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Abstract 

In this study, we examine the rotating and heat transfer on the peristaltic and electro-osmatic flow of a Jeffery fluid 
in an asymmetric microchannel with slip impact. A pressure gradient and anal axially imposed electric field work 
together to impact the electro-osmotic flow (EOF). Mathematical modeling is imported by employing the low Reynolds 
number and long wavelength approximation. The exact solution has been simplified for the stream function, 
temperature, and velocity distributions. The effects of diverse egress quantities on the gush virtue are exhibited and 
discussed with the help of graphs. The shear stress and trapping phenomena have been investigated. The characterization 
of results has been resolved for the flow governing ingrained appropriate parameters by employing the table. Our 
findings can be summarized as follows: (i) Debye length has a strong influence on the conducting viscous fluid of EOF 
in non-uniform micro-channel. (ii) The temperature field is enhanced through the elevated values of the rotation 
parameter and EOF. (iii) The shear stress has oscillatory behavior and the heat transmission rate increases with the 
magnitude of larger values of EOF. Finally, there is good agreement between the current results and those that have 
already been published. This model applies to the study of chemical fraternization/separation procedures and bio-
microfluidic devices for the resolution of diagnosis. 
 

Keywords: MHD, Jeffrey fluid, heat transfer, peristaltic & electroosmotic  flow, asymmetric micro-channel. 

 

 

1. Introduction 

The electro-osmosis (EOs) method is used to create 
electro-osmotic flow (EOF) when electrodes are inserted 
into reservoirs at either end of a microchannel. The main 
emphasis of EOF is on the utilization of an external 
electric field. The interaction of electricity and electric 
fields leads to a change in density operating in the 
transverse direction, which causes bulk fluid to be 
propelled in a path parallel to the applied electric fields. 
In microfluidic devices like microreactors, DNA 
analyzers, biosensors, etc., EOF is essential. Ali et al. [1, 
2] investigated the EDL aspect of magneto-convective tri-
hybrid nanoparticles in the bloodstream via microtubes. 

The field of medical and electronic gadgets may profit 
from this research. EOF simulations on MHD Jeffrey fluid 
in convergent geometry were demonstrated by Zubaidi et 
al. [3]. This study is used in medical and engineering 
walks to combine the fluid in difficult spots such as 
stimulating drugs in various veins, colliers, etc. Karmakar 
et al. [4] have examined the EO pumping of blood 
containing trihybrid nanoparticles. EOF of 3rd grad fluid 
due to a microchannel with magnetic field impact was 
examined by Nazeer et al. [5]. This study is used in 
microfluidic devices and biomedical systems, etc. The 
EO-Williamson flow on a curved surface was recently 
presented by Salahuddin et al. [6]. This model can be used 
to describe many biological fluxes that the EOF regulates. 
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Asghar et al. [7] inspected the EO peristaltic steam of 
Newtonian Ellis fluid through a dissimilar miniature 
channel.  Narla et al. [8] and Ramesh et al. [9] investigated 
the EO stream of visco-elastic nanofluid due to a 
microchannel driven by peristaltic transfer and its 
applications in microscale energy devices and bio-
motivated EO nanofluid siphoning, etc.   

 The peristaltic motion of fluid often ensues in 
industrial and physiological appliances. The peristalsis 
shows a significant role in urine passage to the bladder 
from the kidney, food bolus and lymph, lymphatic 
vessels, the gastrointestinal tract, the locomotion of 
worms, and different other areas. Peristaltic flow across a 
porous wall channel was investigated by Rafiq et al. [10]. 
This study can be applied to several physiological 
systems. Ali et al. [11, 12] explore the peristaltic transport 
of hybrid nano-blood flow in a ciliated tube. The findings 
of their study could be of use in the medical investigation 
related to diseases of organs generated in the embryonic 
stage, kidneys, airways, etc. Tanveer et al. [13] published 
work on the 2D peristaltic flow of non-Newtonian fluid 
through microchannels. They state that EO energy is a key 
fraction in reservoir engineering, the micro-fabrication 
process, the chemical industry, etc. Magneto-Eyring-
Powell nanofluid via a non-uniform channel filled with 
peristalses was studied by Mallick and Misra [14]. 
Salahuddin et al. [15] and Ali et al. [16] scrutinized the 
peristaltic visco-elastic nanofluid flow in an asymmetric 
channel. This review is used in human physiological 
frameworks and found that the strain slope increases with 
a magnetic field, amplitudes, and volume fraction. Selvi 
and Srinivas [17] projected the peristaltic transport of 
Herschel-Bulkley liquid. Non-Newtonian nanofluids of 
peristaltic transport have been considered by [18–22]. The 
peristaltic flow of a nanofluid in a constricted artery for 
different shapes of nanosized particles was investigated 
by Devaki et al. [23].   

In some physiological problems issues involving 
conductive fluids, such as blood pumping devices, cancer 
treatment, and magnetic resonance imaging for brain 
disorders, MHD is crucial. The EOF of magneto-
nanoparticles in a microtube for drug delivery 
applications was studied by Mondal and Shit [24]. MHD 
and peristaltic motion are also used in a variety of other 
fields, including cosmology, sensors, electronics, and 
magnetic medications. The EO peristaltic flow of MHD 
Jeffery nanofluid was published by Rafiq and coworkers 
[25] and found to have potential applications in food 

diagnosis, drug delivery, etc.  Ren et al. [26] demonstrated 
the EOF of MHD Jeffery fluid in parallel microchannels. 
The EO Enhanced MHD Third-grade fluid application for 
blood flow in arteries was examined by Choudhari et al. 
[27]. There is a ton of literature [28-30] on the EOF of 
MHD peristaltic motion when it is subjected to the 
aforementioned factors.  

  In some physiological problems issues involving 
conductive fluids, such as blood pumping devices, cancer 
treatment, and magnetic resonance imaging for brain 
disorders, MHD is crucial. The EOF of magneto-
nanoparticles in a microtube for drug delivery 
applications was studied by Mondal and Shit [24]. MHD 
and peristaltic motion are also used in a variety of other 
fields, including cosmology, sensors, electronics, and 
magnetic medications. The EO peristaltic flow of MHD 
Jeffery nanofluid was published by Rafiq and coworkers 
[25] and found to have potential applications in food 
diagnosis, drug delivery, etc.  Ren et al. [26] demonstrated 
the EOF of MHD Jeffery fluid in parallel microchannels. 
The EO Enhanced MHD Third-grade fluid application for 
blood flow in arteries was examined by Choudhari et al. 
[27]. There is a ton of literature [28-30] on the EOF of 
MHD peristaltic motion when it is subjected to the 
aforementioned factors.  

  The study of heat transfer (HT) plays a major role in 
many important purposes in industry and medicine. An 
essential area of study is how HT affects the human body. 
Heat is transferred by a variety of mechanisms, including 
tissue conduction, arterial-venous blood perfusion 
through tissue pores, and more. The HT of EOF on MHD 
non-Newtonian fluid in a rotating microfluidic channel 
was investigated by Siva et al. [31]. Noreen et al. [32, 33] 
analytically examined the HT of MHD 
Carreau/Williamson fluid via an 
asymmetric/microchannel with peristalsis. The study 
applies to the design of peristaltic-MHD blood-micro 
pumps, DNA chips, food diagnostics, smart sensors, etc. 
The HT investigation of the EOF of Williamson fluid in a 
microchannel was studied by Imran et al. [34]. Deng et al. 
[35] and Sun et al. [36] published the work on HT in the 
EOF of nanofluids via a microchannel/tube and the study 
is used in electronics cooling, microfluidics, 
microsystems, thermal combinations, etc. HT of hybrid 
nanofluids was presented by Venkateswarlu and Co [37, 
38] and it was found that the HT of hybrid nanofluids is 
higher than that of mono nanofluids. Efforts have been 
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made on peristalsis with the mixed impact of mass and HT 
for different researchers [39–44].  

The study of heat transfer (HT) plays a major role in 
many important purposes in industry and medicine. The 
human body with HT is a significant area of research, and 
the application of heat happens as conduction in tissues, 
perfusion arterial–venous blood through the pores of the 
tissue, etc. The HT of EOF on MHD non-Newtonian fluid 
in a rotating microfluidic channel was investigated by 
Siva et al. [31]. Noreen et al. [32, 33] analytically 
examined the HT of MHD Carreau/Williamson fluid via 
an asymmetric/microchannel with peristalsis. The study 
applies to the design of peristaltic-MHD blood-micro 
pumps, DNA chips, food diagnostics, smart sensors, etc. 
The HT investigation of the EOF of Williamson fluid in a 
microchannel was studied by Imran et al. [34]. Deng et al. 
[35] and Sun et al. [36] published the work on HT in the 
EOF of nanofluids via a microchannel/tube and the study 
is used in electronics cooling, microfluidics, 
microsystems, thermal combinations, etc. HT of hybrid 
nanofluids was presented by Venkateswarlu and Co [37, 
38] and it was found that the HT of hybrid nanofluids is 
higher than that of mono nanofluids. Efforts have been 
made on peristalsis with the mixed impact of mass and HT 
for different researchers [39–44]. 

The rotation principle applies to geophysical and 
cosmic flows. The presence of rotation is used to study the 
behavior of ocean circulation and galaxies formation. The 
analysis of the energy transitions between quantized 
rotational states of particles in the gaseous phase through 
rotation. Because of this, many investigations have been 
done by many researchers [45–47]. Patel et al. [48] 
scrutinized the EO behavior of power-law fluid flow in a 
rotating microchannel. This research is important in the 
design of a CD system with delicate channels for handling 
bio-liquids such as blood, spit/mucus, and so on. Rotating 
the EOF via a microchannel was examined by Xu and Jian 
[49]. Liang et al. [50] imposed the finite difference 
scheme for the EOF of Oldroyd-B fluid in a rotating 
microchannel. It is found that the rotating EOF of 
Oldroyd-B liquid requires a restricted unwinding time to 
arrive at a moderately steady state, and the wavering at the 
focal point of the microchannel is more prominent than 
that close to the divider. Rotating the EOF of 2nd order 
fluid in a microchannel was inspected by Cao et al. [51], 
and it was accomplished that the streamwise speed built 
initially and declined after the consistent stream comes to 
by the presence of precise speed. The rotating flow of 

magneto-micro/nanofluid was investigated by Narayana 
and association [52–54]. 

A review of related literature shows that nobody of the 
previous investigators has studied the peristaltic flow of 
Jeffrey fluids. We have attempted to develop a 
mathematical model that accounts for the effects of 
rotation, slip, Joule heating, and EO flow in light of the 
foregoing. The analytical solutions for stream function, 
velocity distribution, heat transfer distribution, and also 
flow behaviors have been analyzed.  The results are 
presented graphically for interpreting them with ease. 

 

2. Mathematical formulation 

  We measured the 2D EO peristaltic transport and HT 
of an incompressible, viscous fluid over an asymmetric 
micro-channel with negatively charged walls, as shown in 
Figure 1. It is presumable that the flow is asymmetric 
around X , and that the liquid is moving along the X
path. The hydrophobic micro-channel is enclosed by 

gradually differing ramparts at    1 2h X Y h X   

which the distance end-to-end of the channel  L is 

implicitly assumed to be frequently better than the height, 

i.e.  1 2h h L  . 

 
Figure 1. Problem sketch 

The wavy channels' geometrical form is specified as 

 

 

1 1 1

2 2 2

2
cos and

2
cos

X
d a h X

L

X
d a h X

L



 

     
 
       
 

 (1) 



Science, Engineering and Technology  Vol. 3, No. 1, pp. 50-66 

 

 

53 

2.1. Electrical model 

The primary studies of electrostatics are associated 
with the Poisson-Boltzmann equation for the electrolyte 
symmetric given by 

   2
0

2

2
sinh vv

B av

d Y ez Yn ez

dY k T

 


  
  

 
 (2) 

where o ,  , vz
, e , Bk

, avT
, e  and    are the ions 

concentration,  proton charge, ions valence, medium 
permittivity, Boltzmann constant, net electric charge 
density, Poisson-Boltzmann equation, and the boundary 
setting for potential function are represented as  
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where  1   and 2  are the electrical potential at the lower 

and upper walls. 

The non-dimensional variables have been introduced 
as the following equations 
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Eqns. (1) and (2), we get the subsequent form given as 
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are described as the electro-osmotic parameter,  is the 
EDL thickness which is inversely proportional to the 

electro-osmotic parameter and is designed by 
1
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The non-layered type of limit conditions characterized 
in (3) utilizing the dimensionless factors (4) diminish to 

   
   

1 2

1 2

and    ato oy y

h x y h x

    

 
 (8) 

We pick that the warm potential is a lot higher than the 
electric potential which the Hiickel-Debye linearization 

rule preserves  ~ sinhx x . Based on this presumption, 

the arrangement of Poisson-Boltzmann condition (7) take 
in the structure as 

2
2

2
o

o

d
k

dy

 
 

(9) 

The closed structure arrangement of the situation (9) is 
obtained by using the boundary conditions (8) gives rise 
to 

     1 2cosh sinho y F ky F ky    (10) 

 

2.2. Jeffrey Fluid model 

The basic equations for an incompressible Jeffrey fluid 
are  

T pI S      and   2
11

S
 


 


γ γ 
 
 (11) 

where p , I , 1 , 2 ,   and S  are the pressure, identity 

tensor, relaxation ratio to retardation times,  rate of shear, 
and extra stress tensor for Jeffrey fluid.  

The relevant field equations that describe the flow of 
fluid in the laboratory frame are provided as     

* *u v

x y

 
 

         
 (12) 
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(16) 

 

The slip conditions of velocity (Navier-Slip) at the 
solid-fluid edge are (see Ref. [44]) by  

   

* *
* *

1 2
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(17) 

where 2b & 1b  are the lengths of the wall channels 

2 1h y h   . 
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 the classical 

osmotic-electro motion velocity of the microchannel in 

the absence of velocity slip, * *( , )u v : velocity components 

along the paths  ( , )x y , : rotation vector, :  electric 

conductivity, :K  thermal conductivity.In the Laboratory 
framework of alteration, equations are appropriated as 
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(18) 

where ( , )u v : the velocities of wave frames concerning

 yx,  and ( , )P p : the fixed frame of references and wave 

pressures. 

The suitable dimensionless variables for the motion 
were designed as  
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The non-dimensional stream function  yx,  is 

applied such that 

u
y



  

and v
x

 
 


 (20) 

By using (17)–(19) and under the creeping flow 
approximation, the Eqns. (11)–(15) are reduced into 
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The associated boundary conditions of the stream 
function and temperature are formed as 
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1 20 at and 1 aty h y h    
 
 (25) 

where M , Pr Ec , 1 , R ,  , L and q  are the 

Hartmann number, Prandtl number, Eckert number, 
Material parameter, rotation parameter, phase difference, 
slip parameter, and the flux in the wave frame.    

  

3. Method of clarification  

The closed explanation of Eq. (21) among the 
borderline setting (23)-(24) is given by 

   
   

1 2 3 4

2
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cosh sinh

cosh sinh
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 (26) 

The solution of axial velocity is obtained as 
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 (27) 

The solution of temperature Eqn. (22) using Eqn. (26) 
associated with Eqn. (25) is obtained as  

5 6 50 51 52C C y G G G     
 (28) 

The stress of shear is stated as  
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The heat transfer coefficient is given by 

 
1 2,
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The Appendix A contain explanations. 

                                                                                  

4. Results and discussion 

 The main purpose of this portion is to analyze the 
impact of involved quantities on the function of stream 

  , axial velocity  u , temperature   , coefficients of 

heat transfer  Nu , and shear stress  xyS  . The constants 

are set for any numerical calculations that are not 

specified in the graph, such as 0.4,a  0.9,b  ,
3

 

1 1.5,A   3.5,R  3.0,M  2.0,Q  1 0.03, 

2 0.02,  0.1oC  , Pr 1.0d Ec k    and 

1 2 0.3   . Finally, Table 1 exhibits the comparison 

with already presented results by considering 0k  it as 
a special case of our study. We can inspect from Table 1 
that the current results are in very good accord with the 
Mondal and Shit [44]. 

 

Table 1. Variation of u with y for different values of M

when 1 2 1 20.03, 0.02, 0.2        

y  3.0M   3.2M   3.4M   

-0.5873 -0.9593 -0.9568 -0.9543 

-0.0873 0.1859 0.1814 0.1767 

0.4127 0.3015 0.2803 0.2611 

0.9127 -0.0447 -0.0297 -0.0164 

 

4.1. Velocity profile 

 The axial speeds determinedly show parabolic 
profiles, exhibiting that likewise with simply the flow of 
the viscous laminar channel. The greatest speed emerges 
at the channel centerline (for example at the best 
separation from the channel dividers, where friction is 
higher). Figures B2(a)–B2(f) illustrate the effects of M ,

1 , R , k , 1  and 2  on the fluid velocity. Illustrated 

Figure B2(a) detected that the velocity profile reduces 
due to an increase in M and the strength of Lorentz is 

protection in nature.  The impacts of 1  and R  on liquid 

velocity are shown in Figure B2(b) and Figure B2(c), 
and it is clear that the velocity field improves with higher 

values of 1  and R . The temperature rises as a result of 

raising the radiation parameter R-value. The R process 
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produces more heat, which enhances the temperature 
field. 

Figure B2(d) visualizes the influence EO parameter 
on axial velocity. There is a progressive reduction in axial 
flow with increasing EO parameter with greater 
transverse coordinates. Decreasing Debye length, 
therefore, results in a damping in the axial flow. The 
deceleration is induced by the electrokinetic body force. 
This damping is generally sustained quite strongly except 
for higher values of transverse coordinate where the upper 
microchannel wall is approached and the reverse trend is 
observed here i.e. acceleration in the axial flow. Figure 
B2(e) and Figure B2(f) accounts for the slip effect on 
velocity distribution. As the slip gets large the velocity 
rises near the boundaries whereas the overall effect of slip 
on u is increasing. 

Figure B2(d) analyzes that the axial velocity rises with 
an enhancement in the EO variable k . As the electro-
osmotic specification is complementary of EDL after that 
as enlarging k , the EDL thickness diminishes thereby 
bulk fluid flow rises. The osmotic-electro speed u is 
higher for some signs k  in the middlemost area of the 
channel. It demonstrates that an expansion in the stature 
of the microchannel and reduction in the Debye thickness 
causes an ascent in axial speed.  Figure B2(e) and Figure 
B2(f) depict that the impact of different slip parameters 

1  and 2 on the velocity profile. It is found that the 

velocity is radically climbed at the lower wall than that of 
the upper wall of the channels. 

 

4.2. Temperature profile 

 Figures B3(a)–B3(g) show the impact of M , 1 , R ,

k , A , 2  and Pr  on fluid hotness. Figure B3(a) 

highlights that for upgrading the size M , the behavior of 
temperature decreases. Figure B3(b) Figure B3(c) show 

the effects on 1  and R  on the heat profile. It is observed 

that the heat worth enhances through the higher values of 

1  and R . The inspiration k  on the thermal field is 

represented in Figure B3(d), we can notice that an 

increase k  affects the thermal field augmentation. 

Figure B3(e) shows an essential outcome of Pr  on the 
temperature profiles. It is noticed that the Brinkman 
quantity has an impulse to diminish the hotness in the 
micro-channel. It might be inferred that the fluid thermal 

conductivity decays by improving the Prandtl quantity. 
Since Pr is the ratio between momentum diffusivity and 
thermal diffusivity, the higher the velocity, the greater the 
Prandtl-enhanced temperature that will result. Figure 
B3(f) depicts that the temperature enhances when the 

effect of the slip parameter 2 increases. According to 

Figure B3(g), the liquid's hotness increases in direct 
proportion to a rise in Joule heating at the center of the 
channel, while it decreases near the wall.  

 

4.3. Nusselt number 

    Figures B4(a)–B4(h) depict the impact of sundry 

parameters such as M , R , k , Pr , Ec , 1  and 2
correspondingly on the size of heat convey coefficient. 
Figure B4(a) represents that the heat transfer rate 
increases for larger Hartmann numbers. The graphical 
results of the heat transfer rate are oscillatory in nature as 
a consequence of peristaltic activity at the walls. Figure 
B4(b) shows that the heat transfer coefficient depresses 
for larger values of the rotation parameter. It is noted that 
a larger EO number enhances the Nusselt number while 
opposite behavior is observed with the effect of pressure- 
driven osmotic parameter from Figure B4(c) and Figure 
B4(d). Figure B4(e) represents the heat transfer 
coefficient diminishes as the magnitude of larger values 
of the Prandtl number while the heat transfer coefficient 
rises when the increasing the values of the Eckert number 
from Figure B4(f). From Figures B4(g) and Figure 

B4(h), we can notice that an increase in 1 and 2  affects 

the heat transfer coefficient depresses. 

 

4.4. Shear stress 

  The pivotal shear stress appropriation  xyS  on the 

topsy-turvy (i.e. asymmetric) channel upper wall for 

various upsides of  M ,  1 ,  b ,  Q ,    and    
are presented in Figures B5(a)-B5(f). The Figures B5(a)-
B5(f) portrays that an absolute worth  of the stress of shear  

upgrades  with expanding of M , 1 , b , Q ,   and  . 

The stress behavior is in oscillatory  which might be 
because of peristalsis. In addition, the absolute upsides of 
shear pressure are bigger if there should be an occurrence 
of a Jeffery liquid when compared to Newtonian liquid.  
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4.5. Trapping phenomenon           

The captivating quality in fluid motion is demonstrated 
by the plotting of streamlines in Figures B6(a)-B6(d). A 
bolus is confined when a smooth-out is split under 
particular conditions, and it is transported along with the 
wave in the wave pattern-this process is referred to as a 
trap.  Figure B6(a) and Figure B6(b) show that the 
caught bolus is found to grow by improving M and 
consequently, the bolus size depressing with ascending of 

1  which is exposed in Figure B6(c) and Figure B6(d). 

 

5. Conclusions 

   Motivated by novel investigations in osmotic-electro 
micro-pumps an innovative mathematical representation 
has been conferred for the analysis of heat transmit on 
magneto peristaltic and electro-osmotic motion of a 
rotating Jeffrey fluid in an unsymmetrical micro-channel. 
Using approximations of creeping flow, the modeled 
equations have been interpreted. Closed-form solutions 
have been derived for stream function, axial velocity, 
temperature, Nusselt number and Shear stress. The 
behaviors of stream aspects are inspected through plots. 
Our results can be reviewed as: 

 The length of Debye is firmly dominated by the fluids 
of viscous conducting EOF within a non-uniform 
microchannel.  

 As increasing in rotation parameter, the temperature 
field enhances. 

 The temperature rises as the higher values of EOF. 

 The Nusselt number increases as the magnitude of 
larger values of EOF. 

 The Shear stress has oscillatory behavior. 

 

Nomenclature  

Symbol Description 

  1 2,a a  the left and right amplitude of micro-

asymmetric vessel (m) 

 ,b a   dimensionless right and left amplitude of micro-

asymmetric vessel   

 c          speed of the wave (m/s) 

 pc      specific heat ability (J/(kg. K))(Kelvin-1sec-2m2) 

  0 1,C C  solutal concentration at the left and right walls 

respectively 

 C   solutal concentration 

 d   width of 
1

2
 the channel (m) 

 xE
  applied field of electrical  

 E  potential of electric   

 E  dimensionless electric potential 

 e  primary charge 

 F  mean flows 

 Gr  Grashof number 

 g  acceleration due to gravity (ms-1)  

 k   permeability of porous walls (Darcy quantity) 
(W/mKelvin) 

 *k  coefficient of mean absorption (m-1) 

 L  slip variable  

 
2m  micro polar parameter 

 n  coupling number 

 ( , )p p  dimensional, & dimensionless pressures (kg/m.s2)  

 Pr  Prandtl number 

 rq  the radiative flux of unidirectional  

 0Q  dissipation function (kgm-1sec-3)  

 Rn  parameter of radiation 

 Re  Reynolds quantity  

 t  time (sec) 

 T  temperature (Kelvin) 

 mT  average temperature (Kelvin) 

  0 1,T T  the temperature at the left and right walls 

(Kelvin) 

 HSU  velocity of Smoluchowski-Helmholtz 

 ( , )u v  wave frame velocity components of ( , )x y  (m 

sec-1) 
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 ( , )U V  ixed frame velocity components of ( , )X Y  

 ( , )u v  dimensionless velocity components of ( , )x y  

 

 Greek symbols 

 0  nanofluid density at the reference temperature (

0T ) (kg/m3) 

 p  nanoparticle mass density (kg/m3) 

 f  nanoparticle fluid density (kg/m3) 

 e  electric charge density  

   fluid viscosity(kg m-1 sec-1)     

 vk  kinematic rotational viscosity (m2 sec-1)   

   wavelength(m) 

   1  Jeffrey fluid parameter 

 t  fluid volumetric thermal expansion (1/Kelvin) 

 c  fluid volumetric solutal expansion (m3/kg) 

 ef  thermal conductivity (W/(m. K)),  

 *  constant of Boltzmann-Stefan (W m-2 Kelvin-4) 

   medium dielectric permittivity (Fm-1) 

   potential of zeta (v) 

   difference of phase  

   concentration of solute  

 m  thermal diffusivity 

   coefficient of slip at the porous surface walls 

   parameter of heat source/sink  

   average flux of time  

   volume fraction of nanoparticle 

   parameter of osmotic-electro-osmotic  

   axial velocity of micro rotation  

   dimensionless temperature 

    stream function    

  wave number 
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Appendix B 

 
Figure B2(a): u for M . 

 
Figure B2(b): u  for

 1 . 

 
Figure B2(c): u for R . 

 
Figure B2(d): u for k . 

 

 

 

 

 

 
Figure B2(e): u for 1 .

 

 
Figure B2(f): u for 2 . 

 
Figure B3(a):   for M . 

 

 
Figure B3(b):  for 1 . 
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Figure B3(c):   for R . 

 
Figure B3(d):  for k . 

 
Figure B3(e):   for Pr . 

 
Figure B3(f):  for 2 . 

 
Figure B3(g):  for A . 

 
Figure B4(a): Nu  for M . 

 
Figure B4(b): Nu  for R . 

 
Figure B4(c): Nu for k . 
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Figure B4(d): Nu for oC .

 

 
Figure B4(e): Nu for Pr . 

 
Figure B4(f): Nu for Ec . 

 
Figure B4(g): Nu  for 1 . 

 
Figure B4(h): Nu for 2 .

 

 
Figure B5(a): xyS  for M . 

 
Figure B5(b): xyS  for 1 .

 

 
Figure B5(c): xyS  for R . 
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Figure B5(d): xyS  for k . 

 
Figure B5(e): xyS  for 1 . 

 
Figure B5(f): xyS for 2 .

 

 
Figure B6(a): Stream lines for 1.5M  . 

 
Figure B6(b): Stream lines for 1.6M  . 

 
Figure B6(c): Stream lines for 1 1.5  . 

 
Figure B6(d): Stream lines for 1 1.6  .
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