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ABSTRACT 

Motivated by new developments in electromagnetic nano/microfluidic energy systems, in this chapter a 

novel study is described of the thermal performance in unsteady peristaltic electro-osmotic hydromagnetic 

viscoelastic (Jeffreys model) flow of water based-γAl2O3 nanofluids and ethylene glycol-based γAl2O3 

nanofluids in a microchannel. The flow is governed by single wave propagation of the microchannel walls 

which is further controlled by the electroosmosis mechanism with electrical double layer effects. Magnetic 

field effect and Joule electrical dissipation are also considered in the flow analysis. The two-dimensional 

governing equations are transformed into non-dimensional form and further simplified using small 

Reynolds number (Re) and long wavelength (𝛿 ≪ 1 ) assumptions. The Poisson-Boltzmann equation is 

deployed to describe the ionic distribution via Debye-Hückel linearization. The variations in axial pressure 

gradient, axial velocity and temperature distribution for different electrical, magnetic and nanoscale flow 

parameters are computed and visualized graphically. The findings of the present computations in the 

optimization of many emerging applications in energy systems nanotechnology including micro/nano 

pumping devices, electromagnetic nano-energy harvesting, thermal control of biomimetic microfluidics, 

nanomedicine etc. 

KEYWORDS: Electroosmosis; Magnetic field; single wave propagation; Jeffery viscoelastic fluid; γAl2O3 

nanoparticles; Energy nanotechnology; Debye-Hückel linearization; Hartmann number; heat transfer. 
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1. INTRODUCTION  

Nanotechnology has emerged as the most significant branch of modern industry in the 21st century 

owing to the unique capabilities it provides in fabricating new structures at the atomic scale [1]. 

This has witnessed an explosion in the synthesis of novel materials and devices which have filtered 

into numerous areas of engineering. Important applications include sustainable fuel cells and 

plasmonic-biovoltaic cells [2], photobioreactor technology [3], microelectrochemical reactors and 

energy conversion systems [4] and nano/microfluidic power plant for spacecraft [5]. An important 

sub-branch of nanomaterials is nanofluids. Nanofluids refer to colloidal suspensions of ultrafine 

nanometer-sized particles dispersed in base fluids (water, greases, de-ionized water, ethylene 

glycol, silicon oil and poly-α-olefin oil (PAO) etc). They were introduced for engineering heat 

transfer applications at Argonne energy laboratory, US department of energy in the 1990s and are 

elaborated in great detail by Das et al. [6]. Generally nanoparticles are synthesized from  metals 

( ),Cu Ag , Carbides ( )Sic , oxides ( )2 2 3,TiO Al O or non-metallic carbon nanotubes. Many different 

mathematical models have been proposed to account for the exceptional convective heat transport 

observed in nanofluids including ballistic collisions due to random (haphazard) Brownian motion, 

thermophoresis, micro-convection etc [7]. Nanofluids have therefore been embraced in an 

impressive range of energy, transport and biomedical technologies including compression ignition 

power plants [8], passive thermal storage systems [9], vacuum flash evaporation [10], automotive 

waste heat recovery and coolant systems [11], nuclear reactors [12], rotating disk reactors [13], 

lubrication systems for heat dissipation [14] and anti-corrosion [15], nano-pharmacological 

delivery [16], laser treatment of nanoparticle doped hyperthermia treatments [17], smart coating 

systems [18-20], solar energy direct absorber and photovoltaic collectors [21-26], polymer 

electrolyte membrane (PEM) fuel cells [27] and biological nanofluid fuel cells for marine 

engineering [28]. All these applications have confirmed the superior performance of nanofluids 

compared with conventional engineering fluids. 

In parallel with nanofluid developments in energy sciences, the field of electro-osmotic fluidics 

(EOF) has also witnessed considerable interest in recent years. Electroosmotic flow [29] is the 

bulk liquid motion mobilized when an externally applied electric field interacts with the net surplus 

of charged ions in the diffuse part of an electrical double layer (EDL). Electroosmotic fluid 

dynamics is a special case of the more general area of electro-kinetics [30]. Intrinsic to 
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electroosmotic flow efficiency is the electrical double layer which constitutes a very thin region 

of nonzero net charge density near a two-phase interface (e.g. a solid-liquid interface). It is 

produced by the adsorption or desorption of charged species from the surface and the resulting 

rearrangement of the local free ions in solution so as to maintain overall electroneutrality. In 

recent years there has been a resurgence in interest in electro-osmotic fluidics, largely due to the 

potential envisaged in  mechanical energy conversion (e.g. electrokinetic pumps) and 

mechanically pumped flow for direct electrical energy conversion (via the streaming potential) 

in addition to novel electroosmotic cell materials developments. Important studies in this regard 

include Yang et al. [31] (electro-osmotic microchannel batteries) and Daiguji et al. [32] (on 

electro-chemo-mechanical nanofluidic channel energy generation). Numerical and analytical 

studies of electro-osmotic transport in microchannels have also received some attention. Jian et 

al. [33] developed analytical power series solutions for the oscillatory EOF flow of the generalized 

Maxwell fluids through a two-dimensional rectangular microchannel. Ali et al. [34] derived closed 

form solutions for two-fluid electro-osmotic wavy flow through a cylindrical tube with 

hydrodynamic wall slip and shear-thinning effects. 

Magnetohydrodynamics (MHD) has also stimulated considerable interest in energy sciences in 

recent decades [35]. MHD involves the interaction between the electric currents and magnetic 

fields in either inviscid or viscous flow which results in Lorentz body forces that can be used to 

propel and manipulate fluids. Both direct and alternating currents may be utilized in MHD. The 

enclosing walls i.e. electrodes in MHD power systems must be carefully designed. In direct current 

systems, electrodes may be damaged by electrochemistry generating bubble formation and 

electrode corrosion [36]. However direct current systems have the advantage that they mitigate the 

parasitic eddy currents associated with alternating currents that can produce excessive heating. 

MHD also offers some advantages over purely electroosmotic systems since much lower electrode 

potentials (< 1Volt) can be used and produce superior volumetric flow rates, provided the conduit 

dimensions are not excessively small. Furthermore, in MHD power systems, only working fluid is 

circulated, and there is an absence of moving mechanical parts which greatly decreases the 

mechanical losses which are typically much higher in conventional power generation systems [37]. 

MHD has therefore been implemented in many energy systems including MHD thermal 

micropumps [38], Hall generators [39], magnetic microfluidics for rocket propulsion [40], cilia 

generated propulsion in magnetic field regulation of multiphase heat transfer [41], running liquid 
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MHD chromatography biochemical analysis systems [42], pumping of magnetized slurries in 

biochemical engineering [43], intelligent materials processing [44], magnetic polymer pumping 

[45], ocean MHD wave energy generation [46], NMR actuation [47], plasma control in nuclear 

reactor ducts [48], magneto-micro-bio-robotic propulsion [49], thermodynamic optimization of 

MHD bypass systems [50], magnetic field control of geological oil spills [51] and magnetic field 

manipulation of external enrobing deposition processes on aerospace components [52]. 

Mathematical models of MHD flows generally involve the modification of the Navier-Stokes 

equations with supplementary magnetic body forces, and in some cases extra balance equations 

for magnetic induction.  

The combined use of electrical and magnetic fields in viscous fluid dynamics has also garnered 

some attention. The dual deployment of both electrical and magnetic fields offers unique 

advantages which are not achievable with either field separately. Jian et al. [53] used analytical 

methods to study the unsteady rotating electromagnetohydrodynamic (EMHD) flow of an 

electrically conducting, incompressible and viscous fluid between two slit microparallel plates, in 

the presence of an externally imposed electrical current and a transverse magnetic field. They 

observed a substantial boost in flow rates both in axial and in lateral directions due to the assisting 

component of Lorentz force being significantly larger than the inhibiting component for a specific 

range of phase of the magnetic field relative to the electrical field. Tso and Sundaravadivelu [54] 

derived analytical solutions for the influence of orthogonal electrical and magnetic electromagnetic 

fields on the surface tension driven capillary flow in a microchannel, noting that , with strong 

magnetic field, the application of electric current boosts fluid flow rates and decreases the time 

taken to fill the microchannel length relative to the non-magnetic case. Further interesting studies 

of composite electrical and magnetic field effects on conducting viscous flows include Si and Jian 

[55] for wavy wall micropumps, Buren and Jian [56] (for wavy electrophoresis microchannel 

systems) and Nguyen [56] (on microscale electro-magneto-fluidic devices for medical and 

biotechnology applications). 

Engineers have also investigated the combination of nanofluids and electromagnetic fields in 

hybrid systems. In such systems, base fluids are doped with electromagnetic nanoparticles which 

can be manipulated by external electrical and magnetic fields.  Important studies in this regard 

include Zhao et al. [57] who studied magnetic nano-doped microchannels. Combined 
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electroosmotic magnetohydrodynamic nanofluid flows in chemical ducts were examined by 

Ganguly and Sarkar [59]. They showed that under axial electrical field and transverse magnetic 

field, increasing Hartmann number (magnetic body force parameter) suppresses advective 

transport of the liquid and heat transfer whereas greater nanoparticle volume fraction, nanoparticle 

size and Joule electrothermal dissipation all elevate temperature. Further studies have been 

communicated by Sarkar and Ganguly [60] (with pressure gradient effects), Zhao et al. [61] 

(including Brinkman dissipation effects) and Thumma et al. [62] (on external magnetic nanofluid 

viscous flow with, gravitational, heat generation and absorption effects). 

Increasingly modern engineering designs are featuring bio-inspired adaptive characteristics. These 

include biophysical adhesives for enhanced integrity, surface protuberances for turbulence control 

(e.g. leading edge break up devices in morphing aerodynamics), compliant surfaces for drag 

control, and physiological propulsion mechanisms. An extremely efficient natural mechanism for 

both internal and external propulsion is peristalsis [63].  For example, in gastric transport, this 

refers to the rhythmic involuntary movements (progressive wavelike contractions) of the 

longitudinal and circular muscles. It can also arise in swallowing in the esophagus, blood flow etc. 

The waves can be short, local reflexes or long, continuous contractions that travel the whole length 

of the vessel, depending upon their location and what initiates their action. Peristalsis has been 

adopted very successfully also in modern pump design [64], for example in medical dosing 

systems and chemical waste transits which require low flow rates and pressure and operate on the 

suction‐compression created by rotors on a silicone tube, commonly used for simple dosing 

application. Such pumps are basically a type of positive displacement pump and can be deployed 

for conveying a variety of toxic fluids, do not require seals, valves or moving parts in the flow 

path, and eliminate the risk of clogging, leaking or contamination. Peristaltic propulsion also 

features in internal water transport in green plants [65], embryonic hemodynamics [66, 67], larva 

locomotion [68], leech crawling [69], robot locomotion [70], respiration [71], digestive transport 

[72], botanical translocation of phloem/xylem [73], vasomotion (periodic oscillations of blood 

vessels walls) in bat wings [74], bile dynamics [75] and chyme mixing processes in intestinal fluid 

mechanics [76]. Many mathematical studies of peristaltic flows have been communicated which 

usually employ the lubrication theory approximations to render the conservation equations more 

amenable for exact or computational solutions. They also focus on the key aspects of bolus 

dynamics and trapping (reflux) phenomena. Relevant works in this regard include Yih and Fung 
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[77], Bertuzzi and  Salinari [78] (both of which considered Newtonian fluids), Bohme 

and  Friedrich [79] (elastic-viscous fluids), Takabatake et al. [80] (hydromechanical pumping 

efficiency),  Jiménez-Lozano and Sen [81] (streamline topologies and bifurcation analysis), Ehsan 

et al. [82] (dynamic systems modelling of peristaltic waves) and Bég et al. [83] (fluid-structure 

interactional computational modelling of peristaltic viscoplastic pumping). In the past decade or 

so, researchers have also explored electromagnetic peristaltic flows, for a variety of working fluids 

including Newtonian magnetic nanofluids, magnetic non-Newtonian polymers, electroconductive 

liquids etc. Interesting studies in this area include Prakash et al. [84] who developed a 

comprehensive mathematical model for solar magnetohydrodynamic nanofluid peristaltic pumps. 

Narla et al. [85] investigated unsteady magneto-rheological polymer pumping in curved conduits. 

Electroosmotic peristaltic transport has received some attention owing to applications in 

biomechanics and microfluidic energy systems. Narla et al. [86] presented a detailed theoretical 

and computational study of non-Newtonian embryological peristaltic electro-osmotic dynamics. 

Tripathi et al. [87] derived analytical solutions for electro-osmotic transport in Darcian porous 

media under peristaltic waves. Tripathi et al. [88] studied the propulsion of aqueous ionic couple 

stress Stokesian fluids under axial electrical field in a deformable microchannel. Electro-osmotic 

microchannel nanofluid transport has also been investigated by Tripathi et al. [89, 90] using 

Buongiorno two-component nanoscale models and by Prakash et al. [91] using modified hybrid 

Tiwari-Das nanoparticle models. Further studies have verified the considerable advantages of 

simultaneously deploying electrical and magnetic fields for beneficially manipulating 

microchannel transport phenomena. Some recent works in this regard include Tripathi et al. [92] 

for Newtonian aqueous liquids, Tripathi et al. [93] for couple stress rheological ionic fluids and 

Prakash et al. [94] for Newtonian slip electromagnetic nanofluid radiative convective flow.  

In the present chapter, we consider transient peristaltic electro-osmotic hydromagnetic 

viscoelastic flow of water based-γAl2O3 nanofluids and ethylene glycol-based γAl2O3 nanofluids 

in a microchannel, under the action of mutually orthogonal electrical (axial) and magnetic 

(transverse) fields. Such nanofluids have been shown to offer great promise in thermal ducts and 

energy optimization [95-98]. Modern bio-inspired micro/nano-fluidic energy systems are 

increasingly utilizing rheological fluent characteristics to refine designs and improve efficiencies 

[99]. Lu et al. [100] have further demonstrated that viscoelastic ionic liquids avoid the constriction 

in focused particle streams which arises in a direct current electric fields for conventional 
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Newtonian fluids. They have also demonstrated that particle aggregations can be sustained at 

relatively high electric fields and can be manipulated more effectively in viscoelastic media than 

Newtonian media. It is therefore very beneficial to analyse viscoelastic electro-osmotic dynamics 

in such systems. A wide spectrum of excellent viscoelastic models are available for robust 

simulations in this regard and include the Maxwell model, Reiner-Rivlin differential third grade 

model, Phan-Thein-Tanner (PTT) model and fractional Maxwell model. In different viscoelastic 

models, a variety of convected derivatives are deployed. For example, the Upper convected 

Maxwell (UCM) fluid uses an upper convected derivative whereas the lower convected Maxwell 

(LCM) fluid uses the lower convected derivative. The Johnson-Segalman fluid employs a linear 

combination of upper convected and lower convected derivatives and is popular for shear-banding. 

An alternative model is the Jeffreys elastico-viscous model [101] which accurately simulates many 

industrial, biophysical and thermal processing fluids and features three constants i.e. viscosity at 

zero shear rate, and two time-related material parameter constants (for stress relaxation and 

retardation time). Jeffrey’s fluid model can be reduced to the classical Newtonian fluid when shear 

stresses are high near the walls. Such fluids exhibit shear thinning properties and high shear rate 

viscosity. Jeffreys model has been applied widely in micro/nano scale fluid dynamics and bionics 

[102-104] and is therefore utilized in the present analysis. The Tiwari-Das nanoscale model is 

employed. Via lubrication approximations the conservation equations are reduced, and a Poisson-

Boltzmann equation is deployed to describe the ionic distribution via Debye-Hückel linearization. 

Extensive graphical illustrations are produced using MATLAB symbolic software for axial 

pressure gradient, axial velocity and temperature distributions with different electrical, magnetic 

and nanoscale flow parameters for water based-γAl2O3 nanofluids and ethylene glycol-based 

γAl2O3 nanofluids. Detailed interpretation of the results is provided with future pathways for 

extensions of the current modelling. 

2. MATHEMATICAL MODEL 

2.1. Single wave propagation 

The proposed geometric model for the magnetohydrodynamic electro-osmotic flow of 

( )2 3 2 2 3 2 6 2/ , /Al O H O Al O C H O  nanofluids  induced by the single wave peristaltic propagation 

along microchannel walls is sketched in Fig.1. It is mathematically expressed as: 
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Fig.1 Electroosmotic magnetohydrodynamic nanofluid peristaltic flow in microchannel  

2.2. Governing equations for convective Jeffery nanofluid model   

The stress-strain relationship for the Jeffery fluid model is considered as:  
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Here U  and V are the axial and transverse velocity components in the X and Y directions 

respectively, ,nf  t  , P , ,nf ,XE ( ) ,p nf
c  ,T

nf , Bo, and nf  are the effective density of 

the nanofluid, material time derivative, pressure, effective viscosity of the viscoelastic nanofluid, 

axially-applied electric field, effective heat capacity of the nanofluid, temperature, effective 

thermal conductivity of the nanofluid, magnetic field and effective electrical conductivity 

respectively.  

2.3. Electro-osmotic hydrodynamics  

The Poisson equation with electric potential   is given by: 

2 ,e ef = −                       (10)                                                                                                                           

here ef is the dielectric constant and ( ) ,e ze n n + −= −
 
is net charge density, in which z and e  

are the charge balance and electron charge, n−
and  n+

represent negative and positive ions having 

bulk concentration no. The Boltzmann distribution is derived as: 
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in which Bk  and mT  are the Boltzmann constant and absolute temperature respectively. 
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2.4. Physical characteristics of ( )2 3 2 2 3 2 6 2/ , /Al O H O Al O C H O   nanofluids 

The physical characteristics of nanofluids ( )2 3 2 2 3 2 6 2/ , /Al O H O Al O C H O   are as follows [95-

98]: 

(i) The effective dynamic viscosity is ( )1nf bf s   = − +  

(ii) The effective heat capacitance is ( ) ( ) ( ) ( )1p p pnf s bf
c c c    = + −  

(iii) The coefficient of thermal expansion is ( ) ( ) ( ) ( )1
nf s bf

    = + −  

(iv) The effective electrical conductivity is 
( )

( )

3 1
1

2 1
nf bf

 
 

  

 −
= +  + − − 

,  

here / .s bf  =  

(v) The dynamic viscosity of the ( )2 3 2Al O H O − nanofluid is ( )2123 7.3 1 .nf bf   = + +  

(vi) The dynamic viscosity of the ( )2 3 2 6 2Al O C H O − nanofluid is 

( )2306 0.19 1 .nf bf   = − +  

(vii) The effective thermal conductivity of the ( )2 3 2Al O H O − nanofluid is 

( )24.97 2.72 1 .nf bf   = + +  

(viii) The effective thermal conductivity of the ( )2 3 2 6 2Al O C H O − nanofluid is 

( )228.905 2.8273 1 .nf bf   = + +  

(ix) The effective Prandtl number of the ( )2 3 2Al O H O − nanofluid is 

( )2Pr Pr 82.1 3.9 1 .nf bf  = + +  

(x) The effective Prandtl number of the ( )2 3 2 6 2Al O C H O − nanofluid is 

( )2Pr Pr 254.3 3 1 .nf bf  = − +  

Here 𝜌𝑏𝑓, 𝜌𝑠, , (𝑐𝑝)
𝑏𝑓

, (𝑐𝑝)
𝑠
, 𝛽𝑏𝑓, s, 𝜎𝑏𝑓, 𝜎𝑠, 𝜅𝑏𝑓, 𝜇𝑏𝑓 and  𝑃𝑟𝑏𝑓 represent the density of base fluid, 

density of nanoparticle, solid fractional volume of nanofluid, specific heat of base fluid, 

specific heat of nanoparticle, base fluid thermal expansion coefficient, nanoparticle thermal 

expansion coefficient, electrical conductivity of base fluid, electrical conductivity of 



11 
 

nanoparticle, thermal conductivity of base fluid, dynamic viscosity of base fluid and Prandtl 

number base fluid.   

 

Table – 1: Thermo-physical characteristics of water, ethylene glycol and alumina. 

 

Physical properties Pure water ( )2H O  Ethylene glycol ( )2 6 2C H O  Alumina ( )2 3Al O  

( )3/kg m  998.3 1116.6 3970 

( )/pc J kg K  4182 2382 765 

( )/W m K  0.60 0.249 40 

s  1210−  1210−   

f  0.05 71.07 10−   

( )5 110 K − −  20.06 65 0.85 

𝑃𝑟 6.96 204 -- 

 

3. SCALING ANALYSIS AND BOUNDARY CONDITIONS 

The following dimensionless variables are introduced: 
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Eqn. (11) is transformed as: 

( )
2

2

2
sinh .

y


 
= 


             (13) 

Applying the lubrication (low Reynolds number and large wavelength number) approximations, 

Eqns. (1) and (3)-(9) are therefore scaled as follows: 
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Case (i) ( )2 3 2Al O H O − nanofluid 
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Case (ii) ( )2 3 2 6 2Al O C H O − nanofluid 
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Here 𝑅𝑒, 𝛿, 𝑝, 𝐻, 𝑈𝐻𝑆 , 𝐺𝑟, 𝜃, 𝛾 and 𝜅 designate the Reynolds number, peristaltic wave number, 

dimensionless pressure, Hartmann (magnetic body force) number, Helmholtz-Smoluchowski 
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velocity, thermal Grashof number, nanoparticle temperature, Joule-heating parameter and 

electroosmosis parameter, respectively.  

The relevant dimensionless boundary conditions are specified as follows:   
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4. ANALYTICAL SOLUTIONS  

With the Debye-Hückel linearization approximation in Eqn. (13), (i.e.sinh ) and imposing 

the boundary conditions defined in Eqn. (22), the electrical potential function is computed as:  
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y
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 = .                                                                                                                       (23)            

Case (i) ( )2 3 2Al O H O − nanofluid 

The analytical solution for the nanoparticle temperature distribution is obtained by using Eqn. 

(17) with corresponding boundary conditions defined in Eqn. (22):  
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Axial velocity is derived as:    
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Transverse velocity is derived as: 
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Axial pressure gradient is derived as:         
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Introducing the well-known definition of the stream function i.e. the Cauchy-Riemann equations, 

,u v
y x

  
= = −
 

, the solution for the stream function is derived as: 
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Case (ii) ( )2 3 2 6 2Al O C H O − nanofluid 

The analytical solution for nanoparticle temperature distribution is obtained by using Eqn. (21) 

with corresponding boundary conditions defined in Eqn. (22):  
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Axial velocity is derived as:    
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Transverse velocity is derived as: 
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Axial pressure gradient is derived as:         
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Stream function is derived as: 
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The constants in the above closed-form solutions are provided in the Appendix.  

The wall shear stress is defined as: 

 .
nf

xy

bf y h

u

y





→

 
=  

 
       (34) 

 Heat transfer rate at the microchannel wall can be computed as: 

 .
y h

h
Z

x y



→

  
=  
  

       (35) 

 

5. NUMERICAL RESULTS AND DISCUSSION 

The main focus of this investigation is to study the impact of thermal Grashof number ( )Gr , 

Hartmann number ( )H , electroosmosis parameter ( ) , Jeffery (non-Newtonian) parameter ( )1 ,   

solid fractional volume of nanofluid ( ) and Helmholtz-Smoluchowski velocity ( )HSU  on axial 

pressure gradient ( )dp dx , axial velocity ( )u and wall shear stress ( )xy profiles. To discuss the 

parametric effects of these selected parameters on  ( )2 3 2 3water, ethylene glycolAl O Al O − −  

nanofluids characteristics, Figs.2-7 are presented and correspond to time 0.4t = . These profiles 

are considered as the single wave propagation model which is mentioned in Eqn. (1).  
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Fig.2: Influence of thermal Grashof number on (a) axial pressure gradient ( )dp dx , (b) axial 

velocity ( )u  (at 0.5x = ) and (c) axial shear stress ( )xy  for 𝑎 = 0.2; 𝑡 = 0.4; 𝑈𝐻𝑆 = 2; 

0.2; = 1;H =
1 0.2; = 0.1; = 0.1 =  and 1 .Q =  
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Fig.3 Influence of Hartmann number on (a) axial pressure gradient ( )dp dx , (b) axial velocity

( )u  (at 0.5x = ) and (c) axial shear stress ( )xy  for 𝑎 = 0.2; 𝑡 = 0.4; 𝑈𝐻𝑆 = 2; 0.2; =

0.1;Gr =
1 0.2; = 0.1; = 0.1 =  and 1 .Q =  

 

0 0.5 1 1.5 2
-0.55

-0.5

-0.45

-0.4

-0.35

-0.3

-0.25

x

 x
y

 

 

H → 0

H = 1

H = 2

         Al
2
O

3
 - H

2
O

          Al
2
O

3
 - C

2
H

6
O

2

(c)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
-2.2

-2

-1.8

-1.6

-1.4

-1.2

-1

-0.8

-0.6

x

d
p
/d

x

 

 

 → 0

 = 0.1

 = 0.2

         Al
2
O

3
 - H

2
O

          Al
2
O

3
 - C

2
H

6
O

2

(a)



21 
 

 

 

Fig.4 Influence of electroosmosis parameter on (a) axial pressure gradient ( )dp dx , (b) axial 

velocity ( )u  (at 0.5x = ) and (c) axial shear stress ( )xy  for 𝑎 = 0.2; 𝑡 = 0.4; 𝑈𝐻𝑆 = 2; 1;H =

0.1;Gr =
1 0.2; = 0.1; = 0.1 =  and 1 .Q =  
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Fig.5 Influence of Jeffery parameter on (a) axial pressure gradient ( )dp dx , (b) axial velocity

( )u  (at 0.5x = ) and (c) axial shear stress ( )xy  for 𝑎 = 0.2; 𝑡 = 0.4; 𝑈𝐻𝑆 = 2; 1;H = 0.1;Gr =

1; = 0.1; = 0.1 =  and 1 .Q =  
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Fig.6 Influence of solid fractional volume of nanofluid on (a) axial pressure gradient ( )dp dx , 

(b) axial velocity ( )u  (at 0.5x = ) and (c) axial shear stress ( )xy  for 𝑎 = 0.2; 𝑡 = 0.4; 𝑈𝐻𝑆 =

1; 1;H = 0.1;Gr = 1; =
1 0.2; = 0.1 =  and 1 .Q =  
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Fig.7 Influence of Helmholtz-Smoluchowski velocity on (a) axial pressure gradient ( )dp dx , 

(b) axial velocity ( )u  (at 0.5x = ) and (c) axial shear stress ( )xy  for 0.2; 0.4; 0.1;a t = = =

1;H = 0.1;Gr = 1; =
1 0.2; = 0.1 =  and 1 .Q =  

  

Fig.8 Influence of Joule heating parameter on temperature distribution (𝜃) for 0.1;a = 0.6;x =

0.1t =  and 0.2. =  

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1



y

 

 

 = 0

 = 0.1

 = 0.2

          Al
2
O

3
 - H

2
O

          Al
2
O

3
 - C

2
H

6
O

2

0 0.5 1 1.5 2
-0.5

-0.45

-0.4

-0.35

-0.3

-0.25

-0.2

x

 x
y

 

 

U
HS

 = -1

U
HS

 = 0

U
HS

 = 1

         Al
2
O

3
 - H

2
O

          Al
2
O

3
 - C

2
H

6
O

2

(c)



27 
 

 

Fig. 9 Influence of solid fractional volume of nanofluid on temperature distribution (𝜃) for 

0.1;a = 0.6;x = 0.1t =  and 0.1. =  

 

Fig.10 Influence of dimensionless time on temperature distribution (𝜃) for 0.1;a = 0.6;x =

0.2 =  and 0.1. =  
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Fig.11 Influence of Joule heating parameter on heat transfer coefficient (Z) for 0.3;a = 0.5t =  

and 0.2. =  

 

Fig.12 Influence of solid fractional volume of nanofluid on heat transfer coefficient (Z) for 

0.3;a = 0.5t =  and 0.1 . =  
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Fig.13 Influence of dimensionless time on heat transfer coefficient (Z) for 0.3;a = 0.5 =  and 

0.1 . =  

 

 

The effects of thermal Grashof number on axial pressure gradient ( )dp dx , axial velocity ( )u and 

wall shear stress ( )xy
 
profiles are presented in Figs.2(a-c).  In these plots the default data ; 𝑈𝐻𝑆 =

2; 0.2; = corresponds to practical electro-osmotic microchannel flows – see Jiménez et al., 

[105]. Furthermore, we set 𝐻 = 𝐵0𝑑√
𝜎𝑏𝑓

𝜇𝑏𝑓
 = 1 (magnetic Lorentz force equals the viscous force) – 

see Duwairi and Abdullah [38]. Additionally 10% nanoparticle doping is prescribed, following 

Das et al. [6] and relatively weak electrical field is imposed, 𝛾 =
𝜎𝑏𝑓𝑑2𝑬𝑥

2

𝜅𝑏𝑓(𝑇1−𝑇0)
= 0.1. Weak viscoelastic 

effect is also considered which is more amenable for higher mobility working fluids i.e. 𝜆1 = 0.2, 

for which relaxation time is much smaller than the retardation time, as noted by Bird et al. [106]. 

Fig.2(a) indicates that with enhancement in the magnitude of thermal Grashof number ( )Gr there 

is a suppression in axial pressure gradient. Thermal Grashof number as defined in Eqn. (12) i.e. 

𝐺𝑟 =
𝑔(𝜌𝛽)𝑓(𝑇1−𝑇0)𝑑2

𝑐𝜇𝑏𝑓
 embodies the relative contribution of thermal buoyancy force to viscous 
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hydrodynamic force. It is known to accelerate the flow, as demonstrated experimentally by Gebhart 

et al.  [107], and via the continuity principle, this manifests in a simultaneous reduction in pressure 

in the electromagnetic peristaltic nanofluid regime i.e. stronger thermal buoyancy depletes the 

axial pressure gradient. Thermal effects therefore exert a considerable influence on 

hydromechanical effects in the pumping dynamics. For 0.5Gr = , the pressure gradient is higher 

in the case of ( )2 3 2Al O H O −  nanofluid as compared to ( )2 3 2 6 2Al O C H O − nanofluid. However, 

the opposite trends are computed at lower thermal Grashof number i.e. 𝐺𝑟 = 0,0.25. It is 

noteworthy to mention that for Gr = 0 thermal buoyancy is negated, and the regime becomes one 

of forced convection, for which the momentum and energy conservation equations are decoupled. 

For natural convection, Gr > 0 and evidently there is a significant interplay between pressure 

gradient and thermal effects with logical implications in microchannel energy systems design. 

From Fig.2(b), it is noticed that the axial velocity increases in the region ( )0 0.3686y  with the 

enhanced value of thermal Grashof number i.e. substantial axial flow acceleration is induced; 

however there is a reduction in axial velocity in the region  ( )0.3686 0.82y   i.e. flow 

retardation, for the  ( )2 3 2 2 3 2 6 2,Al O H O Al O C H O − −  nanofluids, and this is attributable to the 

re-distribution in momentum in the wavy flow regime, as noted by Takabatake et al. [80], among 

many others. For 0Gr = , the axial velocity is of marginally higher magnitude for ( )2 3 2Al O H O −

nanofluid as compared to ( )2 3 2 6 2Al O C H O − nanofluid. However with Gr = 1.2 (thermal buoyancy 

> viscous force) in free convection, axial velocity is greater for ( )2 3 2 6 2Al O C H O − nanofluid as 

compared to ( )2 3 2Al O H O − nanofluid in the region ( )0 0.3686y  and reverse flow patterns are 

computed in the region  ( )0.3686 0.82y  . Fig. 2(c) depicts the local wall shear stress 

distribution under the effects of Grashof number for both ( )2 3 2Al O H O −
 
and ( )2 3 2 6 2Al O C H O −

nanofluids. It is evident that the magnitude of wall shear stress increases with greater Grashof 

number since the axial flow is boosted which manifests in higher shear rates at the microchannel 

boundaries. In the absence of buoyancy force ( 0Gr = ), shear stress is higher for ( )2 3 2Al O H O −
 

nanofluid as compared to ( )2 3 2 6 2Al O C H O − nanofluid; however with relatively strong thermal 
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buoyancy present i.e. Gr = 1.2, shear stress for ( )2 3 2 6 2Al O C H O − nanofluid clearly exceeds that 

for ( )2 3 2Al O H O − nanofluid. The base fluid viscosity i.e. ethylene glycol is significantly more 

viscous than water, which inevitably contributes to the variation in shear stress. 

Figs. 3(a-c) visualize the magnetic field effect (Hartmann number) on axial pressure gradient

( )dp dx , axial velocity ( )u  and wall shear stress ( )xy  profiles for 

( )2 3 2 2 3 2 6 2,Al O H O Al O C H O − − nanofluids.  Fig. 3(a) reveals that by enhancing Hartmann 

number 𝐻, the magnitude of pressure gradient ( )dp dx  decreases. The Hartmann number (H) as 

noted earlier represents the ratio of electromagnetic (Lorentz) force to viscous force; higher H 

indicates stronger Lorentz force which suppresses pressure gradient i.e. greater control is achieved 

of pressure distribution for H = 2 (magnetic force is double the viscous force) compared with H = 

1 (both forces are equal).  Fig. 3(b) shows that with increment in Hartmann number, the axial 

velocity of ( )2 3 2 3,Al O water Al O ethylene glycol − − nanofluids, decreases for small 

( )0 0.3686y y   whereas for large ( )0.3686 0.82y y  , axial velocity increases. The switch 

in behaviour is characteristic of microchannel flows and is attributable to the re-distribution in 

linear momentum in the regime, as elaborated by Cramer and Pai [108]. However, it is pertinent 

to note, that flow reversal is not induced i.e. negative velocities are not generated anywhere in the 

regime and this is also a characteristic of peristaltic pumping which avoids the backflow associated 

with other pumping mechanisms in energy systems. Magnetic retarding force is clearly a potent 

regulatory mechanism for specific zones in the microchannel regime i.e. it can mobilize both 

deceleration and acceleration where required and provides engineers with a useful and non-

intrusive technique with minimal maintenance for optimizing microchannel performance, as noted 

by Rosa [35].  Fig. 3(c) shows that an increase in the Hartmann number creates a decrement in 

wall shear stress ( )xy profile in the core section of the wavy channel. Strong axial flow 

deceleration is therefore generated again due to the inhibiting effect of transverse static magnetic 

field. At all axial locations, (𝜸𝑨𝒍𝟐𝑶𝟑 − 𝑪𝟐𝑯𝟔𝑶𝟐)nanofluids achieve noticeably higher shear 

stresses however than (𝜸𝑨𝒍𝟐𝑶𝟑 − 𝑯𝟐𝑶) nanofluids. The non-magnetic case (H = 0) overall 

achieves the higher shear stresses compared to any magnetohydrodynamic case. Significant flow 

control is therefore achievable with imposition of transverse magnetic fields. At the entry zone 
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(low values of x), and also exit zone (higher values of x) strongly negative shear stress is generated 

whereas in the central axial zone consistently lower negative shear stresses are computed, for all 

values of Hartmann number, H. 

The effects of Debye-Hückel parameter ( )  on axial pressure gradient ( )dp dx , axial velocity 

( )u and wall shear stress ( )xy profiles for ( )2 3 2 2 3 2 6 2,Al O H O Al O C H O − − nanofluids have 

been displayed in Figs.4 (a-c). The Debye-Hückel parameter   is the inverse of the Debye length 

(i.e. electric double layer (EDL) thickness). It is observed from Fig.4(a), axial pressure gradient 

increases at core part of the channel with the enhanced 𝜿 -value for both 

( )2 3 2 2 3 2 6 2,Al O H O Al O C H O − − nanofluids. The case  → 0 corresponds to the non-electrical 

scenario (magnetohydrodynamic viscoelastic nanofluid peristaltic flow, since H is prescribed as 

1). Fig. 4 (b) is perceived that an increasing trend is noticed in the right part region of single wave 

channel. Conversely, opposite behavior is noted in the left part of the channel region. A decrease 

in wall shear stress profile is noticed when Debye-Hückel parameter   is enhanced for both 

( )2 3 2 3,Al O water Al O ethylene glycol − − nanofluids, which is presented in Fig. 4 (c). It is 

noticed that the effect of 2 3 2 6 2Al O C H O − nanofluid more strongly influences on wall shear stress 

profile as compared with the 2 3 2Al O H O −  nanofluid. The axial electric field effectively acts 

perpendicular to the decay of the EDL (or equivalently parallel with the surface). The surplus of 

either positive or negative ions results in a net body force on the electromagnetic viscoelastic 

nanofluid proportional to the local net charge density. The resulting velocity profile comprises 

a region of quite high shear rates near the surface where the velocity ascends from zero at the 

shear plane to its bulk phase velocity at the edge of the EDL. The proportionality between bulk 

phase velocity and the strength of the electric field, E x, is quantified by the electroosmotic 

mobility which is dependent on both surface and solution phase properties. Contrary to 

conventional pressure-driven microchannel systems, uniform electroosmotic flow exhibits a flat 

or “plug flow” velocity profile outside the double layer region. Overall, it is abundantly evident 

that the electro-osmotic effect imparts a significant modification in microchannel transport 

phenomena characteristics.  
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The impact of Jeffery parameter (𝜆1 𝑖. 𝑒. non-Newtonian parameter) on axial pressure gradient

( )dp dx , axial velocity ( )u and wall shear stress ( )xy profiles for 

( )2 3 2 2 3 2 6 2,Al O H O Al O C H O − − nanofluids are illustrated in Fig.5 (a-c).  From Fig. 5(a), it is 

noticed that elevation in the Jeffery parameter induces a significant delineation in the development 

of the axial pressure gradient for both ( )2 3 2 2 3 2 6 2,Al O H O Al O C H O − − nanofluids. It is specified 

that the axial pressure gradient increases as the base fluids behavior changes from Newtonian 

(𝜆1 = 0)  to Jeffery nanofluids ( )1 0  for both ( )2 3 2 3,Al O water Al O ethylene glycol − −

nanofluids. In Fig. 5(b), the axial velocity profile proportionately reduces in the left part of region 

( )0 0.3686y y   and the opposite trend is observed in the right part of region 

( )0.3686 0.82y y   for both ( )2 3 2 2 3 2 6 2,Al O H O Al O C H O − − nanofluids. Also, from Fig. 

5(c), it is observed that the wall shear stress profile distribution reduces with enhancing the value 

of Jeffery parameter; wall shear stress attains a maximum value for Newtonian nanofluids as 

compared to Jeffrey nanofluids. Jeffrey’s parameter i.e. 𝜆1 𝑖. 𝑒 arises in the denominator of the 

augmented shear term in the transformed momentum equations e.g. as the term, 
(123𝜒2+7.3𝜒+1)

1+𝜆1

𝜕2𝑢

𝜕𝑦2 

in Eqn. (14). In certain zones of the microchannel, an increase in relaxation time relative to 

retardation time ( 𝜆1>0) produces considerable deceleration (fig. 5b) in the flow since elastic forces 

begin to dominate the viscous forces and the nanofluid takes longer to return to its relaxed state 

after deformation. There will also be an associated elevation in pressure difference as a result of 

this flow deceleration (as seen in fig. 5a). Weakly viscoelastic nanofluid (𝜆1 = 0.2) therefore 

generates higher axial velocity magnitudes compared with stronger viscoelastic nanofluid (𝜆1 =

0.2) but substantially lower magnitudes than Newtonian nanofluid (𝜆1=0 for which relaxation and 

retardation effects vanish) . It is also of interest that even with high relaxation: retardation time 

ratio the flow is never reversed i.e. back flow is not induced as testified to by the consistently 

positive values of axial velocity in Fig. 5b. the strongly laminar nature of the flow also ensures 

that flow separation or boundary layer detachment from the walls at the entry zone is also 

eliminated. Furthermore, there is an upper limit to physically realistic working fluids and therefore 

the case of  𝜆1 exceeding unity is not appropriate and ignored, as noted by Bird et al. [106]. 
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Figs. 6(a-c) illustrate the effects of solid fractional volume of nanofluid ( ) on 
𝑑𝑝

𝑑𝑥
, 𝑢 and xy

profiles for both ( )2 3 2 2 3 2 6 2,Al O H O Al O C H O − − nanofluids.  Fig. 6(a) exposes that a significant 

drop in the axial pressure gradient of both nanofluids is identified when 

( )2 3 2 3,Al O water Al O ethylene glycol − − nanofluids are prepared with large solid fractional 

volume of nanofluid i.e. high percentage doping of the base fluids with nanoparticles. Clearly, this 

behaviour is generated by the enhanced viscosity of the homogenously dispersed 

2 3Al O ethylene glycol −  nanoparticles. Fig. 6(b) is drawn to explain the development in the axial 

velocity profile with an increment in the solid fractional volume of nanofluid; strong flow 

acceleration is computed in left region ( )0 0.3686y y  . It is also noticed that the wall shear 

stress is boosted with an increase in solid fractional volume of nanofluid ( ) as depicted in 

Fig.6(c).  The 𝛾𝐴𝑙2𝑂3 − 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒𝑔𝑙𝑦𝑐𝑜𝑙 nanofluid is influenced more dramatically with solid 

fractional volume of nanofluid as compared with 𝜸𝑨𝒍𝟐𝑶𝟑 − 𝒘𝒂𝒕𝒆𝒓 nanofluid. 

The variations in 
𝑑𝑝

𝑑𝑥
, 𝑢 and 𝜏𝑥𝑦 for  𝛾𝐴𝑙2𝑂3 − 𝑤𝑎𝑡𝑒𝑟, 𝛾𝐴𝑙2𝑂3 − 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒𝑔𝑙𝑦𝑐𝑜𝑙 nanofluids with 

increment in Helmholtz-Smoluchowski velocity ( )HSU  are examined through Figs.7(a-c). 

Helmholtz-Smoluchowski velocity (maximum electro-osmotic velocity) represent the effects of 

external electric field and is defined as x ef

HS

bf

U
c

 


= −

E
. A positive value of 𝑼𝑯𝑺 > 𝟎 implies an 

opposing electrical field orientation in the negative X-direction, 𝑼𝑯𝑺 = 𝟎 corresponds to an 

absence of electric field and 𝑼𝑯𝑺 < 𝟎 is associated with an assistive (supportive) electric field in 

the non-negative X direction. It is apparent that for supporting electric field, axial pressure gradient 

is minimum whereas it is a maximum for an opposing electric field, as visualized in Fig. 7(a) for 

both nanofluid cases ( )2 3 2 2 3 2 6 2,Al O H O Al O C H O − − .  From Fig. 7(b), the impact of 𝑼𝑯𝑺 on 

axial velocity reveals that axial flow acceleration is induced in right section of the region whereas 

the converse effect arises in the left section of the region. An increase in 𝑼𝑯𝑺 in the non-positive 

direction physically infers the presence of a strong assistive axial electric field which produces 

enhancement in the wall shear stress magnitudes (see Fig.7(c)) for both 

( )2 3 2 2 3 2 6 2,Al O H O Al O C H O − − nanofluids.  
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The evolution in temperature distribution with Joule electrothermal parameter ( ) , solid 

fractional volume of nanofluid ( )  and dimensionless time ( )t is visualized in Figs. 8-10.  It is 

observed that the temperature of 𝜸𝑨𝒍𝟐𝑶𝟑 − 𝒘𝒂𝒕𝒆𝒓 nanofluid is noticeably less than the 

temperature computed for 𝛾𝐴𝑙2𝑂3 − 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒𝑔𝑙𝑦𝑐𝑜𝑙nanofluid. These plots for temperature 

distribution are based on the no-slip boundary conditions enforced on the peristaltic microchannel 

walls.  As a result of the shear thinning nature of 2 3Al O water −  nanofluid ionic solution and a 

lower  viscosity relative to that of 2 3Al O ethylene glycol −  nanofluid, the momentum diffusion 

rate of  2 3Al O water −  nanofluid exceeds that of the 2 3Al O ethylene glycol −  nanofluid (Prandtl 

number is fixed and expresses the ratio of momentum and thermal diffusivities). Due to enhanced  

cooling within the flow regime, 𝜸𝑨𝒍𝟐𝑶𝟑 − 𝒘𝒂𝒕𝒆𝒓 nanofluid achieves lower temperature 

magnitudes than  2 3Al O ethylene glycol −  nanofluid. Fig. 8 depicts the alteration in the 

temperature profile of ( )2 3 2 2 3 2 6 2,Al O H O Al O C H O − −  nanofluids via higher values Joule 

heating parameter. The temperature distribution of the nanofluid is improved when more electric 

energy is changed into thermal energy due to Joule electrical dissipation, which is a very important 

effect in real electro-osmotic fluid dynamics. A substantial elevation in the 

( )2 3 2 2 3 2 6 2,Al O H O Al O C H O − − nanofluids temperature distribution for growing values of the 

solid fractional volume of nanofluid is also demonstrated in Fig.9.  As expected, due to the growth 

in the conductive heat transfer, there is a growth in the temperature distribution of the

( )2 3 2 2 3 2 6 2,Al O H O Al O C H O − −  nanofluids for larger solid fractional volume of nanofluid. Fig. 

10 indicates that a considerable enhancement in temperature profile is induced with progress in 

time. The free movement of 𝜸𝑨𝒍𝟐𝑶𝟑 − 𝒘𝒂𝒕𝒆𝒓 nanoparticles increases with interaction between 

molecules and the resulting ballistic collisions which is possible due to lower viscosity. However  

the 𝛾𝐴𝑙2𝑂3 − 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒𝑔𝑙𝑦𝑐𝑜𝑙 nanofluid possesses a higher viscosity and this inhibits ballistic 

nanoparticle collisions which results in a depression in nanoparticle temperature distribution since 

interaction between the molecules is inhibited.  

Figs.11-13 illustrate the evolution in heat transfer coefficient (Z) with selected parameters for both 

( )2 3 2 2 3 2 6 2,Al O H O Al O C H O − −  nanofluids in the microchannel at t = 0.5. The heat transfer 
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coefficient fundamentally evaluates the thermal gradient at the wall and also is a measure of the 

relative contribution of convection to conductive heat transfer. It is essentially a version of the 

Nusselt number. The heat transfer rate is strongly dependent on time for both

( )2 3 2 2 3 2 6 2,Al O H O Al O C H O − −  nanofluids. The growth in the magnitude of the heat transfer 

coefficient for the various values of the Joule heating parameter is presented in Fig.11. With 

increasing Joule heating parameter, the heat transfer coefficient for both 𝛾𝐴𝑙2𝑂3 − 𝐻2𝑂, 𝛾𝐴𝑙2𝑂3 −

𝐶2𝐻6𝑂2 nanofluids increases at small axial locations along the microchannel i.e.   0, 0.5x  

whereas at larger axial locations,  0.5, 1x  , Z decreases. Heat transfer rate is therefore 

simultaneously sensitive to axial location and time. The deviation of Z for distinct values of 

nanoparticle volume fraction,   is presented in Fig. 12. The graph shows that elevation in 

nanoparticle fraction   stimulates a sizeable enhancement in the absolute value of heat transfer 

coefficient for both 𝛾𝐴𝑙2𝑂3 − 𝐻2𝑂, 𝛾𝐴𝑙2𝑂3 − 𝐶2𝐻6𝑂2 nanofluids. In Fig. 13, it is observed that 

the heat transfer coefficient exhibits an oscillatory nature, over time for both  

( )2 3 2 2 3 2 6 2,Al O H O Al O C H O − −  nanofluids, which is characteristic of peristaltic propulsion 

regimes. The maximum heat transfer coefficient corresponds to the 𝜸𝑨𝒍𝟐𝑶𝟑 − 𝒘𝒂𝒕𝒆𝒓 nanofluid 

and a highly frequently oscillatory behavior is computed for 𝛾𝐴𝑙2𝑂3 − 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒𝑔𝑙𝑦𝑐𝑜𝑙nanofluid.  

 

6. CONCLUSIONS 

Motivated by new developments in bio-inspired electromagnetic nanofluid microchannel energy 

applications, a mathematical model has been developed for transient peristaltic electro-osmotic 

hydromagnetic viscoelastic flow of water based-γAl2O3 nanofluids and ethylene glycol-based 

γAl2O3 nanofluids in a microchannel, under the action of mutually orthogonal electrical (axial) and 

magnetic (transverse) fields.  Both magnetohydrodynamic and Joule electrical dissipation effects 

are included. The robust Jeffreys viscoelastic model is deployed to simulate rheological 

characteristics and a modified Tiwari-Das nanoscale model used for nanoparticle volume fraction 

effects. The conservation equations and associated boundary conditions are simplified via 

lubrication theory and rendered non-dimensionless. Analytic expressions for axial velocity, 

transverse velocity, stream function, axial pressure gradient and temperature are derived for both 



37 
 

types of nanofluids. MATLAB symbolic software is implemented to evaluate the solutions for 

physically appropriate data of relevance to bio-inspired electromagnetic rheological nanofluid 

energy systems. Extensive visualization of the results is presented via graphs. The key finding of 

the present analysis may be crystallized as follows: 

• There is an enhancement in the axial pressure gradient with a reduction in solid fractional 

volume of nanofluid i.e. nanoparticle percentage doping. 

• The axial velocity is suppressed with increasing the strength of the magnetic field and 

Jeffery rheological parameter whereas it is enhanced with increasing axial electric field and 

EDL thickness. 

• Wall shear stress is strongly dependent on the magnetic field, electric field, Jeffery 

parameter and the Debye length electro-osmotic parameter.  

• Wall heat transfer rates (heat transfer coefficient) for 𝛾𝐴𝑙2𝑂3 − 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒𝑔𝑙𝑦𝑐𝑜𝑙 nanofluid 

are significantly lower than the those computed for 𝜸𝑨𝒍𝟐𝑶𝟑 − 𝒘𝒂𝒕𝒆𝒓 nanofluid. 

• Increasing nanoparticle fraction   produces a marked enhancement in the absolute value 

of heat transfer coefficient for both 𝛾𝐴𝑙2𝑂3 − 𝐻2𝑂, 𝛾𝐴𝑙2𝑂3 − 𝐶2𝐻6𝑂2 nanofluids. 

• An increase in Helmholtz-Smoluchowski velocity in the negative axial direction physically 

generates a strong assistive axial electric field which produces enhancement in the wall 

shear stress magnitudes. 

• Wall shear stress increases with greater Grashof number since the axial flow is boosted 

which manifests in higher shear rates at the microchannel boundaries. In the absence of 

thermal buoyancy force ( 0Gr = ) i.e. for forced convection, shear stress is higher for 

(𝛾𝐴𝑙2𝑂3 − 𝐻2𝑂)
 
nanofluid as compared to(𝜸𝑨𝒍𝟐𝑶𝟑 − 𝑪𝟐𝑯𝟔𝑶𝟐)nanofluid; however with 

relatively strong thermal buoyancy present (Gr > 1) shear stress for ( )2 3 2 6 2Al O C H O −

nanofluid clearly exceeds that for ( )2 3 2Al O H O − nanofluid. 

• 𝜸𝑨𝒍𝟐𝑶𝟑 − 𝒘𝒂𝒕𝒆𝒓 nanofluid is more appropriate and efficient for deployment in heat 

transfer devices and microfluidic systems.  

The present study has revealed some interesting features of electromagnetic peristaltic non-

Newtonian flows in microchannels for energy systems. However, the two-way, fully coupled 

interaction of the microchannel walls and the peristaltic propulsion regime have been ignored. 

Fluid-structure interaction (FSI) may be addressed more comprehensively with commercial 
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computational fluid dynamics codes such as ANSYS FLUENT [109], COMSOL Multiphysics 

[110] and ADINA FSI [111]. Efforts in this direction are currently underway. 

 

APPENDIX  

The constants as utilized in Eqns. (24)-(33) are as follows. 
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