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ABSTRACT: 

This paper explores the combined effects of Coriolis force and electric force on the rotating 

boundary layer flow and heat transfer in a viscoplastic hybrid nanofluid from a vertical 

exponentially accelerated plate. The hybrid nanofluid comprises two different types of metallic 

nanoparticles, namely silver (Ag) and magnesium oxide (MgO) suspended in an aqueous base 

fluid. The Casson model is deployed for non-Newtonian effects. An empirical model is 

implemented to determine the thermal conductivity of the hybrid nanofluid. Rosseland’s radiative 

diffusion flux model is also utilized. Axial electrical field is considered and the Poisson-Boltzmann 

equation is linearized via the Debye-Hückel approach. The resulting coupled differential equations 

subject to prescribed boundary conditions are solved with Laplace transforms. Numerical 

evaluation of solutions is achieved via MATLAB symbolic software. A parametric study of the 

impact of key parameters on axial velocity, transverse velocity, nanoparticle temperature and 

Nusselt number is conducted for both hybrid (Ag-MgO)-water nanofluid and also unitary (Ag)-

https://onlinelibrary.wiley.com/journal/26884542
mailto:dtripathi@nituk.ac.in


2 
 

 
 

water nanofluid. With increasing volume fraction of silver nanoparticles there is a reduction in 

both axial velocity and temperatures whereas there is a distinct elevation in transverse velocity for 

both unitary and hybrid nanofluid. Elevation in heat absorption parameter strongly decreases axial 

velocity whereas it enhances transverse velocity. Increasing radiation parameter strongly boosts 

temperatures. Increasing heat absorption parameter significantly accelerates the transverse flow. 

Negative values of Helmholtz-Smoluchowski velocity decelerate the axial flow whereas positive 

values accelerate it; the opposite behavior is observed for transverse velocity. Increasing Taylor 

number significantly damps both the axial (primary) and transversal (secondary) flow. Increasing 

thermal Grashof number strongly enhances the axial flow but damps the transverse flow. Unitary 

nanofluid achieves higher Nusselt numbers than hybrid nanofluid but these are decreased with 

greater radiative effect (since greater heat transport away from the plate surface), Prandtl number 

and heat absorption. Nusselt number is significantly reduced with greater time progression and 

values are consistently higher for unitary nanofluid compared with hybrid nanofluid. The 

computations provide insight into more complex electrokinetic rheological nanoscale flows of 

relevance to biomedical rotary electro-osmotic separation devices.  

 

KEYWORDS: Casson Rheological Model; Hybrid Nanofluids; Rotating Electroosmotic Flow; 

Radiative Flux; Taylor Number; Heat Transfer.   
 

 

1. INTRODUCTION  

Heat transfer with boundary layer flow through an accelerated surfaceis a fundamental area of 

fluid dynamics arising in a diverse spectrum of technological applications. Vertical surfaces arise 

in for example coating dynamics, surface treatment, spray deposition, biological sterilization, 

electro-microfluidics, polymer stretching etc. Such areas frequently feature multiple physical 

phenomena e.g. electrical fields, radiative heat transfer, thermo-capillary convection, non-

Newtonian behaviour etc. In relation to the forced movements brought by surface forces, the 

motion of the fluid is generally considered to be a natural flow due to the action of the gravitational 

field. Thermal buoyancy effects are therefore critical to such viscous flows when heat is present. 

On the other hand, the free convection term is negated when natural convection flow is not 

considered at the finite bounded area. Stokes first studied the flow of an incompressible viscous 

liquid from an impulsively initiated infinite vertical plate surface and this important hydrodynamic 
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problem was revisited later by Rayleigh [1].  Pohlhausen [2] extended this study to consider heat 

transfer, specifically when the plate and the ambient fluid are maintained at constant but different 

temperatures, and presented analytical series solutions for this velocity stream and temperature 

distribution for a Prandtl number of 0.733 (air). Schuh [3] generalized Pohlhausen's study to 

consider higher Prandtl numbers of up to 1000 which are representative of highly viscous fluids 

e.g. polymers. A rigorous experimental and theoretical investigation was presented by Schmidt 

and Beckmann [4] who focused on the free convection in air by means of the gravitational force 

in boundary layer transport from a vertical flat plate [4]. A comprehensive analysis of the problem 

was made by Ostrach [5] who produced numerical solutions obtained for several values of Prandtl 

number, noting the importance of properly representing three major physical quantities i.e. the 

coefficient of fluid-volumetric expansion, the body force and temperature variation. Subsequently 

free convection from vertical surfaces has stimulated considerable interest in engineering sciences 

owing to emerging applications in nuclear reactor systems, materials processing, thermal barrier 

coating design, geophysics, solar collectors and more recently biomedical devices. Soundalgekar 

[6] studied free convection flow along a vertical surface when cooled or heated by free convection 

currents. Yang et al. [7] employed a finite difference computational procedure to simulate the 

laminar convection from vertical plates with periodically changing surface temperature, for a wide 

range of oscillation frequencies and large amplitudes. In recent years many diverse studies of 

natural convection from vertical surfaces have been communicated addressing a range of complex 

effects including variable viscosity magnetic nanofluids [8], convective-radiative heating in 

Williamson rheological flows [9], thermophysical second grade viscoelastic flows [10], entropy 

generation in transient secondar-grade Reiner Rivlin differential fluids [11] and cross diffusion 

effects in permeable media [12]. In boundary layer theory, the boundary velocity and thermal 

conditions are very significant to analyze. The convection boundary conditions define the presence 

of convection (heating or cooling) at the walls which are applicable in various thermal systems. 

Some of the mathematical models on thermal effects which have been developed include metabolic 

structure in physiological systems [13], entropy generation during the blood flow [14], three- 

dimensional couple stress fluid flow [15] and magnetohydrodynamics with power law fluids [16]. 

Building on the initial success achieved with nanofluids [17], which are colloidal suspensions 

of metallic/non-metallic nanoparticles in base fluids (e.g. water) aimed at achieving thermal 

enhancement, more recently engineers have explored combining different nano-particls in a single 
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nanofluid. These constitute hybrid nanofluids and judicious selection of different metallic 

nanoparticles e.g. copper, silver, gold, magnesium, zinc etc have shown yet further improvements 

in thermal conductivity properties. Hybrid nanofluids may generally include those prepared with 

multiple types (2 or more nanoparticles) suspended in a single base liquid or single nanoparticles 

with different base liquid combinations e.g. water, ethylene glycol etc. A hybrid material is a 

substance which combines the chemical and physical characteristics of various materials in a 

homogeneous and stable manner. Inspection of the literature shows that the hybrid nanomaterials 

exhibit physicochemical characteristics that do not occur in the individual components. Significant 

applications of hybrid nanomaterials are emerging and include electrochemical sensors, 

biosensors, nanocatalysts [18-19] and composite materials composed of carbon nanotubes (CNTs). 

However, hybrid nanofluids have yet to be more extensively explored in emerging applications 

deploying hybrid nanomaterials. Relatively sparse work has been communicated on numerical and 

laboratory studies of hybrid nanofluid transport. However some interesting recent scientific works 

have appeared. Jana et al. [20] investigated hybrid combinations of carbon nanotubes (CNTs), 

copper nanoparticles (CuNPs) and gold nanoparticles (AuNPs), noting that unitary nanofluids 

outperform hybrid nanofluids for thermal conductivity enhancement and furthermore higher 

thermal conductivities are achieved than those predicted by theory. They further showed that CNTs 

in nanofluid CuNP also decreased sedimentation effects. Turcu et al. [21] described the synthesis 

of conducting polypyrrole (PPY) and multi wall carbon nanotubes (MWCNTs) combined with 

Fe3O4aqueous nanofluid (using spray pyrolysis and oxidation polymerization) to generate a novel 

hybrid nanostructure of MWCNTs coated with PPY containing magnetic nanoparticles. Hybrid 

nanofluids may therefore feature both multiple metallic nanoparticles and/or carbon-based 

nanoparticles to produce modifications in thermal properties [22, 23]. Baghbanzadeha et al. [24] 

synthesized the hybrid of silica nanosphere/multiwall carbon nanotube (MWCNT) and reported 

that thermal conductivity of the fluids were associated with MWCNTs (23.3%) and silica 

nanospheres (8.8%).Devi and Devi [25, 26] studied both two-dimensional and three-dimensional 

stretching sheet flows of hybrid Cu-Al2O3 /water nanofluids, observing that higher volume 

fractions of nanoparticles' volume enhance heat transfer. Hayat and Nadeem [27] studied the 

effects of radiative heat transfer and chemical reaction on rotating stretching sheet flow of Ag–

CuO/water hybrid nanofluids. Lund et al. [28] used Runge-Kutta quadrature to analyze the 

boundary layer flow of dissipative Cu–Fe3O4/H2O hybrid nanofluids from a nonlinear 
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expanding/contracting sheet in a porous medium. Very recently Tripathi et al. [29] used 

FREEFEM++ finite element software to compute the unsteady viscous pharmaco-dynamics in a 

stenotic diseased artery with hybrid biocompatible nanoparticles (Silver and Gold) and a Tiwari-

Das model. Other computational hybrid nanofluid dynamics studies have addressed Cu-

Al2O3/H2O nanofluids [30], SiO2−Al2O3/water hybrid nanofluids in curved surface stagnation 

flows [31], hybrid MoS2/SiO2 nanofluids [32], magnetohydrodynamic hybrid Cu-Al2O3/water 

nanofluid flows from radially stretching/shrinking surfaces [33], SWCNT-MgO hybrid nanofluids 

[34], Ag–MgO hybrid nanofluids in cavity regions [35]. A detailed appraisal of  both the beneficial 

and detrimental aspects of hybrid nanofluids has been presented by Sundar et al. [36] including an 

emphasis on how heat transfer, friction factor and Nusselt number may or may not be enhanced 

with hybrid nanoparticle combinations depending on the specific application considered. 

The above studies have generally neglected electrical field effects in aqueous unitary or hybrid 

nanofluids. The ions in ionic aqueous nanofluids are stimulated when an electric field is applied. 

When the ions move, the nanofluid is dragged and this creates a macroscopic flow which is known 

as electroosmotic flow. Electroosmotic flow is a transport mechanism frequently encountered in 

nature [37] which can be artificially produced in various technologies. It is significantly different 

from conventional viscous laminar flow since the driving force is the externally applied electrical 

field, not a pressure gradient. At the microscale in channels and near boundaries, the electrostatic 

body force produces an excess of positively charged anions in the Debye electrical double layer 

close to the boundary. These excess charges in the double layer are attracted under an electric 

potential by electrostatic forces, and therefore migrate towards negative electrodes (cations). This 

intimate viscous coupling results in the pumping of the bulk liquid by the mobile layer [38]. 

Electro-osmotic flow can therefore be exploited in many complex ionic hydrodynamic systems. In 

chemical separation techniques, electroosmotic flow is an important component, especially 

capillary electrophoresis. Electroosmosis flow also features in soil studies [39] and microfluidic 

devices with heavily charged surfaces (often oxides) which are regularly active [40]. It is also a 

critical feature in emerging biomedical technologies such as polyelectrolyte grafted rotating 

narrow fluidic channels and surfaces in medicine [41] wherein the rotational force-driven ionic 

flow can be effectively modulated by the soft layer induced alteration in the electrostatic potential 

under electrokinetic actuation. Other applications include biochemical mixing processes and 

nanofluidics [42]. A number of analytical and computational studies of electro-osmotic flows have 
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been produced in recent years. Jian et al. [43] have developed analytical solutions for the 

oscillatory electroosmotic flow of Maxwell viscoelastic fluids in rectangular microchannels.  Ali 

et al. [44] investigated theoretically the electro-osmotic pumping in two-fluid (inner core of Ellis 

rheological fluid and peripheral Newtonian layer) flow through a cylindrical tube with electro-

kinetic wall slip. Narla et al. [45] computed the non-Newtonian electroosmotic peristaltic 

dynamics in a deformable tube with applications in fertility treatment. Tripathi et al. [46] derived 

analytical solutions for electroosmotic peristaltic transport in a bio-inspired conduit containing a 

Darcian isotropic porous medium. Tripathi et al. [47] theoretically investigated the electrokinetic 

propulsion of Stokes’ couple stress aqueous ionic biofluids in a deformed microchannel under 

axial electrical field. Many other interesting configurations have been explored in the field of 

electroosmotic fluid mechanics [48-55] which have addressed multiple phenomena including slip 

effects, simultaneous magnetic field action, Joule heating and nanoscale behaviour (nanofluids). 

Inspection of the literature has revealed that thus far very little attention has been directed at 

the performance of hybrid nanofluids in rotating electro-osmotic flows. Coriolis effects have been 

considered for other types of fluids e.g. third grade viscoelastic fluids [56] and power-law (shear 

thinning/thickening fluids) [57]. However Casson viscoplastic hybrid nanofluids rotating electro-

osmotic flows have yet to be considered. The present study aims to extend the current literature to 

consider the collective effects of radiative transfer, heat absorption, thermal buoyancy, Coriolis 

force and electrical body force on the rotating viscoplastic (Casson) boundary layer flow and heat 

transfer in a viscoplastic hybrid nanofluid from a vertical exponentially accelerated plate. The 

hybrid nanofluid comprises two different types of metallic nanoparticles, namely silver (Ag) and 

magnesium oxide (MgO) suspended in an aqueous base fluid. A Maxwell-Garnett model is 

implemented to determine the thermal conductivity of the hybrid nanofluid. Rosseland’s radiative 

diffusion flux model is also utilized. Silver nanoparticles are known to be anti-bacterial agents and 

offer significant advantages in biomedical devices. The relative performance of hybrid Ag–

MgO/water nanofluid to unitary Ag/water nanofluid is assessed. Analytical solutions for the 

linearized conservation equations are presented by virtue of carefully selected boundary 

conditions. MATLAB software is used to evaluate the solutions for the influence of key parameters 

including volume fraction of silver nanoparticles, heat absorption parameter, radiation parameter, 

Helmholtz-Smoluchowski velocity, Taylor number, thermal Grashof number and inverse Debye 

length parameter on axial (primary) and transverse (secondary) velocity, temperature and Nusselt 
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number at the plate surface are visualized graphically and interpreted at length. The simulations 

provide a good benchmark for further computational fluid dynamics studies of relevance to 

rotational biochemical electro-kinetic mixing and separation devices [58].  

 

2. MATHEMATICAL MODEL 

2.1. Problem definition 

Fig. 1 shows the regime under investigation. An (�̄�, �̄�) coordinate system is adopted. 

Electroosmotic flow of an incompressible hybrid Casson Ag–MgO/water nanofluid is considered 

adjacent to an exponentially accelerated plate. The plate lies in the �̄� − �̄� plane. A uniform 

electrical field, 𝐸X  ̄ is applied in the X̄-direction. A volumetric rate of heat absorption is present and 

a uniform radiative flux acts in the Ȳ-direction. When �̄� ≤ 0, the fluid and plate are at static and 

preserved in the uniform temperature 𝑇∞. For �̄� > 0 the plate starts accelerating in the X̄direction 

with time-dependent velocity 𝑢0 𝑐𝑜𝑠(�̄��̄�). The whole system (plate and ionic nanofluid) rotates in 

unison about theȲ -axis with uniform angular velocity, �̄�. The base liquid and the suspended 

nanoparticles are in thermal equilibrium. The following assumptions are used in the present 

analysis: 

(i) All other basic fluid characteristics are constant and the fluid follows the Boussinesq 

approximation. 

(ii) The Poisson-Boltzmann equation is linearized via the Debye-Hückel approach. 

(iii) The thermophysical characteristics of hybrid nanofluids are assumed to be functions of 

particle volume fraction (see Table 1) 

(iv) The fluid flow is transient and laminar in nature. 

(v) The radiation heat flux in the direction of the plate is minimal as compared to the normal 

direction. 

(vi) The impacts of viscous dissipation, Ohmic dissipation and induced magnetic field are not 

considered. 

(vii) Chemical reaction is not considered.  

 

2.2. Casson hybrid nanofluid and thermo-physical properties 
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The rheological characteristics are simulated with the Cauchy stress tensor for a Casson yield stress 

(viscoplastic) fluid which is defined following [59]: 

 

Fig. 1 Flow geometry for rotating electro-osmotic hybrid nanofluid flow from accelerating plate 
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Here
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P  is the Casson yield stress defined as: 
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Here 𝜋, 𝜇 hnf , 𝜋𝑐 are the product of the component of deformation rate, the plastic dynamic 

viscosity of the hybrid nanofluid and a critical value respectively. It is also noteworthy that 𝜋 =

𝑒𝑖𝑗𝑒𝑖𝑗  and  𝑒𝑖𝑗 is the (𝑖, 𝑗)th element of the deformation rate. For the hybrid Casson (viscoplastic) 

nanofluid, where C  , it can be assumed that: 
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Inserting Eqn. (3) into (4), the kinematic viscosity of hybrid Casson nanoliquid can be shown to 

depend on plastic dynamic viscosity hnf , density of hybrid nanofluid hnf  and Casson parameter

 , as follows: 
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The momentum and energy conservation equations for the rotating thermo-electroosmotic flow 

of hybrid Casson nanofluid may be shown to take the following form, based on an amalgamation 

of the models appearing in [55-57, 59, 64]: 
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In Eqns. (6)-(8) U  and V  represent the velocity components in axial and transverse direction 

respectively, , ,g ( ) ,
hnf

 ( ) , ,
p hnfhnf

c 
0Q and �̄�𝑟 are  the angular velocity, acceleration due to 

gravity, thermal expansion coefficient of hybird nanofluid,heat capacitance of the hybrid 

nanofluid, thermal conductivity of hybrid nanofluid, variable volumetric heat generation (or 

absorption) rate and radiative heat flux. Also, �̄��̄� is the electric body force termand 
e is the net 

charge number density.In this analysis, the dynamic viscosity of the hybrid nanofluid hnf
  and 

thermal conductivity of the hybrid nanofluid hnf
  are evaluated with new empirical correlations 

suggested by Esfe et al. [60], which are precisely formulated for Ag–MgO/water hybrid nanofluid:  

( )2 3 8 41 32.795 7214 714600 0.1941 10 , 0 0.02hnf bf hnf hnf hnf hnf hnf      = + − + −         (9) 
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The hybrid nanofluid of density hnf
 , the coefficient thermal expansion ( )

hnf
 and specific heat 

( )p hnf
c are computed with the following mixtures rules [61, 62]:  
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Here volume fraction of the hybrid nanofluid i.e. ,
hnf Ag MgO
  = + is analyzed with an identical 

quantity of silver (Ag) and magnesium oxide (MgO) suspended in water (H2O). Also, the subscript 

Ag specifies the properties of silver nanoparticles, subscript MgO represents the characteristics of 

magnesium oxide nanoparticles and subscript “bf”  represents base fluid (water). Table 1 gives 

the thermo-physical properties of nanoparticles and water-base fluid.  

Table -1: Thermo-physical properties of (Ag-MgO / H2O) hybrid nanofluid [61-63]  

Physical properties  Ag MgO Pure water 

Specific heat (cp)(J/kg.K) 235 955 4179 

Density (  )(kg/m3) 10500 3560 997.1 

Thermal conductivity   K ( W/mK ) 429 45 0.623 

Coefficient of thermal expansion
5 110 ( )X K − −

 1.89 1.13 1.67 

 

2.3. Radiative heat flux 
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The local gradient for nanofluid may be expressed as follows [32, 55]:  
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where k  is Rosseland’s mean absorption coefficient and the Stefan-Boltzmann constant is defined 

as 
8 2 4
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If 4T  is represented as a linear function of temperature then by extending 4T in a Taylor series 

around T
 and ignoring higher order components, we arrive at the formula 
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Substituting Eqns. (14) and (15) in (4), the energy Eqn. emerges as:  
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Substituting equations (14) and (15) in (4), the energy Eqn. emerges as:  
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2.4. Electroosmosis analysis 

The Poisson equation defines the electrostatic potential produced in the ionicnanofluid by virtue 

of  the creation of the electrical double layer: 

2 e

eff




  = − ,      (17) 

Here 
0eff r  = where

0  specifies the relative permittivity of the vacuum and 
r is the dielectric 

constant of the medium. For symmetric electrolyte solutions (ionic nanofluids), the charging 

number density is defined by assuming the same valence z in the cations and anions; 

( ) ,e ez n n + −= −      (18) 

where𝑛− and 𝑛+ are the number of anions and cations, with the mass ionic concentration n0and e 

the electronic charge respectively. Implicit in the analysis is the assumption that the electrical 

double layer (EDL) is less than half the plate width, so the potential distribution inside the fluid 
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medium can be carefully represented by a linearized Poisson-Boltzmann distribution. Introducing 

the Boltzmann ionic number concentration as: 

B v

ez

k T
n e e



 = = ,     (19)  

Invoking Eqn. (19) in Eq. (18), we obtain:  

( )2 sinh
Y
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.     (20) 

By minimizing the small zeta potentials, as per the normal practice in electro-osmotic dynamics, 

the Poisson-Boltzmann distribution can be linearized as the electrical potential produced by most 

ionic solutions falls within the range of less than or equal to 25mV. Therefore ( )sinh    and 

Eqn. (17) reduces to: 

2

Y
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,          (21) 

This is subject to imposition of the boundary conditions �̄� = 𝜉 at 0Y =  and 0→ atY → . 

In Eqn. (21) 
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0

/2
,
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= = represents the electro-osmotic parameter or 

reciprocal of the characteristic thickness of the electrical double layer (EDL).  

2.5. Boundary conditions and non-dimensional analysis 

The boundary conditions for the flow domain are given by:  

 0
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The following non-dimensional parameters and variables are introduced: 
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Implementing Eqn. (23) in the appropriate conservation equations, the following dimensionless 

transport equations for electrical potential, axial momentum, transverse momentum and energy 

emerge:  

2
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Here u, v, , Uhs, Gr, Ta, Pr, R, H and   represent respectively the dimensionless axial 

velocity(primary velocity), transverse (secondary velocity), nanofluid temperature, electroosmotic 

velocity (or Helmholtz-Smoluchowski velocity (HS velocity)), thermal Grashof number, Taylor 

number, Prandtl number, thermal radiation parameter, heat absorption/generation parameter and 

frequency parameter. The corresponding boundary conditions become:  
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(28)        

To facilitate analytical solutions, the primary and secondary momenta Eqns. (25) and (26) can be 

expressed in the form: 

2
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Here F = u+iv is a complex variable and i is an imaginary number. 

 



14 
 

 
 

 

3. LAPLACE TRANSFORM SOLUTIONS 

Exact solutions for axial and transverse velocity components and nanofluid temperature are 

derived by solving the dimensionless governing equations from (24), (29) and (27) subject to the 

boundary conditions (28) using Laplace transforms.  

The electrical potential function is obtained as: 

exp( )y = − ,                                       (30) 

The hybrid nanoparticle temperature distribution is computed as: 
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The axial and transverse velocities are combined solutions and emerge as: 
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3.1 Nusselt Number (Nu)  

The local Nusselt number (Nu) defines the dimensionless temperature gradient at the plate surface 

(and furthermore expresses the relative contribution of convection heat transfer to conduction heat 

transfer) and can be expressed as: 

0y

Nu
y



=

 
= − 

 
.        (33) 

The final required expression based on the solution in (31) is: 

 

10

9 10 9 9
(1 ( )) exp( )

a
Nu a a erfc a t a t

t
= − + − .      (34) 

The coefficients appearing in the above Eqns. take the following definitions: 
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4. NUMERICAL RESULTS, VALIDATION AND DISCUSSION  

Extensive evaluation of the closed-form solutions for axial and transverse velocity, temperature 

and Nusselt number has been achieved in MATLAB software. The objective is to scrutinize the 

impact of various physical parameters on the axial velocity ( )u , transvers velocity ( )v , 

nanoparticle temperature ( ) and Nusselt number ( )Nu  profiles. The graphical solutions are 

visualized for both unitary nanofluid (Ag / H2O) and hybrid nanofluid (Ag-MgO / H2O) in Figs.2-

21. The values of different variables in computations are 𝛾 = 0.5; 𝑈hs = 1; 𝜅 =

0.5; 𝑃𝑟 = 0.71; 𝑇𝑎 = 1; 𝐻 = 0.5; 𝐺𝑟 = 2; 𝑅 = 1and 𝜛 = 𝜋. Specifically we study the influence 

of Casson viscoplastic fluid parameter (non-Newtonian) ( ) ,  electroosmosis parameter ( ) , 

nanoparticle volume fraction of Ag ( )Ag , heat absorption coefficient ( )H , HS velocity ( )Uhs , 

Prandtl number ( )Pr , Taylor number ( )Ta and thermal Grashof number ( )Gr on transport 

characteristics. The various special cases of the present model can be analyzed as follows: 

(i)  viscous hybrid nanofluid when  → , 

(ii) viscous Newtonian fluid when  →  and 0
hnf
 = , 

(iii) Casson fluid when 0
hnf
 =  and 0  .  
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Fig. 2 Effect of  on axial velocity 

 

Fig. 3 Impact of  on transverse velocity 
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Fig. 4 Effect of  on axial velocity 

 

Fig. 5 Impact of  on transverse velocity 
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Fig. 6 Effect of 
Ag on axial velocity 

 

Fig. 7 Impact of 
Ag on transverse velocity 

0 1 2 3 4 5 6 7 8
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

y

u

 

 


Ag

 = 0


Ag

 = 0.01


Ag

 = 0.02

Ag-MgO/H
2
O - Casson HBN: Solid lines

Ag / H
2
O - Casson nanofluid: dotted lines

0 1 2 3 4 5 6 7 8
-0.25

-0.2

-0.15

-0.1

-0.05

0

y

v

 

 


Ag

 = 0


Ag

 = 0.01


Ag

 = 0.02

Ag-MgO/H
2
O - Casson HBN: Solid lines

Ag / H
2
O - Casson nanofluid: dotted lines



20 
 

 
 

 

Fig. 8 Effect of H on axial velocity 

 

Fig. 9 Impact of H on transverse velocity 
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Fig. 10 Effect of Uhs on axial velocity 

 

Fig. 11 Impact of Uhs on transverse velocity 
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Fig. 12 Effect of Pr on axial velocity 

 

Fig. 13 Impact of Pr on transverse velocity 
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Fig. 14 Effect of Ta on axial velocity 

 

Fig. 15 Impact of Ta on transverse velocity 
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Fig. 16 Effect of Gr on axial velocity 

 

Fig. 17  Impact of Gr on transverse velocity 
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Fig. 18  Analysis of 
Ag on nanoparticle temperature distribution 

 

Fig. 19  Analysis of H on nanoparticle temperature distribution 
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Fig. 20  Analysis of Pr on nanoparticle temperature distribution 

 

Fig. 21  Analysis of R on nanoparticle temperature distribution 
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Hybrid nanofluid (Ag-MgO / H2O) Unitary nanofluid (Ag / H2O) 

R/t 0.5 0.7 0.9 R/t 0.5 0.7 0.9 

0.5 0.6315 0.4759 0.4138 0.5 0.6668 0.5607 0.4879 

1 0.5125 0.4307 0.3745 1 0.5844 0.4914 0.4275 

1.5 0.4716 0.3964 0.3447 1.5 0.5265 0.4427 0.3852 

 

Table - 3: Impact of H on Nusselt number, when Pr = 0.71 and R =  0.5 

Hybrid nanofluid (Ag-MgO / H2O) Unitary nanofluid (Ag / H2O) 

H/t 0.5 0.7 0.9 H/t 0.5 0.7 0.9 

0.5 0.5354 0.4233 0.346 0.5 0.6317 0.5002 0.4094 

1 0.4458 0.3176 0.2338 1 0.5279 0.3771 0.2784 

1.5 0.3594 0.2308 0.1532 1.5 0.4271 0.2753 0.1836 

 

 

Table - 4: Impact of Pr on Nusselt number, when H = 0.2 and R= 0.5 

Hybrid nanofluid (Ag-MgO / H2O) Unitary nanofluid (Ag / H2O) 

Pr/t 0.5 0.7 0.9 Pr/t 0.5 0.7 0.9 

0.71 0.5662 0.4759 0.4138 0.71 0.6668 0.5607 0.4879 

1 0.672 0.5648 0.4911 1 0.7914 0.6655 0.579 

7 1.7779 1.4942 1.2994 7 2.0938 1.7606 1.5318 

 

It is noteworthy that in all the plots, the axial (primary) velocity is consistently positive in both 

cases, and axial flow reversal is never induced. The transverse (secondary) velocity field is 

generally negative at all locations on the plate surface. 

Figs. 2-3 illustrate the impact of Casson viscoplastic fluid parameter on the axial velocity and 

transverse velocity for both mono (Ag / H2O) and hybrid nanofluids (Ag-MgO / H2O).  From these 

figures, it is evident that the axial velocity (Fig. 2) is initially enhanced in the region 0 1.407y 

and the situation is reversed for the remainder of the region. At the left edge of the plate surface 

axial velocity is strongly enhanced for (Ag/H2O) unitary nanofluid relative to the Ag-MgO/H2O 
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hybrid nanofluid with increasing Casson parameter; however further along the plate there is greater 

axial flow acceleration in the latter compared with the former. Further along the plate the axial 

flow is damped with increasing Casson viscoplastic parameter. The opposite trends are computed 

for transverse velocity (Fig. 3). Near the left edge of the plate surface transverse i.e. secondary 

flow is retarded with greater Casson parameter whereas further along the plate it is strongly 

accelerated. (Ag/H2O) unitary nanofluid achieves slightly higher transverse velocities near the 

plate compared with Ag-MgO/H2O hybrid nanofluid; however, a much stronger transverse 

acceleration is computed further along the plate surface.  

Figs.4-5 visualize the influence electroosmosis parameter on axial velocity and transverse velocity 

distributions for both hybrid nanofluid and mono nanofluid. Fig.4 reveals that the axial velocity is 

enhanced consistently at all locations on the plate surface for both unitary and hybrid nanofluid 

with greater electroosmotic parameter, . However there is a stronger axial flow acceleration 

computed for the (Ag/H2O) unitary nanofluid relative to the Ag-MgO/H2O hybrid nanofluid. There 

is a reciprocal relation between the electro-osmotic parameter  and the characteristic thickness of 

the electric double layer (EDL) i.e. Debye length parameter, d, as per the relation 𝜅 =

𝜈𝑏𝑓 𝑒𝑧

𝑈0
√

2𝑛0

𝜀𝑒𝑓𝐾𝐵𝑇𝑣
=

(𝜈𝑏𝑓/𝑈0)

𝜆𝑑
. The growth in 𝜅therefore corresponds to a thinner EDL for both hybrid 

nanofluid and mono nanofluid. For dilute ionic nanofluids (as considered here), the electrical 

potential increases and generates enhanced mobility of ions. This assists in momentum 

development and induces primary (axial) flow acceleration. However, in Fig.5, increasing 𝜅 values 

manifest in a strong transversal (secondary) flow deceleration i.e. transverse velocity falls (values 

become more negative) with enhanced values of 𝜅 for both cases of mono nanofluid (Ag / H2O) 

and hybrid nanofluid (Ag-MgO / H2O). The boost in axial momentum is therefore compensated 

for by a deficit in transverse momentum, in consistency with momentum conservation. Effectively 

an increase in inverse Debye length (𝜅) parameter leads to a high primary flow acceleration and a 

significant secondary flow deceleration, both of which are sustained at all locations on the plate. 

Engineers may therefore manipulate the intensity of the primary and secondary flow in the rotating 

ionic nanofluid regime with adjustment in the electro-osmotic parameter. 

Figs.6-7 illustrate the evolution in axial and transverse velocities with a change in nanoparticle 

volume fraction of silver (Ag) for both unitary and hybrid nanofluids. With increasing volume 
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fraction of silver nanoparticles there is a reduction in axial velocity (flow deceleration) (Fig. 6) 

and elevation in transverse velocity for both nanofluids which is maintained everywhere on the 

plate. The case of Ag = 0 implies zero doping with silver nanoparticles. The nanoparticles are 

known to move hap hardly via Brownian motion which generally enhances temperatures. Greater 

concentration of nanoparticles (i.e. higher volume fraction) therefore inhibits momentum diffusion 

in the axial (primary) flow. When doped with large volume fractions of Ag nanoparticles, the 

resulting increase in ballistic collisions destroys primary momentum. However the momentum lost 

in the axial flow is retrieved in the secondary flow (Fig. 7) where a substantial acceleration is 

observed at all locations on the plate (boundary) surface. Generally unitary (Ag / H2O) nanofluid 

produces markedly greater primary (axial) and secondary (transversal) velocity magnitudes 

relative to hybrid (Ag-MgO / H2O)  nanofluid indicating that flow acceleration is best achieved 

with a single nanoparticle (Ag) in the flow domain.  

Figs.8-9 depict the influence of the heat absorption coefficient ( )H on the axial velocity and 

transverse velocity again for both unitary nanofluid (Ag / H2O) and hybrid nanofluid (Ag-MgO / 

H2O).  The maximum axial velocity (Fig. 8) of unitary nanofluid (Ag / H2O) and hybrid nanofluid 

(Ag-MgO / H2O) are clearly computed in the absence of heat absorption (H=0). Again, the (Ag-

MgO / H2O) hybrid nanofluid produces a lower axial velocity than the (Ag / H2O) nanofluid. 

Elevation in heat absorption parameter generally strongly decreases axial velocity. Fig. 9 reveals 

that the secondary flow exhibits the opposite behavior with increasing heat parameter. Transverse 

flow acceleration is induced with increasing heat absorption/generation parameter. Minimal 

transverse velocity is therefore observed in the absence of heat absorption/generation effect (H = 

0). This trend is sustained everywhere on the plate surface. 

Figs. 10-11 illustrate the evolution in axial (primary) velocity and transverse (secondary) velocity 

distributions with different values of HS velocity (Helmholtz Smoluchowski velocity Uhs).  This 

is an important electro-kinetic parameter which corresponds to the maximal electroosmotic rate in 

the rotating system. In electroosmosis this parameter enables the mobility of the bulk solution 

(ionic nanofluid) against a charged solid surface (plate) under the effect of an electric field to be 

known. As the diffuse coating is a small distance from the surface of the plate, the cations within 

migrate towards the cathode under the applied voltage along with the surrounding ionic nanofluid. 
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The H-S velocity parameter, 𝑈hs =
−𝐸�̄�𝜀𝑒𝑓𝑓𝜉

𝜇𝑏𝑓𝑈0
. This parameter is negative when the electrical field 

is in the positive vertical direction and positive when the electrical field direction is reversed. The 

orientation of the electrical field therefore exerts a profound effect on ion mobility along the 

accelerated plate. A positive physical increase in Uhs means that there is stronger electric field 

vertically upwards (i.e. in the X̄- direction) and a negative increase indicated a stronger electrical 

field in the downward direction (i.e. in the negative X̄- direction). Negative values of H-S velocity 

therefore decelerate the axial flow whereas positive values accelerate it (Fig. 10). This behaviour 

is consistently observed at all locations on the plate. Fig. 11 demonstrates that the opposite 

behaviour occurs for the transversal (secondary) velocity. Negative values of H-S velocity 

accelerate the transversal flow whereas positive values decelerate it. With vanishing electro-

osmotic body force, Uhs→ 0 and the profiles naturally fall in between the negative and positive 

cases for Uhs. Again unitary (Ag/H2O) nanofluid achieves greater magnitudes of transverse 

velocity than hybrid (Ag-MgO / H2O) nanofluid.  

Figs.12-13 depict the response in axial and transverse velocity profiles with elevation in the Prandtl 

number again for both unitary nanofluid (Ag / H2O) and hybrid nanofluid (Ag-MgO / H2O). Fig.12 

indicates that axial velocity is considerably depleted with increasing Prandtl number (i.e. lower 

thermal conductivity of the nanofluids) at all locations along the plate surface i.e. values of y 

coordinate. Thermal properties of the nanofluids therefore significant influence the axial velocity 

distribution. Unitary nanofluid (Ag / H2O) consistently produces greater axial velocity magnitudes 

than the hybrid nanofluid (Ag-MgO / H2O). The axial velocity is therefore maximized with low 

Prandtl number and minimized with high Prandtl number. Fig.13 reveals that transverse velocity 

rises with Prandtl number. Again higher magnitudes of transverse velocity are computed with 

unitary nanofluid (Ag / H2O) relative to hybrid nanofluid (Ag-MgO / H2O).  

Figs. 14-15 depict the impact of the Taylor number, Ta, on axial velocity and transverse velocity 

again for both the unitary nanofluid (Ag / H2O) and hybrid nanofluid (Ag-MgO / H2O). The Taylor 

number,√𝑇𝑎 =
𝑣 𝛺𝑏𝑓

𝑈0
2 , represents the ratio of Coriolis (rotational) and viscous hydrodynamic force 

in the rotating regime, based on the initial velocity of the exponentially vertical accelerated plate. 

As the Taylor number increases, the Coriolis force is boosted, which inhibits the axial momentum 

development. This impedes the axial flow at all locations along the plate. Axial velocity is 
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therefore a maximum for the case where rotation vanishes i.e. (Ta→ 0). Axial velocity is however 

minimized for maximum Taylor number (Ta = 2) for which the Coriolis force is double the 

hydrodynamic viscous force in the regime.  As observed in earlier plots, the unitary nanofluid (Ag 

/ H2O) consistently attains greater axial velocity magnitudes than the hybrid nanofluid (Ag-MgO 

/ H2O). Fig. 15 shows that increasing Taylor number also induces significant deceleration in the 

transversal flow i.e. transversal (secondary) velocity magnitudes become increasingly negative 

with greater Coriolis force effect. Therefore distinct from other parameters considered which 

induce different behaviour in the primary and secondary flow, the Taylor number consistently 

retards both axial and transversal velocity and is an excellent damping mechanism in rotating 

electroosmotic nanofluid systems.  

Figs.16- 17 visualize the effect of thermal Grashof number Gr on primary (axial) velocity u and 

secondary (transversal) velocity v again for both the unitary nanofluid (Ag / H2O) and hybrid 

nanofluid (Ag-MgO / H2O). The Grashof thermal number quantifies the relative contribution of 

the thermal buoyancy force and viscous hydrodynamic force, as defined by 𝐺𝑟 =
𝑔𝛽𝑏𝑓𝜈𝑏𝑓(𝑇𝑤−𝑇∞)

𝑈0
3  

in Eqn. (23). For the forced convection case, Gr = 0, and axial velocity is minimized. However 

with rising value of Grashof thermal number there is a substantial boost in axial velocity 

everywhere along the plate. Greater axial velocity corresponds to the unitary nanofluid (Ag / H2O) 

than the hybrid nanofluid (Ag-MgO / H2O) (Fig.16). Thermal buoyancy clearly accentuates the 

electro-osmotic axial flow since more intense convection currents energize the system and 

counteract gravity effects leading to axial flow acceleration. Fig. 17 shows that transverse 

(secondary) velocity exhibits a very different response with modification in Grashof number. 

Transverse velocity is usually negative and with increasing Grashof number it is further reduced, 

i.e. stronger thermal buoyancy force strongly damps the secondary (transversal) flow at all 

locations along the plate length (y coordinate). The hybrid nanofluid (Ag-MgO / H2O) however 

produces lower transversal velocity than the unitary nanofluid (Ag / H2O) since the latter exhibits 

a less negative velocity. It is reported that a rise in the thermal Grashof number or any other 

buoyancy-related parameter suggests an increase in the wall temperature, which weakens the fluid-

fluid bond, reduces the strength of internal friction, and makes gravity stronger. i.e., causes a 

significant difference in specific weight between the fluid layers immediately near to the wall. In 

the flow analysis, a boundary layer is created on the surface and the effects of the buoyancy 



32 
 

 
 

parameter are quite important. This is only possible when the specified surface temperature and 

wall heat flow are taken into account. 

Figs. 18-21 illustrate respectively the impact of Ag nanoparticle volume fraction (Fig.18), heat 

absorption coefficient (H) (Fig.19), Prandtl number (Fig.20) and thermal radiation parameter 

(Fig.21) on the temperature distribution (𝜃) along the plate length (i.e. versus y-coordinate). Again 

we consider both cases of unitary nanofluid (Ag / H2O) and hybrid nanofluid (Ag-MgO / H2O). It 

is noticed that generally the nanoparticle temperature of unitary nanofluid (Ag / H2O) is slightly 

lower than the hybrid nanofluid (Ag-MgO / H2O) and this is attributable to the overall marginally 

higher thermal conductivity of combined silver and magnesium oxide nanoparticles compared with 

unitary silver nanoparticles (Fig.18). With increasing Ag nanoparticle volume fraction, 

temperature of both nanofluids is reduced. Fig. 19 shows that the overall temperature of the 

nanofluid is reduced with increasing heat absorption effect since heat is removed from the regime. 

A significant reduction in temperature of both unitary nanofluid (Ag / H2O) and hybrid nanofluid 

(Ag-MgO / H2O) is observed with increment in Prandtl number (Fig.20). The thermal conductivity 

is suppressed with greater Prandtl number and this suppresses thermal diffusion in the regime. A 

cooling effect is therefore produced with higher Prandtl number. Fig.21displays the evolution in 

temperature with increment in thermal radiation parameter values (R). 𝑅 =
16�̃�𝑇∞

3

3�̃�𝜅𝑏𝑓
 and quantifies 

the relative contribution of thermal radiative flux to conductive flux. When R = 1 both heat transfer 

modes contribute equally. For R = 0 radiative flux vanishes. When R< 1 thermal conduction 

dominates whereas when R> 1 thermal radiation dominates. Both unitary and hybrid nanofluid 

temperatures are minimum when R = 0. However with increasing R, there is intensification in 

radiative flux which energizes the regime and elevates temperatures. The thermal conduction is 

augmented with greater radiative heat transfer and thermal diffusion in the nanofluid is 

encouraged.  

Tables 2-4 document the values of Nusselt number (Nu) with selected parameters (R, Pr, H) and 

dimensionless time parameter (t) for both unitary nanofluid (Ag / H2O) and hybrid nanofluid (Ag-

MgO / H2O). Nusselt number calculates the thermal gradient at the plane surface and also measures 

the relative contribution of convection heat transfer to conduction heat transfer. Table 2 shows 

that with increasing R and t values (i.e. greater radiative flux and progression in time) there is a 
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substantial decrease in Nusselt number for both nanofluids. However unitary nanofluid achieves 

higher Nusselt numbers than hybrid nanofluid. The reduction in Nusselt number with greater 

radiative effect is explained by the fact that temperatures are increased with greater radiative effect 

implying that effectively  greater heat transport away from the plate surface to the nanofluid is 

produced i.e. heat transfer to the plate is suppressed leading to a depletion in Nusselt numbers. 

Similarly Table 3 shows that with increasing heat absorption/generation parameter, H and time, t, 

there is also a consistent decrease in Nusselt numbers. Table 4 indicates that with increasing 

Prandtl number there is a significant enhancement in Nusselt number whereas with greater ease in 

time the Nusselt number is reduced, again for both unitary and hybrid nanofluids. The depression 

in temperatures with greater Prandtl number computed in earlier graphs implies that heat is 

convected away from the nanofluid to the wall (plate). This results in an elevation in Nusselt 

numbers. Overall irrespective of the parameter being varied, there is a consistent suppression in 

Nusselt number with progression in time. 

The numerical results for the fluid velocity at 1, = 0,Ta = 0Uhs = , 0hnf =  and 1t =  for the 

present model and the solutions of Das et al. [64] model are documented in Table-5. Absolute 

errors between both the results are calculated to examine the correlation between both the results. 

Table-5 reveals that excellent correlation is obtained and thereby the present solutions are 

validated.  

Table – 5: Fluid velocity in the absence of  ,M ,Gr ,Gm   for fixed values 1, = 0,Ta = 0Uhs =

, 0hnf = , 1t = ,  compared with results of  Das et al. [64] 
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y 
Fluid velocity (u)  

Present Model 

Fluid velocity (u)   

Das et al. [64] Model 

Absolute 

Error 

0.0 1.00000 1.00000 0.00000 

0.3 0.88066 0.88063 0.00003 

0.6 0.76399 0.76393 0.00006 

0.9 0.65247 0.65239 0.00008 

1.2 0.54827 0.54817 0.00010 

1.5 0.45307 0.45296 0.00011 

1.8 0.36804 0.36792 0.00012 

2.1 0.29377 0.29365 0.00012 

2.4 0.23033 0.23022 0.00012 

2.7 0.17735 0.17724 0.00011 

3.0 0.13406 0.13396 0.00010 

3.3 0.09947 0.09939 0.00008 

3.6 0.07242 0.07235 0.00007 

3.9 0.05172 0.05166 0.00006 

4.2 0.03620 0.03616 0.00005 

4.5 0.02478 0.02475 0.00003 

4.8 0.01651 0.01648 0.00003 

5.1 0.01054 0.01053 0.00002 

5.4 0.00619 0.00618 0.00001 

5.7 0.00285 0.00285 0.00000 

6.0 0.00010 0.00010 0.00000 
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5. CONCLUDING REMARKS  

A rotating Casson hybrid (and unitary) nanofluid electro-osmotic flow model over vertical 

accelerated plate in the presence of thermal radiation, heat absorption and buoyancy forces is 

presented. Unitary nanofluid (Ag / H2O) and hybrid nanofluid (Ag-MgO / H2O) are considered 

with an empirical relation employed to calculate thermal conductivities.  The dimensionless 

linearized conservation equations have been derived using Laplace transforms with appropriate 

boundary conditions. Numerical evaluation and graphical depiction of the impact of key 

parameters on the transport characteristics (axial velocity, transverse velocity, temperature and 

Nusselt number) have been conducted with MATLAB software. Both cases of upward and 

downward electrical field have been studied via an appropriate Helmholtz- Smoluchowski velocity 

parameter. The computations have shown that: 

1) With increasing volume fraction of silver nanoparticles there is a reduction in both axial 

velocity and temperatures whereas there is a distinct elevation in transverse velocity for 

both unitary and hybrid nanofluids.  

2) Elevation in heat absorption parameter strongly decreases axial velocity whereas it boosts 

transverse velocity.  

3) Increasing radiation parameter strongly boosts temperatures. Increasing heat absorption 

parameter significantly accelerates the transverse flow.  

4) Negative values of Helmholtz-Smoluchowski velocity decelerate the axial flow (primary) 

whereas positive values accelerate it; the opposite behavior is observed for transverse 

(secondary) velocity.  

5) Increasing Taylor number significantly damps the axial flow and transverse flow 

6) Increasing thermal Grashof number strongly enhances the axial flow but damps the 

transverse flow.  

7) With increasing Casson viscoplastic non-Newtonian parameter, axial velocity profile is 

initially increased on the plate surface but further along the plate axial flow deceleration is 

induced. The contrary behaviour is computed for the transverse velocity for both unitary 

nanofluid (Ag / H2O) and hybrid nanofluid (Ag-MgO / H2O). 

8) Unitary nanofluid achieves higher Nusselt numbers than hybrid nanofluid but these are 

decreased with greater radiative effect (since greater heat transport away from the plate 

surface), Prandtl number and heat absorption.  
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9) Nusselt number is significantly reduced with greater time progression and values are 

consistently higher for unitary nanofluid compared with hybrid nanofluid.  

In this work some interesting characteristics associated with rotating non-Newtonian (viscoplastic) 

electro-osmotic nanofluid flow and heat transfer have been identified. Future studies may 

generalize the analysis to examine more complex rheological models e.g. viscoelastic and address 

different metallic/metallic oxide nanoparticle combinations e.g. titania, alumina, copper oxide, 

silver oxide. 

 

NOMENCLATURE 

Y
P   yield stress of the viscoplastic nanofluid 

( ),U V  dimensional velocity components (ms-1) in axial and transverse direction of ( ),X Y  

g   acceleration due to gravity (m s-2)  

0Q   variable volumetric rate of heat source/sink (kg m-1s-3)  

r
q   radiative heat flux (kg s-3)  

k   mean absorption coefficient (m-1)  

T   dimensional temperature (K) 

t   dimensional time (s) 

t  dimensionless time 

z  valence 

( ),n n− +  number of anions and cations 

n0
  mass ionic concentration 

e  electronic charge 
1/ 2 1/ 2 1/ 2(kg m sec )− −  

BK   Boltzmann constant 2 2 1(kgm sec Kelvin )− −  

vT   mean temperature (K) 

wT   temperature of the plate (K) 

T   temperature of the fluid far away from the plate(K) 

( ),u v   dimensionless component of axial and transverse velocities of (x, y) direction 

Uhs  electroosmotic velocity or Helmholtz-Smoluchowski velocity (HS velocity) 

Gr   thermal Grashof number 

Ta  Taylor number 

Pr  Prandtl number 

R  thermal radiation parameter 
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H  heat absorption/generation parameter 

Nu  Nusselt number  

Greek symbols  

X
   electric forces 

   electric potential  
   production of the rate of deformation variable itself 

c   critical value in Casson viscoplastic model 

   Casson viscoplastic parameter 

hnf   density of hybrid nanofluid (kg m-3) 

hnf   plastic dynamic viscosity (kg m-1s-1) 

   angular velocity of the plate (rad/s) 

( )
hnf

  thermal expansion coefficient of hybird nanofluid (kgm-3K-1)  

( )p hnf
c  heat capacitance of the hybrid nanofluid

1 2 1( )K s kg m− − −
 

hnf
   thermal conductivity of hybrid nanofluid (Wm-1 K-1) 

   electro-osmotic parameter  

e   net charge number density 

   Stefan-Boltzmann constant ( )3 4Kg s K− −
 

k   mean absorption coefficient (m-1)  

eff   relative permittivity of the vacuum ( )2 3 4 1 1 1s s ( )A m kg m hm− − − −=   

hnf
   hybrid nanoparticle volume fraction of silver (Ag) and magnesium oxide (MgO) 

suspended in water (H2O) 

Ag
   silver nanoparticles 

MgO
   magnesium oxide nanoparticles 

   nanoparticle temperature,  

   dimensional frequency parameter 

   dimensionless frequency parameter 

Subscripts 

bf  base fluid  

Ag  sliver 

MgO  magnesium oxide 
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