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ABSTRACT. The overwhelming applications of hydromagnetic flows of hybrid 

nanofluid and second-grade nanofluid in advanced nanotechnology and biomedical fields 

motivated this research work. This paper explores the heat transfer in unsteady 

hydromagnetic flows of Titanium Oxide-Copper Oxide-Engine Oil (TiO2-CuO-EO) 

second-grade hybrid nanofluid in a uniform porous matrix bounded by two symmetrically 

placed vertical walls. The magnetic field applied strength is considered strong enough to 

generate Hall and ion-slip currents and is considered moving.  The governing equations 

are obtained from the fundamental physical laws involved in the physical problem. An 

analytical approach is opted for solving the governing equations. The MATLAB 

computation of the solutions highlights the impressions of flow impacting parameters to 

the velocity, temperature, shear stress and rate of heat transport. Two special cases of 

interest are considered for the results analysis, namely, (a) the moving magnetic field, and 

(b) the stationary magnetic field. The study results infer that the static magnetic field 

employs the flow-suppressing force while the moving magnetic field employs the flow-

boosting force in the flow field. In a static magnetic field, the velocity in the hybrid 

nanofluid is higher than the nanofluids. This behaviour is reversed in the moving 

magnetic field. The hybrid nanofluids are thermally more efficient than the nanofluids. In 

this study, it is noted that the rate of heat transfer at the left moving wall in the hybrid 

nanofluid is smaller than the nanofluid while at the right static wall, this effect is the 

opposite. This may be due to the fluctuation of wall temperature of the left-moving wall. 
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INTRODUCTION 

 

The studies on nanofluid and hybrid nanofluid have continuously drawn the attention 

of the research fraternity due to their diverse applications in advanced cooling systems, 

energy-efficient heat exchangers, and biomedical devices, where their superior thermal 
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conductivity and stability offer advantages for optimizing thermal management and 

improving system efficiency. In a nanofluid, nanoparticles are suspended in a base fluid 

whereas in a hybrid nanofluid, the blends of different nanoparticles are suspended in the base 

fluid. They offer enhanced heat transfer capabilities, making them useful in diverse 

applications such as electronic cooling, solar energy systems, and biomedical devices. 

Stimulated by these applications ANJALI DEVI and SURIYA UMA DEVI (2016) discovered that 

the heat transfer rate of the hybrid nanofluid is higher than that of the nanofluid in a magnetic 

field environment and the heat transport rate can be further improvised by adding 

combinations of different nanocomposites. AFRIDI et al. (2019) explored that viscous 

dissipation causes the temperature increase of the hybrid nanofluids. KALAIVANAN et al. 

(2020) looked into the impact of Arrhenius activation energy on mass and heat transmission 

in second-grade nanofluid flow and found that activation energy augments the concertation 

profile.  MUHAMMAD et al. (2021) and JAMSHED et al. (2021) discussed the dissipative effects 

of hybrid nanofluid fluid flow. In a recent study, LI et al. (2023) analysed the behaviour of a 

ternary nanofluid flowing over a stretching sheet. SHAH et al. (2024) applied the power law 

model to explore the heat transmission efficiency of the hybrid nanofluid flow over a 

stretching sheet. The second-grade fluids are a class of non-Newtonian fluids exhibiting 

complex rheological behaviours due to their elastic properties. The sophisticated modelling 

process of second-grade fluid flows makes it a prominent area of research. The second-grade 

fluid has significant industrial applications in the biochemical and petrochemical industries, 

food processing, etc. Motivated by the widespread applications SHAH and KHAN (2016), 

HAYAT et al. (2017), DAS and SAHOO (2018), JAVAID et al. (2020) studied the dynamics of 

second-grade fluid under diverse geometrical conditions.  These researchers discovered that 

the non-Newtonian fluid employs more resistivity in the flow than the Newtonian fluid.  In a 

recent research PUNITH GOWDA et al. (2021) observed that the Marangoni number 

significantly alters the temperature of the second order fluid. GUEDRI et al. (2022) applied the 

fractional kind of Newtonian heating to study the dynamics of second-grade fluid flow over 

an inclined plate. HUANG et al. (2022) implemented the fractional order Maxwell model to 

scrutinize the process of viscoelastic fluid flooding on the displacing oil. Most recently, 

SALAHUDDIN et al. (2022) and GULL et al. (2024) discussed the flow nature of viscoelastic 

fluid over a stretching sheet with temperature-dependent physical properties.  

The mutual interaction of the electrically conducting fluid and the presence of an 

applied magnetic field result in the hydromagnetic phenomena. A pumping force and an 

electric field are generated from the hydromagnetic phenomena. The pumping force brings the 

rigidity in the flow velocity. If the strength of the applied magnetic field is strong and the 

diffusion velocity of electrons and ions are comparable, there arises the Hall and ion-slip 

currents from the electromagnetic phenomena. In the research, it is noted that these currents 

significantly alter the behaviour of the flow. The dynamics of electrically conducting fluid 

attracted the research community's attention since its inception of this area due to its 

tremendous applications in power generation systems, propulsion technology, boundary layer 

control, biomedicine for targeted drug delivery, and petroleum and agricultural engineering 

sectors. The stimulus of these facts, the dynamics of nanofluid and second-grade fluid are 

studied in the appearance of magnetic field domain. The hydromagnetic effects on second-

grade fluid flow under diverse geometrical setups and methodologies have recently been 

explored by several authors, namely, SINGH et al. (2018, 2020), SINGH and VISHWANATH 

(2020), HAQ et al. (2021), SINGH and SETH (2022), KUMAR et al. (2022), HOSSEINZADEH et al. 

(2023) and SEHRA et al. (2023). The heat transport behaviour of nanofluids/ hybrid nanofluids 

flow in the magnetic field domain taking different physical aspects of the problems is 

considered by many research scientists: SRINIVASA et al. (2019), SHEIKHOLESLAMI et al. 

(2019), SRAVAN KUMAR et al. (2020), SINGH and KOLASANI (2021), BASHIR et al. (2021), 

KHAN et al. (2022), HUSSAIN et al. (2022, 2023), ABBAS et al. (2023), SINGH et al. (2023a, 
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2023b, 2023c), SHAH et al. (2024). More recently, SAKTHI et al. (2024a, 2024b) and ENAMUL 

and ONTELA (2024) examined the flow characteristics of the second-grade hybrid nanofluid 

flow under diverse physical and geometrical conditions. SINGH et al. (2024) considered the 

Hall current and thermo diffusion impacts on heat and mass transport of MHD nanofluid flow 

over a magnetized surface.    

The heat transport in unsteady second-grade hybrid nanofluid flow in a vertical 

channel bounding the porous matrix in the presence of a moving magnetic field has not yet 

been explored by any researcher. To fill this gap, the study of the heat transport in oscillatory 

hydromagnetic second-grade hybrid nanofluid flow in a vertical channel with a moving 

applied magnetic field is performed in this paper. It is considered that the applied magnetic 

field is moving with the velocity 1 0 1 0( ) (1 cos( ))K u f t K u t = + . When 1 1K = , the applied 

magnetic field is fixed relative to the left moving wall whereas when 1 0K = , the applied 

magnetic field is static. The originality of this research work is 

(I) the consequence of wall movement on the flow characteristics, 

(II) the impact of second-grade parameters and volume concentration of 

nanofluids. 

The mathematical model of the flow problem is solved analytically. The MATLAB 

computation of the solutions highlights the impressions of flow-impacting parameters on the 

nature of the flow. It is witnessed that the static magnetic field employs the flow-suppressing 

force while the moving magnetic field employs the flow-boosting force in the flow field. 

 

Illustration of physical problem and governing equations 
 

The physical problem considers the laminar unsteady flow of incompressible 

thermally and electrically conducting TiO2-CuO-EO second-grade hybrid nanofluid in a 

porous matrix bounded within a symmetrical vertical channel in a moving strong magnetic 

field domain. The geometrical setup of the problem is illustrated in Figure 1.  

 

 

Figure 1. Geometrical setup of the problem. 

 

Undertaking the following flow conditions for the derivation of the mathematical 

model of the physical problem:  

(a) The second-grade hybrid nanofluid is dilute.  

(b) For the incompressible homogeneous second-grade fluid, the Cauchy stress tensor is 

given as (RIVILIN and ERICKSEN, 1955) 
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(c) The Darcy-Brinkman model for the flow through the porous matrix is undertaken 

which considers that the effective viscosity of the fluid is the same as the viscosity of 

the porous matrix i.e.    
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(d) The applied magnetic field is considered strong, and the diffusion velocity of ions is 

comparable to that of electrons, thus the Hall and ion-slip currents are taken into 

account. The mathematical form of Ohm’s law with Hall and ion-slip currents is 

(CRAMER and PAI, 1973)   
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(e) The motion-generated magnetic field is not taken into consideration because magnetic 

diffusion is sufficiently large in comparison to magnetic advection. The applied 

magnetic field moves with the velocity 1 0 ( )K u f t . Here 1 0K =  when the magnetic 

field is stationary while 1 1K =  when the velocity of the magnetic field and the moving 

left wall of the channel are the same and along 1 directionx − .  

(f) The gravitational effect on the flow in terms of the buoyancy force is considered via 

the Boussinesq approximation as 
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where 1e e ia b b= + .  
 

The boundary conditions (BCs) at the symmetrically placed vertical walls of the 

channel are  
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The mathematical form for the thermophysical conduct of the hybrid nanofluids is 

tabulated in Table 1. 

 
Table 1. The mathematical form of various thermophysical conduct of the hybrid nanofluids  

(RANA et al., 2021; BHATTI et al., 2022). 
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where 1 2 3 4 5 6 7 8, , , , , , and         are thermophysical constants.  

 
Table 2 The values of thermophysical constants TiO2-CuO-EO (unused)  

(BHATTI et al., 2022; SREEDEVI et al., 2022; KOTHANDARAMAN and SUBRAMANYAN, 2010). 

 

Thermophysical Constants 

(293K/20o C)  

610 (1/ )K −  
3( / )kg m  ( / )S m  ( / )pC J kgK  ( / )k W mK  

Titanium Oxide (TiO2) 9 4250 62.38 10  686.2 8.9538 

Copper Oxide (CuO) 18 6320 26.9 10−  531.8 76.5 

Engine Oil (EO) 700 884 700 1910 0.144 

 

A non-dimensional mathematical model of the problem is attained with the assistance 

of the following transformations: 
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Employing the transformations defined in equation (9) and mathematical expressions 

of the thermophysical nature of the hybrid nanofluids in equations (5) to (8), yields  
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The BCs in dimensionless form become  
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Solution method of the problem 
 

Due to the oscillatory nature of the fluid properties on the boundary walls, we may 

assume the following forms of the solutions for the velocity and temperature  
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 Use of the equations (13) and (14) to the resulting mathematical model of the problem 

(10) and (11) and the BCs (12) give 
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The ‘+ive’ and ‘-ive’ signs in the equations (16) and (18) appearing for the suffix 2i =  

and 3i =  respectively.  

The BCs after utilizing of equations (13) and (14) yields 
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Solving equations (15) to (18) together with boundary circumstances (19), we obtain   
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The ‘+ive’ and ‘-ive’ signs in the equation (22) are for 2i =  and 3i =  respectively. 

Implementing the solutions (20) to (22) in the equations, the closed-form solutions of the 

velocity and temperature are obtained. The quantities of the physical interest such as the shear 

stress and rate of heat transport are computed from the MATLAB computation of the closed-

form solutions for velocity and temperature.   

 

 

RESULTS  

 

The MATLAB computation of the closed-form solutions explores the significant flow 

parameter’s impact on the behaviour of the flow. The results of the velocity and temperature 

are exhibited in Figures 2 to 10 while the results of shear stress are explored in Figures 11 to 

18. The rate of heat transmission is shown in Figure 19. The range of the parameter values 

used for the computation of the results is presented in Table 3. 

 

The results for the velocity and temperature 

 

The results of the velocity and temperature expressing the impact of different 

parameters are presented in Figures 2 to 10. Figure 2 discovers, that in a stationary magnetic 

field, the second-grade parameter produces rigidity in the main flow. In a moving magnetic it 

employs the flow-assisting force which causes the enhancement in the main flow. In general, 

the second-grade parameter lessens the main flow as in the case of the stationary magnetic 

field. Its behaviour is opposite in the moving magnetic field; this may be due to the movement 

of the magnetic field. The second-grade parameter assists the normal flow as seen in Figure 2. 
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Table 3. The range of the parameter values used for the computation of results  

(SINGH and VISHWANATH, 2020; SINGH et al., 2023b, 2023c). 

 

Parameter Range Fixed Value 
*

  *0.15 0.35   * 0.25 =  

1 2,   1 20 , 0.02    1 2, 0.02  =  

n  1 3n   2n =  

Re  1 Re 3   Re 3=  

Ro  1 3Ro   3Ro =  

pK  0.05 2.0pK   0.3pK =  

2
Ha  

2
9 25Ha   

2
25Ha =  

ib  0.5 2ib   0.5ib =  

eb  0.25 0.75eb   0.5eb =  

Pr  -- Pr 5.2=  

1S  -- 
1 2S =  

 

Further, it is seen that the flow velocity in the moving magnetic field is higher than in 

the stationary magnetic field. This implies that the flow-resisting force (Lorentz force) applied 

by the moving magnetic field on the flow field is less than that of the stationary magnetic 

field.  The consequences of the volume concentration of hybrid nanofluid and nanofluid on 

velocity and temperature are presented in Figure 3. In the case of the static magnetic field, the 

velocity when 1 20.02, 0.02 = =  is higher than when 1 20, 0.02 = = , and 

1 20.02, 0 = =   i.e. the velocity in the TiO2-CuO-EO hybrid nanofluid is higher than the 

CuO-EO and TiO2-EO nanofluids. In the moving magnetic field this nature is reverse. The 

temperature when 1 20.02, 0.02 = =  (TiO2-CuO-EO hybrid nanofluid) is higher than when 

1 20.02, 0 = = , and 1 20, 0.02 = =  (TiO2-EO and CuO-EO nanofluids). This means that 

the dispersion of two different kinds of nanoparticles in a base fluid enhances the velocity and 

temperature of the fluid. This indicates that the hybrid nanofluids are more thermally efficient 

than the nanofluids. The flowing nature of fluid for the frequency of oscillations in Figure 4 

emphasizes that the oscillations stabilize the main flow in the case of the static magnetic field 

while destabilizing it in the case of the moving magnetic field. This nature is because the 

oscillation frequency of the moving magnetic field is the same as that of the moving wall of 

the channel. The normal flow is destabilized by the frequency in the case of both the moving 

and the static magnetic field. The temperature near the left wall grows while within the 

remaining part of the channel reduces with the frequency. Usually, the motion of the wall of 

the channel destabilizes the flow in its vicinity which may cause the enhancement of 

temperature near the left wall.  Figure 5 measures the influence of the Reynold number Re . 

The enhancement in the velocity is seen for the increasing Re  values except on the main flow 

in the case of the static magnetic field. Incrementing Re  values reduce the viscosity causing 

the growth in the fluid velocity. The effect Re  value on the main is opposite because of the 

movement of the left wall of the channel. The temperature of the fluid lessens with the Re  

values except adjacent to the left moving wall. The enhancement in viscosity (reduction in 

Re  values) causes more heat generation. This effect near the left wall is opposite due to the 

motion of the left wall. Figure 6 exhibits that rotation exerts a flow-stabilizing force on the 

main flow while it exerts a flow-destabilizing force on the normal flow. The rotation of the 

fluid exerts two forces Centripetal force and Coriolis force. The centripetal force acts in the 
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direction of the main flow and controls the main flow while the Coriolis force acts in the 

direction normal to the main flow and destabilizes the normal flow.  

 

а)  

б)  
 

Figure 2. The effect of the second-grade parameter ( *

 ) on the (a) main flow, (b) normal flow. 

 

The results in Figure 7 expose that the increment in the permeability of the porous 

matrix leads to augmenting the velocity because the large permeability of the porous matrix 

produces less Darcian drag force. The effects of the applied magnetic field on the velocity are 

presented in Figure 8. This figure illustrates that the static magnetic field suppresses the flow 

velocity while the moving magnetic field boosts the velocity except close to the moving left 

wall. The electromagnetic force brings rigidity to the flow as the result shows for the static 

magnetic field. The moving magnetic field effect is contrary due to its movement. Figures 9 

and 10 depict that the Hall and ion-slip currents diminish the main flow in a static magnetic 

field while in a moving magnetic field, this behaviour is contrary. Both the Hall and ion-slip 

currents accelerate the normal flow velocity because the origination of these currents is due to 

the revolution of fluid particles around the lines of an applied magnetic field.    
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а)   

b)  

c)  
 

Figure 3. The effect of volume concentrations (
1  and 

2 ) on the (a) main flow, (b) normal flow and 

(c) temperature.   
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a)   

b)  

c)  
 

Figure 4. The effect of frequency parameter ( n ) on the (a) main flow, (b) normal flow, and (c) 

temperature. 
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a)   

b)      

c)  
 

Figure 5. The effect of Reynolds number ( Re ) on the (a) main flow, (b) normal flow, and (c) 

temperature. 
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(a)                                                                     (b) 

 

Figure 6. The effect of rotation ( Ro ) on the (a) main flow, (b) normal flow. 

 

 
(a)                                                                     (b) 

 

Figure 7. The effect of the permeability parameter ( p
K ) on the (a) main flow, (b) normal flow. 

 

 
(a)                                                                     (b) 

 

Figure 8. The effect of the magnetic parameter (
2

Ha ) on the (a) main flow, (b) normal flow. 
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(a)                                                                     (b) 

 

Figure 9. The effect of ion-slip current ( ib ) on the (a) main flow, (b) normal flow. 

 

 
(a)                                                                     (b) 

 

Figure 10. The effect of Hall current ( eb ) on the (a) main flow, (b) normal flow. 

 

Results for quantities of physical interest 
 

The shear stress for the different parameters is displayed in Figures 11 to 18. The 

impacts of second-grade parameter and rotation on the shear stress are explored in Figures 11 

and 12. At the left moving wall, the second-grade parameter and rotation augment the shear 

stress in the directions of the main and normal flows. On the right wall, the second-grade 

parameter enhances the shear stress in the direction of the main flow while rotation reduces it 

due to the centripetal force. The shear stress in the secondary flow direction is diminished by 

the second-grade parameter for the static magnetic field. This effect is the opposite for the 

moving magnetic field. Rotation of the system enlarges the shear stress values along the 

normal flow at the stationary wall. This effect is due to the Coriolis force acting in the 

direction of the normal flow. Figures 13 and 14 measure the shear stress at the left and right 

walls respectively for the volume concentration of the nanofluids and Re . At the moving left 

wall, the shear stress along the main and normal flows is smaller when 

1 20.02 and 0.02 = =  (in the TiO2-CuO-EO hybrid nanofluid) than when 1 20.02, 0 = =  

(TiO2-EO nanofluid) and 1 20, 0.02 = =  (CuO-EO nanofluid). This means that the 

dispersion of two different types of nanoparticles in the base fluid reduce the shear stress. At 



19 

 

the right static wall, in the case of the moving magnetic field, the shear stress along the main 

and normal flows is smaller when 1 20.02 and 0.02 = =  (in the TiO2-CuO-EO hybrid 

nanofluid) than when 1 20.02, 0 = =  (TiO2-EO nanofluid) and 1 20, 0.02 = =  (CuO-EO 

nanofluid). In the case of the static magnetic field, the shear stress along the normal flows is 

higher when 1 20.02 and 0.02 = =  (in the TiO2-CuO-EO hybrid nanofluid) than when 

1 20.02, 0 = =  (TiO2-EO nanofluid) and 1 20, 0.02 = =  (CuO-EO nanofluid). At the left 

wall, the Reynolds number tends to augment the shear stress. On the right wall, in the case of 

the moving magnetic field, the Reynolds number tends to enhance the shear stress. The effects 

of the drag due to the permeability of the porous matrix and the presence of the magnetic field 

on the shear stress are explored in Figures 15 and 16. At the left wall, the shear stress values 

enlarge for the magnetic drag. The shear stress values along the normal flow reduce while 

along the main flow rise with the Darcian drag. On the right static wall, the Darcian drag leads 

to lessen the shear stress. On the right wall, the shear stress values increase with magnetic 

drag for the moving magnetic field while the opposite trend is observed for the static magnetic 

field. Figures 17 and 18 present the Hall and ion-slip current's impact on the shear stress. At 

the right wall, the Hall current leads to an increment in the shear stress along the normal flow 

and the main flow for the moving magnetic field while the shear stress along the main flow 

for the static magnetic field has the opposite influence. Ion-slip current leads to a decrement 

in the shear stress along the normal flow and the main flow for the moving magnetic field 

while the shear stress along the main flow for the static magnetic field has the reverse feature. 

At the right wall, the shear stress values decline with the ion-slip current for the moving 

magnetic field. For the static magnetic field, ion-slip current leads to a rise in the shear stress 

along the normal flow. The Hall current parameter brings a significant fall in the shear stress 

along the main flow for the moving magnetic field while it gives significant growth to the 

shear stress along the normal flow for the static magnetic field. Figure 19 explores, the 

frequency when 2n   and Reynolds number raises the rate of heat transport at the left wall 

whereas these reduce the rate of heat transport at the right wall. At the left wall, the rate of 

heat transfer when 1 20.02 and 0.02 = =  (in the TiO2-CuO-EO hybrid nanofluid) is 

smaller than when 1 20.02, 0 = =  (TiO2-EO nanofluid) and 1 20, 0.02 = =  (CuO-EO 

nanofluid) while at the right wall, this effect is the opposite. 

 

 

  
(a)                                                                     (b) 

 

Figure 11. The effect of the second-grade parameter (
*

 ) and rotation ( Ro ) on the shear stress at the 

left wall along (a) main flow, and (b) normal flow directions. 
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(a)                                                                     (b) 

Figure 12. The effect of the second-grade parameter (
*

 ) and rotation ( Ro ) on the shear stress at the 

right wall along (a) main flow, and (b) normal flow directions. 

 

  
(a)                                                                     (b) 

Figure 13. The effect of Reynolds number ( Re ) and volume concentrations ( 1 2and  ) on the 

shear stress at the left wall along (a) main flow, and (b) normal flow directions. 

 

  
(a)                                                                     (b) 

Figure 14. The effect of Reynolds number ( Re ) and volume concentrations ( 1 2and  ) on the 

shear stress at the right wall along (a) main flow, and (b) normal flow directions. 
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(a)                                                                     (b) 

Figure 15. The effect of the permeability parameter ( p
K ) and magnetic parameter (

2Ha ) on the shear 

stress at the left wall along (a) main flow, and (b) normal flow directions. 
 

 

   
(a)                                                                     (b) 

Figure 16. The effect of the permeability parameter ( p
K ) and magnetic parameter (

2Ha ) on the shear 

stress at the right wall along (a) main flow, and (b) normal flow directions. 
 

 

  
(a)                                                                     (b) 

Figure 17. The effect of Hall current ( eb ) and ion-slip current ( ib ) on the shear stress at the left wall 

along (a) main flow, and (b) normal flow directions. 
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(a)                                                                     (b) 

Figure 18. The effect of Hall current ( eb ) and ion-slip current ( ib ) on the shear stress at the right wall 

along (a) main flow, and (b) normal flow directions. 

 

 
(a)                                                                     (b) 

Figure 19. The effect of Reynolds number ( Re ) and frequency parameter ( n ) on the rate of heat 

transport at the (a) left wall, and (b) right wall.  

 

CONCLUSIONS 

 

This article presents an analytical approach to explore the heat transfer in unsteady 

hydromagnetic flows of TiO2-CuO-EO second-grade hybrid nanofluid in a uniform porous 

matrix bounded by two symmetrically placed vertical walls. The special case of interest is the 

presence of a moving magnetic field. The flow of a second-grade hybrid nanofluid in a 

magnetic field has recently been explored in biomedical applications, particularly for targeted 

drug conveyance. The significant flow characteristics explored are listed below 

• The second-grade parameter produces rigidity in the main flow in a stationary 

magnetic field. In a moving magnetic field, the second-grade parameter employs the 

flow-assisting force to the main flow.  The second-grade parameter also assists the 

normal flow. 

• The static magnetic field suppresses the flow velocity while the moving magnetic field 

boosts the velocity.  

• In a static magnetic field, the velocity in the hybrid nanofluid is higher than the 

nanofluids. This behaviour is reversed in the moving magnetic field.  
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• In a static magnetic field, the Hall and ion-slip currents weaken the main flow while in 

a moving magnetic field, this behaviour is opposite. Both the Hall and ion-slip 

currents accelerate the normal flow velocity.  

• At the left moving wall, the rate of heat transfer in the hybrid nanofluid is smaller than 

the nanofluid while at the right static wall, this effect is the opposite.   

 

NOMENCLATURE 

1 2,A A    Revlin-Erickson tensor  

B    magnetic field (T) 

0B    applied magnetic field (T) 

eb    Hall parameter 

ib    ion-slip parameter 

pC    specific heat at constant pressure ( / . )J kg K  

e    electric field vector 

( )
1 2

,
X Xl lf f  shear stress at the left wall along 1 2andx x  directions 

( )
1 2

,
X Xr rf f   shear stress at the right wall along 1 2andx x  directions 

Ro    rotation parameter 

g    acceleration due to gravity 
2( / )m s

 
G    thermal Grashof number 

Ha    magnetic parameter 

j    current density vector 
2( / )A m    

k    thermal conductivity of the fluid ( / . )W m K  

pk    permeability of the porous matrix 
2( )m   

pK    permeability parameter 

lNu    rate of heat transport at the left wall 

rNu    rate of heat transport at the right wall   

p    fluid pressure 

Pr    Prandtl number 

Re    Reynolds number 

S    heat source constant 

1S    heat source parameter 

t    time ( )s   

T    Cauchy stress tensor 

T    fluid temperature ( )K  

1T    a constant temperature ( )K  

2T    a constant temperature ( )K  

u    velocity vector 

0u    characteristic velocity ( / )m s
 

1 2 3( , , )u u u   velocity components ( / )m s  
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1 2( , )U U  non-dimensional velocity components along 1 2andx x  

directions 

0x    characteristic length 

1 2 3( , , )x x x   rectangular Cartesian coordinates 

 

Greek Symbols 

1 2,    material variables 

    viscoelastic constant 

*

    viscoelastic parameter 

    constant 

    dynamic viscosity 

    kinematic coefficient of viscosity 

    angular velocity 

    oscillation frequency 
1( )T −

  

1    volume concertation of TiO2-EO nanofluid 

1    volume concertation of CuO-EO nanofluid 

    oscillation frequency 
1( )T −

  

    fluid density 
3( / )kg m  

    electrical conductivity ( / )S m    

    non-dimensional time 

    non-dimensional temperature 

Subscripts 

f    fluid 

nf    nanofluid 

hnf    hybrid nanofluid 

1s    TiO2 solute 

2s    CuO solute 
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