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Abstract: This paper considers the mixed convective EMHD flow of a ternary hybrid nanofluid in a vertical 
channel. There is a homogeneous porous medium in the channel whose walls are on different temperatures. 
A homogeneous magnetic field acts perpendicular to the channel walls and a homogeneous electric field 
acts perpendicular to the direction of the fluid flow. The base fluid is blood and nanoparticles of three types 
of materials are suspended in it. The induced magnetic field is neglected. Velocity and temperature 
distributions were analytically determined and presented in the form of graphs. The shear stresses and 
Nusselt numbers on the channel walls are calculated and tabulated. 

Keywords: EMHD, Ternary hybrid nanofluid, Vertical channel, Porous medium, Nusselt number. 

1. Introduction
Convective heat transport is present in many industrial processes, energy, medicine, etc. Because of his wide 
presence, his research has become an important topic for researchers of various specialties. A large number of 
researchers are dedicated to improving heat transport by increasing heat transfer surfaces, vibration of these 
surfaces, use of microchannels, etc. The low thermal conductivity of classical fluids compared to metals has 
been observed, and research is being carried out in order to increase it. 
Choi [1] suggested improving the thermal conductivity of fluids by suspending nanometer-sized metal particles 
and called these fluids nanofluids. Today, a lot of researchers are dedicated to nanofluids and hybrid 
nanofluids. Attention is drawn to the fact that nanofluid heat transport in a magnetic environment is a relatively 
new research area. The minimal number of studies mentioned in this introduction sufficiently shows how wide 
their range is. 
In the paper by Lima et al. [2], EMHD flow and heat transfer of two immiscible fluids in a channel between 
two inclined parallel plates were investigated. The effects of layer porosity, buoyancy, Joule and viscous 
heating, moving plates, tilted magnetic field and heat generation/absorption are included. Raju and Satish [3] 
investigated the influence of slip factor on EMHD flow and heat transfer of two immiscible plasma fluids in a 
horizontal channel between two parallel plates with Hall currents. Nikodijevic et al. [4] investigated unsteady 
magnetohydrodynamic flow and heat transfer in a horizontal channel between parallel plates. The medium in 
the channel is porous, and the applied magnetic field is inclined relative to the direction of the primary current. 
The influence of magnetic field and thermal radiation on entropy generation of immiscible micropolar and 
Newtonian fluid in a horizontal rectangular channel of porous medium was investigated by Yadav et al. [5]. 
Gul et al. [6] investigated the effects of radiation and heat generation in unsteady MHD mixed convective flow 
of nanofluids in a vertical channel. The influence of the size of nanoparticles on speed and temperature was 
analyzed in particular. Das et al. [7] investigated the MHD fully developed mixed convective flow of a 
nanofluid in a vertical channel. An induced magnetic field is included. Umavathi and Sheremet [8] investigated 
the mixed convection in a vertical channel where in its middle part there is a Newtonian fluid, and in the end 
parts, where the media are porous, there are nanofluids. Double-diffusion and forced convective flow of 
nanofluids in a vertical channel with Robin boundary conditions on the channel walls was investigated by 
Umavathi and Chamkha [9]. Umavathi and Oztop [10] presented a numerical simulation for the analysis of the 
influence of electric and magnetic fields on the flow and heat transfer of nanofluids in a vertical channel. 
Petrovic et al. [11, 12] investigated EMHD flow and heat transfer of immiscible viscous and nanofluids in 
horizontal and vertical channels, respectively, whose media are porous. The channel walls are impermeable 
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and are at constant but different temperatures. EMHD flow and heat transfer of Casson nanofluid Fe3O4- blood 
in a horizontal channel of a porous medium with isothermal and impermeable walls was investigated by 
Petrovic et al. [13]. The influence of different nanoparticles on unsteady MHD flow and heat transfer of 
immiscible viscous and nanofluids in an inclined channel of porous media and permeable walls was 
investigated by Devi et al. [14]. The influence of the nanoparticle shape factor on the oscillatory MHD flow 
of two immiscible nanofluids in a horizontal channel of a porous medium with thermal radiation and sliding 
velocity and temperature on the channel walls was investigated by Devi et al. [15]. 
Xu and Sun [16] investigated the fully developed convective flow of a generalized hybrid nanofluid in a 
vertical microchannel. Chamkha et al. [17] investigated the MHD flow and heat transfer of a hybrid nanofluid 
in a vertical microchannel. Chamkha et al. [18] investigated the MHD flow and heat transfer of a hybrid 
nanofluid in a rotating system between two parallel plates that are permeable and stretchable under the 
influence of thermal radiation. Sudharani et al. [19] investigated the flow and heat transfer of a hybrid/trihybrid 
nanofluid over a moving plate. The influence of slip and radiation is included. It is shown that the rate of heat 
transfer in three hybrid nanofluids is higher than in hybrid nanofluids. Ebrahem [20] investigated the natural 
convective flow of three hybrid nanofluids along a horizontal stretchable sheet in a porous medium with 
radiation and chemical reaction. The main goal of this research is to examine the flow characteristics of this 
fluid for industrial and biomedical applications. Riaz et al. [21] investigated the MHD flow of non-Newtonian 
Willianson three hybrid nanofluids in a porous medium over a horizontal stretchable plate with thermal 
radiation. 
By reviewing the existing research, it becomes clear that the simultaneous effects of magnetic field, electric 
field, viscous, Joule's and Darcy's dissipation on the convective flow of three hybrid nanofluids have not been 
sufficiently investigated. This especially applies to trihybrid nanofluids whose base fluid is blood. Therefore, 
in this work, the EMHD convective flow of trihybrid nanofluid Al2O3+MgO+TiO2/blood in a vertical channel 
whose medium is porous is investigated. Application of the results of this research is expected in many fields, 
especially in medicine. 

2. Mathematical formulation 
The problem investigated here is the mixed convective flow of three hybrid nanofluids in a channel between 
two parallel vertical walls (see Figure 1). The medium in the channel is porous, and its permeability is The 
walls of the channel are at a mutual distance h, are impermeable and are at constant temperatures on both the 
right and left sides, respectively. The applied magnetic field of induction B is perpendicular to the walls of the 
channel, and the applied electric field of strength E is perpendicular to the longitudinal plane of the channel 
perpendicular to its walls. The pressure gradient in the flow direction is constant, and the flow is laminar, 
stationary and fully developed. 

 
Fig.1 Physical model 

The described problem is mathematically formulated by the momentum equation, energy equation and 
boundary conditions, respectively [8, 12]: 

 ( ) ( )( )
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where the labels are used: ,X Y −Cartesian coordinates, g − gravitational acceleration, , ,p T u − pressure, 
velocity, temperatures of the three hybrid nanofluids, respectively, and , , , ,kρ β µ σ − the properties of the 
three hybrid nanofluids are density, coefficient of thermal expansion, coefficient of dynamic viscosity, 
coefficient of thermal conductivity and electrical conductivity, respectively. 
The physical properties of three hybrid nanofluids are given by relations [19]: 
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where the indices 1, 2 and 3 refer to the material properties and volume fractions of nanoparticles 1, 2 and 3 
and the index f refers to the properties of the base fluid. 
Introducing further dimensionless transformations: 
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where are: Λ − porosity factor, Ha − Hartmann number, K − electric load factor, Pr− Prandtl number, 
Ec − Eckert number, Br −Brinkman number. 

3. Solution method 
Equations (5) and (6) are non-linear, simultaneous differential equations and it is not possible to analytically 
find their exact solution. That is why their approximate solution will be analytically determined here, and the 
perturbation method will be used for that. To that end, the approximate solution can be presented in the form: 

 ( )( ) ( )( ) ( )( )0 0 1 1, , , ,u y u y Br u y= +θ θ θ
 (9) 

where the Brinkman number is used as the perturbation parameter. 
Using relation (9) and the perturbation method from equations (5), (6) and zero-order boundary conditions: 
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and equations and boundary conditions of the first order: 
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The solution of equations (10) and (11) with boundary conditions (12) is: 
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The solution of equations (13) and (14) with boundary conditions (15) is: 
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Thus, the velocity and temperature distributions of three hybrid nanofluids in the problem considered here are 
determined. 
The dimensionless shear stresses on the left and right channel walls are given, respectively, by the relations: 
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and the Nusselt numbers on these walls, respectively, are: 
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4. Results and analysis 
In the previous chapter, the distributions of velocity, temperature, shear stress and Nusselt numbers on the 
channel walls were determined as a function of the parameters important for this considered problem. Among 
the influential parameters is the parameter M, which can be changed, and it also depends on the characteristic 
speed. In the available literature, this speed is defined in different ways, and here it is further defined in the 
form [8] 

0 ,fU h=ν  where 
f −ν is the coefficient of kinematic viscosity of the base fluid. For the characteristic 

speed defined in this way, the parameter M becomes the Brinkmann number. 
Used values of physical properties for blood and nanoparticle materials are given in Table 1 [7,21]. 
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Table 1. Physical properties 

Supstance 
properties blood Al2O3 TiO2 

 
MgO 
 

( )3/kg mρ  
997.1 3970 4250 3560 

( )/ ( )pc J kgK  
4179 765,  686.2 955 

( )/ ( )K W Km  
0.613 40 8.9538 45 

( )/S mσ  
5.5x10-6 35x106 2.6x106 5.392x10-7 

( )Pasµ  
0.001 - - - 

1Kβ −    
0.18x10-5 0.85x10-5 0.90x10-5 1.13x10-5 

The distributions of speed, temperature, shear stress and Nusselt numbers given analytically in the previous 
chapter depend on the type of base fluid and the type of nanoparticle material. In this section, a part of the 
obtained results is given for the case when the base fluid is blood, and the nanoparticles are made of aluminum 
oxide, magnesium oxide, and titanium dioxide. Velocity and temperature plots are given as graphs, and shear 
stresses and Nusselt numbers are tabulated. 
Figures 2 and 3 show the graphs of the velocity distribution and temperature distribution of THNF in the 
channel for different values of the Ha number and the constant values of the other factors are given in these 
figures, respectively. It can be seen from Figure 2 that an increase in the value of the Ha number leads to an 
acceleration of the fluid flow in the channel and to an increase in the shear stress on the channel walls. The 
cause of this phenomenon is the increase in the intensity of the Lorentz force with an increase in the Ha number, 
which here, given the negative value of the external electrical load factor, represents the driving force. The 
velocity distributions are symmetrical in relation to the longitudinal axis of the channel. It can be seen from 
Figure 3 that an increase in the Ha number, for constant values of other factors, causes an increase in the 
temperature in the channel. The reason for the increase in the temperature of the fluid in the channel is the 
increase in Joule's heat with the increase in the Ha number. 

  
Fig. 2 Velocity distributions for different Ha values Fig. 3 Temperature distributions for different Ha values 

Distributions of velocity and temperature of THNF in the channel for different values of the porosity factor, 
and constant values of the other factors are shown in Figures 4 and 5, respectively. It can be seen from Figure 
4 that the growth of the porosity factor causes the flow in the channel to slow down. The cause of this decrease 
in the speed of the fluid flow is the increase in the intensity of the Darcy force with the growth of Λ, which 
represents the force of resistance to the flow of the fluid. As the factor Λ increases, the shear stresses on the 
channel walls decrease. In this case too, the speed distributions are symmetrical. It can be seen from Figure 5 
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that the temperature of the fluid in the channel increases with the increase in the value of Λ. The reason for 
this increase in temperature is the growth of Darcy dissipation with the increase of the factor Λ. 

  
Fig. 4 Velocity distributions for different Λ values Fig. 5 Temperature distributions for different Λ values 

Figures 6 and 7 show graphs of the distribution of speed and temperature for different values of the external 
electrical load factor K, and for constant values of the other factors given in these figures, respectively. It can 
be seen from Figure 6 that for K=0, the fluid flow velocity is of low intensity. For larger absolute values of K, 
the flow velocities are higher, and changing the sign of the factor K changes the direction of the flow velocity. 
The reason for this is the change in the direction of the external electric field. It can be seen from Figure 7 that 
the growth K  causes an increase in the temperature of the fluid in the channel. The cause of this temperature 
increase is the increase of Joule's heat with K growth. For K=0, the heat transfer in the channel is mainly by 
conduction. 

  
Fig. 6 Velocity distributions for different K values Fig. 7 Temperature distributions for different K values 

Distributions of fluid velocity and temperature in the channel for different values of other factors are shown in 
Figures 8 and 9, respectively. It can be seen from Figure 8 that higher values of the Gr number correspond to 
faster fluid flows in the channel and lower shear stresses on the channel walls. The speed distribution graphs 
are symmetrical. The cause of this increase in flow speed is the growth of buoyancy force with increasing Gr 
number. As the Gr number increases, the temperature of the fluid in the channel increases, as can be seen from 
Figure 9. Heat transport is from the fluid to the right wall of the channel for the temperature distributions 
shown. This increase in the temperature of the fluid in the channel occurs because higher values of the Gr 
number correspond to higher speeds, and then higher amounts of Joule heat. 
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Fig. 8 Velocity distributions for different Gr values Fig. 9 Temperature distributions for different Gr values 

From Figure 10, it can be seen that the flow rate is the highest for HNF, then NF, then classic fluid, and the 
lowest for THNF. For physical interpretation, viscous and Lorenz force relations are used. In NF, the Lorentz 
force is dominant in relation to the viscosity force and leads to an increase in speed in relation to the speed of 
a classic fluid. With HNF, the Lorentz force is even more dominant and leads to an increase in speed compared 
to the speed of NF. Finally, with THNF, the viscosity force is dominant compared to the Lorentz force and the 
velocity is the lowest. Figure 11 shows that the temperature is the highest for THNF, followed by NF and HNF, 
and the lowest for the classic fluid. This was brought about by the relations of viscous dissipation and Joule's 
heat in the flow of these fluids. 

  
Fig. 10 Velocity distributions for different ϕ values Fig. 11 Temperature distributions for different ϕ values 

Table 2. Values of shear stresses and Nusselt numbers 
 τ1 τ2 Nu1 Nu2 
Ha=3 2.912266 -3.67165 2.081837 -0.50583 
Ha=5 5.126765 -5.77732 2.952918 -1.34026 
Ha=7 7.289024 -7.83983 3.733612 -2.01989 
K=-1 5.126765 -5.77732 2.952918 -1.34026 
K=-0.5 2.628182 -3.27957 1.563802 0.31941 
K=0 0.200269 -0.85248 1.105691 1.048071 
K=0.5 -2.15697 1.503931 1.578585 0.845726 
K=1 -4.44355 3.789676 2.982485 -0.28762 
Λ =5 5.126765 -5.77732 2.952918 -1.34026 
Λ=10 4.770315 -5.39505 3.179914 -1.45368 
Λ=15 4.474055 -5.07584 3.360976 -1.55508 
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ϕ1= ϕ 2= ϕ 3= 0 4.82886 -5.41528 2.760032 -1.26556 
ϕ 1=0.01 ϕ 2= ϕ 3= 0 4.964588 -5.56803 2.838747 -1.30024 
ϕ 1= ϕ2=0.01  ϕ 3= 0 4.966532 -5.57311 2.835411 -1.30651 
ϕ 1= ϕ 2=0  ϕ 3= 0.01 4.849357 -5.46303 2.794903 -1.26539 
Gr=5 5.126765 -5.77732 2.952918 -1.34026 
Gr=10 5.447907 -6.75043 2.992951 -1.96475 
Gr=15 5.787437 -7.74802 3.068626 -2.65818 

Table 2 gives values of shear stresses on channel walls and local values of Nusselt number on walls for 
parameter values 1 2 3 0.01, 0.3,Pr 5, 2, 1, 5, 5Br Ec K Gr= = = = = = = − Λ = =φ φ φ  (except when they 
change). From this table it can be seen that higher values of Ha and Gr numbers correspond to higher values 
of shear stresses and higher values of Nusselt number on both walls of the channel, while higher values of the 
porosity factor correspond to lower values of shear stress and higher values of Nusselt numbers on both walls. 
Higher values of K correspond to higher values 1 2 1, .and Nuτ τ  

5. Conclusion 
EMHD flow and THNF heat transport in a vertical channel filled with a porous medium are discussed in the 
paper. The channel walls are two parallel vertical plates with constant but different temperatures. Using the 
perturbation method, analytical distributions of fluid velocity and temperature, shear stresses and local Nusselt 
numbers on the walls were determined. Part of the obtained results for Al2O3+MgO+TiO2/blood is given in 
the form of graphs for velocity and temperature distributions and in the form of tables for shear stresses and 
Nusselt numbers on the channel walls. 
Based on the analysis of the results appropriate conclusions were drawn. It was concluded that the growth of 
the Hartmann number accelerates the fluid flow increases the temperature of the fluid, increases the shear 
stresses and Nusselt numbers on the channel walls. The growth of the porosity factor slows down the flow, 
increases the temperature of the fluid, reduces the stresses and increases the Nusselt numbers on the walls. 
Increasing K accelerates the flow and can change its direction depending on the direction of the electric field. 
Higher values of K correspond to higher temperatures. The influence of the Grashof number is qualitatively 
the same as the influence of the Hartmann number. For THNF, the speed is the lowest and the temperatures 
are the highest compared to these values for HNF, NF and base fluid (blood).  
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