

Figure 3 – Effect of M on temperature profile.

Figure 4 – Effect of E on velocity profile.
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Figure 5 –Effect of E on temperature profile.

It is observed in Figure (6) that rising value of 
Reynolds number (Re) reduces the velocity 
profile near the centreline of the channel and 
enhances the velocity profile near the channel 
walls. Since higher Reynolds number drops the 
viscous forces and generates the stronger inertial 
forces which increases the fluid density, thus 
decreases velocity profile. Effect of Prandtl 
number (Pr) on temperature profile is presented 
in Figure (7). Enhancing the value of Prandtl 
number (Pr) the thermal diffusivity of fluid 
decreases. Thermal diffusivity is the ratio of 
thermal conductivity to density and specific heat 
capacity at a constant pressure. Low thermal 
diffusivity reduces the heat transfer rate and this 
causes the thermal boundary layer to drop. Since 

with higher heat source parameter more energy 
creates inside the fluid due to heat generation. It 
causes the growth of thermal boundary layer and 
hence the temperature field increases with 
enhancing values of heat source parameter (Q) as 
shown in Figure (8). Figure (9). depicts the effects 
of Eckert number Ec on the temperature profile 
θ(η). Since Eckert number (viscous dissipation 
parameter) is the ratio of advective heat transfer 
to heat dissipation potential i.e. the 
transformation of kinetic energy into internal 
energy. Due to this dissipative heat more heat 
transfer occurs and thus the thickness of thermal 
boundary layer increases and the temperature 
profile increases with increasing Eckert number 
Ec.

Figure 6 – Effect of Re on velocity profile.
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Figure 7 – Effect of Pr on temperature profile.

Figure 8 – Effect of Q on temperature profile.

Figure 9 – Effect of Ec on temperature profile.
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Figure 10 – Effect of λ on velocity profile.

 

The effect of convection parameter λ on velocity 
profiles is demonstrated in figure (10). As convection 
grow, the buoyancy force dominates the viscous force 
that translates the flow from laminar to turbulent 
which hastens the flow of the fluid. Figure 10 display 
the convection has the effect of enhancing the 
velocity profile. 

Comparison for variation in skin-friction 
coefficient for mono (Al2O3), hybrid (Al2O3-Cu) and 
ternary nanofluid (Al2O3-Cu-Ni), is plotted in figure 
(11-15). Impact of Reynolds number, electric and 
magnetic field on skin-friction coefficient is 
depreciated in figure (11-12). It is observed that the 
coefficient of skin-friction depreciates with both 

Reynolds number and magnetic field. While it is 
found in figure (12) that the skin-friction enhances 
for electric field. The variation in local Nusselt 
number for various parameters have been depicted in 
figures (13-15). It is observed that the rate of heat 
transfer increases electric field, Eckert number and 
Prandtl number, while decreases for magnetic 
parameter. Strong electric field increases thermal 
diffusivity of the fluid. High thermal diffusivity 
enhances the heat transfer rate and this causes the 
thermal boundary layer to rise. Eckert number 
transforms the kinetic energy into internal energy. 
Due to this dissipative heat more heat transfer 
occurs.

 

Figure 11 – Effect of Re on skin friction coefficient.
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Figure 12 – Effect of E on skin friction coefficient.

 

 
Figure 13 – Effect of Ec on Nusselt number.

 

 
Figure 14 – Effect of Pr on Nusselt number.
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Figure 15 – Effect of E on Nusselt number.

 

5. Conclusions

A speculative study is done to examine the tri-
hybrid nanofluid flow in a convectively heated 
permeable channel with the effect of heat 
generation/absorption. The transverse magnetic and 
electric fields are also considered in the fluid model. 
A comparative study is carried out for the heat 
transfer enhancement of base fluid with mono 
(Al2O3), hybrid (Al2O3+Cu) and ternary 
(Al2O3+Cu+Ni) nanofluids. Notable effect of 
involved parameters such as magnetic field 
parameter (M), electric field parameter (E), Prandtl 
number (Pr), Eckert number (Ec) and thermal 
buoyancy parameter (λ) on velocity and temperature 
profiles are analysed and presented in graphical form. 
The following results are made:

• The effects of involved parameter on tri-hybrid 
nanofluid are more significant then the mono and 
hybrid nanofluid.

• The magnetic parameter depreciates the 
velocity profile and improves temperature profile. 
While the electric parameter improve the velocity 
and temperature profiles both.

• Velocity profile enhances with convection 
parameter and reduces with Reynolds number.

• Temperature profile increases for Prandtl 
number, Eckert number and for heat source 
parameter. 

• Skin friction coefficient improves for electric 
parameter and depreciate for magnetic parameter and 
Reynolds number.

• Nusselt number improves for Eckert number, 
electric parameter and for Prandtl number, while 
depreciate for Magnetic parameter.
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