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Abstract The heat transfer of the combined magnetohydrodynamic (MHD) and elec-
troosmotic flow (EOF) of non-Newtonian fluid in a rotating microchannel is analyzed. A
couple stress fluid model is scrutinized to simulate the rheological characteristics of the
fluid. The exact solution for the energy transport equation is achieved. Subsequently,
this solution is utilized to obtain the flow velocity and volume flow rates within the flow
domain under appropriate boundary conditions. The obtained analytical solution results
are compared with the previous data in the literature, and good agreement is obtained.
A detailed parametric study of the effects of several factors, e.g., the rotational Reynolds
number, the Joule heating parameter, the couple stress parameter, the Hartmann num-
ber, and the buoyancy parameter, on the flow velocities and temperature is explored. It
is unveiled that the elevation in a couple stress parameter enhances the EOF velocity in
the axial direction.
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1 Introduction

Recently, microfluidic transport processes have attracted the attention of engineers due
to their prevalent applications in vast fields, e.g., micro-electro-mechanical systems (MEMS),
chemical separation equipments, biomedical diagnostic techniques, thermal management of mi-
croelectronic systems, biochemical engineering, cell retrieval processes, drug delivery biochip,
and particle sorting[1–5]. These applications may allow a broad range of operations, e.g., trans-
portation of bio-chemical and physiological fluids (blood, DNA solution, saliva, etc.), actuation
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and tool detection, and separation of species[6–7]. According to the electrostatic theory, the
essential thermo-chemical interaction between the microflow device/system charged boundary
and the electrolyte solution develops a particular charge distribution, including both the Stern
and diffuse layers. The combination of both the sub-layers represents the electric double layer
(EDL), which usually forms at the boundary of the solid-liquid interface. Subsequently, a fluid
flow takes place inside the EDL due to the applied electric body force known as electroosmotic
flow (EOF)[8].

Rotating nano/microfluidic platforms have many vital applications such as drug develop-
ment and point-of-care medical diagnostics[6,9]. Chang and Wang[10] studied the EOF of New-
tonian fluid through a rotating parallel plate-channel for the first time, developed exact so-
lutions for the velocity distribution and flow rates, and observed that the transverse velocity
existed due to the Coriolis force. Subsequently, several studies were carried out on the EOFs of
Newtonian fluid[11–12] and non-Newtonian fluid (e.g., viscoelastic fluid[13], power-law fluid[14],
Maxwell fluid[15], third-grade fluid[16], Eyring fluid[17], and couple stress fluid[18]) in rotational
microchannels. Some other related works pertaining to various geometrical configurations have
also been reported[19–22].

The study of fluid flow and thermal analysis in rotating microchannels with the electric and
magnetic field combination has gained significant consideration due to its sundry applications in
engineering and manufacturing systems, e.g., heat exchangers and cooling of electronic devices.
Researchers have recently observed that the imposed magnetic field can effectively reduce the
Joule heating effect compared with purely electroosmotic force. It was also identified that the
mixed MHD and EOF effects could improve the fluid flow rates in microchannels[23].

In many practical engineering applications, internal heat generation might create a serious
problem compared with EOFs because of the significant side effects of the temperature rise in
the microfluidic systems. Therefore, the thermal control of microscale and nanoscale devices has
become more critical and challenging due to the rapid extraction of heat in microchannels. Heat
transfer analysis is important in microfluidics at microscale, e.g., electronic device cooling[24]

and microchannel heat sink[25]. The first study on fully developed EOF thermal properties in
microchannels was carried out by Maynes and Webb[26]. They obtained a closed-form expression
for the temperature distribution by considering the Debye-Hückel approximation. Furthermore,
it was observed that the Joule heating parameter decreased the Nusselt number variation.
Horiuchi and Dutta[27] extended Maynes and Webb’s work. They considered the Joule heating
effects on the thermal analysis of the EOF in a microchannel, and obtained an analytical solution
of the thermal field of a microchannel by using the separation-of-variable method. Numerous
works have been reported in the literature with the consideration of non-Newtonian fluid models
of thermal properties on EOF by using different configurations[28–30].

The theory of traditional electrokinetic transport phenomena is dependent on the hypothesis
that the fluid particles do not have any internal structures, e.g., Newtonian fluid. However,
complex structure fluids such as polymer suspensions, liquid crystals, colloids, animal blood,
lubricants, cell suspensions, chemicals, and drugs are often manipulated in microfluidic equip-
ment. Couple stress fluids exhibit a prominent non-Newtonian behavior. In order to understand
the characteristics of these fluids, researchers established several theories. The basic theory of
microcontinua was developed by Stokes[31] at University of Delaware in 1966. Couple stress
fluids consist of important material properties, which makes them different from classical vis-
cous fluids. The couple stress fluid theory is the most straightforward generalization of the
Newtonian viscous theory. It allows for polar effects such as couple stresses, body couples, and
a non-symmetric stress tensor, and its rheological characteristics have many applications such
as separation of crude oil from petroleum products and electrostatics precipitation[32]. Ariman
and Cakmak[33] presented the analytical solutions of the Poiseuille and Couette flows by using
micropolar and couple stress theories. The authors clearly explained the boundary conditions
and their physical relevance in the context of these theories. Stokes[34] utilized his own model
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to describe the effects of couple stresses on an MHD flow. The interested readers can refer
to the excellent monograph on this theory in Ref. [35]. Recent modern technologies have led
researchers to work on various problems. Devakar et al.[36] reported the analytical solutions
of some fundamental flow problems such as simple Couette flow (purely shear driven flow),
Poiseuille flow (purely pressure driven flow), and generalized Couette flow. However, these
studies did not consider the electric field or electroosmotic effect on couple stress flows. The
first such study was conducted by Tripathi et al.[37] who obtained an exact solution to describe
the electric field as it could significantly enhance the transport rate in microfluidic devices.
Later, Misra and Chandra[38] explored the bio-fluid EOF through a circular microchannel. Re-
cently, Sinha et al.[39] performed a theoretical analysis on the heat transfer characteristics of
EOF through a rotating porous microchannel, considering the slip velocity at the walls. They
revealed that the blood flow in the rotating channel depended on the electroosmotic parameter
and the slip parameter. Sun et al.[40] analyzed the rotating heat transfer and entropy of the
viscous fluid EOF in a rectangular microchannel, and presented the heat transfer coefficient
and entropy generation variations in detail for the first time with respect to several physical
parameters.

Most of the works on the rotating heat transfer analyses of EOFs in the literature are
reported for Newtonian fluid. In this analysis, we use the analytical method to inspect the
steady MHD and EOF of a bio-fluid model in a rotating microfluidic channel by considering
the slip condition at the wall. We obtain an exact solution to get the velocity and temperature
variations inside the rotating microchannel. Then, we discuss the effects of several thermo-
physical parameters on the velocity, volume flow rates, and temperature distribution in detail.
Our current work highlights the magnetic and electric force importance in enhancing the flow
velocity and temperature distribution inside the microchannel. The present work has many
important applications in biomedical engineering.

2 Mathematical formulation and geometry description

In this analysis, we consider the steady MHD and EOF of a couple stress fluid in a ro-
tating microfluidic channel with a uniform temperature Tw at both porous walls (see Fig. 1).
We adopt the coordinate system in such a way that its origin coincides with the center of
the microfluidic channel with 2H being its height. The x′-axis is along the axial direction of
the microchannel. The y′-axis is towards the outside of the plane. The z′-axis is perpendicu-
lar to the parallel plates. We assume that the fluid is injected consistently into the lower plate of
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Fig. 1 Schematic sketch of the considered microfluidic channel (color online)
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the microchannel, and suction occurs at the upper plate. We consider the couple stress fluid
as an electrolyte solution in the rotating microchannel, which is uniformly charged with a zeta
potential ζ at the porous walls. We adopt the Navier-slip condition at the channel boundaries.
Further, we presume that the channel rotates about the z′-axis with a constant angular velocity
Ω = (0, 0,Ω). The flow is driven by an applied external electric field E = (Ex, 0, 0) along the
x′-axis. We assume that a constant and uniform magnetic field of the strength B = (0, 0, B0)
acts along the z′-axis.
2.1 Analysis of the EDL effects

Based on the electrostatic theory, the distribution of the net electric charge in the EDL can
be represented by the Poisson equation[18,41] as follows:

d2ψ′

dz′2
= −ρe

ε
, (1)

where ψ′ designates the electric potential, and ε represents the dielectric constant. The Boltz-
mann distribution for the charge density is given by

ρe = −2n0z0e sinh
( z0e

kBTab
ψ′

)
,

where n0 is the bulk concentration of the ions, e is the electron charge, z0 is the valence, kB is
the Boltzmann constant, and Tab is the absolute temperature.

We consider the Boltzmann distribution of ions, and use the Debye-Hückel linear approxi-
mation (typically when ψ′ 6 25mV) for the present transport process. The electrical potential
distribution inside the EDL can be represented as the Poisson-Boltzmann equation as

d2ψ′

dz′2
= κ2ψ′, (2)

where κ =
√

2n0e2z2
0

εkBTab
is the inverse of the Debye length. For getting the analytical expression

of Eq. (2) in the desired direction of the channel, we consider the equivalent potential at the
edges as follows:

ψ′|z′=±H = ζ. (3)

To minimize the physical parameters in Eq. (2), we define the following non-dimensional
quantities:

ψ = ψ′/ζ, z = z′/H, K = H/κ−1.

Then, the modified forms of Eqs. (2) and (3) are given by

d2ψ

dz2
= K2ψ, (4)

ψ(z)|z=±1 = 1. (5)

With Eq. (5), the electrostatic potential distribution within the flow domain is obtained as

ψ(z) =
cosh(Kz)
cosh K

. (6)
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2.2 Analysis of the velocity and energy fields
The momentum and energy equations for the present investigation in a rotational environ-

ment are given by[39,42–43]

υ0
du′

dz′
− 2Ωv′ = ν

d2u′

dz′2
− η

ρ

d4u′

dz′4
− εEx

ρ

d2ψ′

dz′2
− σB0

2u′

ρ
+ gβ∗(T ′ − Tmax), (7)

υ0
dv′

dz′
+ 2Ωu′ = ν

d2v′

dz′2
− η

ρ

d4v′

dz′4
− σB0

2v′

ρ
, (8)

ρcpυ0
dT ′

dz′
= kf

d2T ′

dz′2
+ σE2

x, (9)

where u′ and v′ are the velocity components along the axial direction and the transverse direc-
tion, respectively. ρ is the density of the fluid. η is the couple stress viscosity coefficient. υ0 is
the suction/injection velocity in the z′-direction. g is the acceleration due to gravity. β∗ is the
thermal expansion coefficient. T ′ is the fluid temperature. Tmax is the reference temperature.
σ is the electrical conductivity. cp is the specific heat at constant pressure. kf is the thermal
conductivity.

The terms −2Ωv′ and 2Ωu′ appearing in Eqs. (7) and (8) are due to the rotational effects.
The terms − εEx

ρ
d2ψ′

dz′2 , −σB0
2u′

ρ , and −σB0
2v′

ρ in Eqs. (7) and (8), respectively, signify the effects
of the applied electric force and the magnetic force in the axial and transverse directions. The
penultimate term gβ∗(T ′ − Tmax) in Eq. (7) signifies the body force due to thermal convection.
The term σE2

x in Eq. (9) characterizes the Joule heating effect. We adopt the following boundary
conditions for the present analysis[18,44–45]:

(
u′ + β′1

du′

dz′

)∣∣∣∣
z′=H

= 0,
(
v′ + β′1

dv′

dz′

)∣∣∣∣
z′=H

= 0, (10)

(
u′ − β′2

du′

dz′

)∣∣∣∣
z′=−H

= 0,
(
v′ − β′2

dv′

dz′

)∣∣∣∣
z′=−H

= 0, (11)

d2u′

dz′2

∣∣∣∣
z′=±H

=
d2v′

dz′2

∣∣∣∣
z′=±H

= 0, (12)

T ′|z′=H = Tw,
dT ′

dz′

∣∣∣∣
z′=0

= 0, (13)

where β′1 and β′2 are the slip coefficients at the upper and lower walls, respectively. We define
the following non-dimensional variables for describing the physical problem into a minimum
number of quantities:





u =
u′

UHS
, v =

v′

UHS
,

T =
T ′ − Tmax

Tw − Tmax
, β1 =

β′1
H

, β2 =
β′2
H

,

where β1 and β2 are the slip parameters at the top and bottom walls, respectively. T is the
non-dimensional temperature. UHS is the reference EOF velocity, and UHS = − εExζ

µ .
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Therefore, the dimensionless governing equations take the following forms:

d4u

dz4
− γ2 d2u

dz2
+ SReγ2 du

dz
− 2ωγ2v + Ha2γ2u = K2γ2ψ + λγ2T, (14)

d4v

dz4
− γ2 d2v

dz2
+ SReγ2 dv

dz
+ 2ωγ2u + Ha2γ2v = 0, (15)

d2T

dz2
− SRePr

dT

dz
= −J. (16)

To find the solution of the system of Eqs. (14) and (15), we consider the special type of complex
function transformation χ(z) = u(z) + iv(z) in this analysis.

Therefore, Eqs. (14) and (15) and the respective boundary conditions take the following
forms:

d4χ

dz4
− γ2 d2χ

dz2
+ SReγ2 dχ

dz
+ γ2(2ωi + Ha2)χ = K2γ2 cosh(Kz)

cosh K
+ λγ2T, (17)

(
χ + β1

dχ

dz

)∣∣∣∣
z=1

= 0,
(
χ− β2

dχ

dz

)∣∣∣∣
z=−1

= 0, (18)

d2χ

dz2

∣∣∣∣
z=±1

= 0, T |z=1 = 1,
dT

dz

∣∣∣∣
z=0

= 0, (19)

where





S =
υ0

UHS
, Re =

UHSH

ν
, γ =

√
µ

η
H, ω =

Ωη2

ν
,

Ha =
√

σ

µ
B0H, Gr =

gβ∗H3(Tw − Tmax)
ν2

, λ =
Gr

Re
.

In the above equations, S is the suction parameter, Re is the Reynolds number, γ is the
couple stress parameter[18,31,46], ω is the rotating Reynolds number in which ν is the kinematic
viscosity[10,18,47], Ha is the Hartmann number, Gr is the Grashof number, λ is the buoyancy
parameter, J is the Joule heating parameter, and Pr is the Prandtl number.

Therefore, the analytical solutions of the temperature distribution (see Eq. (16)) and velocity
(see Eq. (17)) under the preceding boundary conditions are given by

T (z) = C1 + C2eδz +
J

δ
z, (20)

χ(z) = C3e−α1z + C4e−α2z + C5eα3z + C6eα4z

+
K2A

2 cosh K

( eKz

K4 −AK2 + BK + C
+

e−Kz

K4 −AK2 −BK + C

)

+
λAC1

C
+

λAC2

δ4 −Aδ2 + Bδ + C
eδz +

λAJ

δC

(
z − B

C

)
, (21)
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where the algebraic representations of C3, C4, C5, and C6 are very lengthy, and




δ = SRePr, A = γ2, B = SReA, C = A(2ωi + Ha2), C1 = 1− J

δ
+

J

δ2
eδ,

C2 = − J

δ2
, J =

σE2
xH2

kf (Tw − Tmax)
, P r =

µcp
kf

, α1 = σ3 + σ2,

α2 = σ3 − σ2, α3 = σ3 − σ1, α4 = σ3 + σ1,

σ1 =
(12Aσ

1/3
6 σ5 −A2σ5 − 9σ

2/3
6 σ5 − 12Cσ5 − 3

√
6B

√
3
√

3σ7 − 2A3 + 27B2 + 72AC)1/2

σ4
,

σ2 =
(12Aσ

1/3
6 σ5 −A2σ5 − 9 σ

2/3
6 σ5 − 12Cσ5 + 3

√
6B

√
3
√

3σ7 − 2A3 + 27B2 + 72AC)1/2

σ4
,

σ3 =
σ5

6σ
1/6
6

, σ4 = 6σ
1/6
6 (12C + 9σ

2/3
6 + A2 + 6Aσ

1/3
6 )1/4,

σ5 = (12C + 9σ
2/3
6 + A2 + 6Aσ

1/3
6 )1/2, σ6 =

√
3σ7

18
− A3

27
+

B2

2
+

4AC

3
,

σ7 = (−16A4C − 4A3B2 + 128A2C2 + 144AB2C + 27B4 − 256C3)1/2.

Nevertheless, here we do not include these constant values in the analysis for conciseness in the
presentation.

The corresponding axial (Qx) and transverse (Qy) volume flow rates in the microchannel
are

Q = Qx + iQy =
∫ 1

−1

χdz. (22)

3 Results and discussion

3.1 Validation of the present model
To demonstrate the accuracy of the theoretical model in the current study, we compare

the acquired analytical solution of the velocity distribution by considering S = λ = Ha = 0,
K = 10, ω = 1, and γ = 140 with the exact solution given by Chang and Wang[10] under the
no-slip boundary condition (β1 = β2 = 0) for the rotating EOF between the parallel plates of
the Newtonian fluid (see Fig. 2). It can be seen that the present results agree well with those
in the literature. This validates that our analytical solution is effective and feasible.
3.2 Parameter selection

To describe the effects of the physical parameters on the EOF and heat transfer characteris-
tics graphically, we choose the following values for the parameters obtained in the mathematical
formulation. Based upon Refs. [39], [48], and [49], the typical values of the parameters consid-
ered in the present analysis are as follows:





H ∈ [0 µm, 100 µm], µ = 3.2× 10−3 kg/(m · s),

kf = 2.2× 10−3 W/(m ·K), cp = 14.65 J/(kg ·K),

B0 ∈ [0.01T, 5T], σ ∈ [2.2× 10−4 S/m, 4× 103 S/m],

where H is the half-height of the microchannel, µ is the viscosity of the fluid, cp is the specific
heat at constant pressure, and B0 is the magnetic field. The range of the electroosmotic pa-
rameter K is assumed to vary from 0 to 30 for the present study[6,10]. The buoyancy parameter
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λ is taken to be of the order of 10[39,42]. The dimensionless Hartmann number Ha is between
0 and 0.5[47–48]. The dimensionless couple stress parameter γ varies from 0 and 10[18,46]. The
dimensionless rotational speed ω varies from 0 to 5[18,47]. The Prandtl number Pr is between
20 and 25[39]. The Joule heating parameter J is from 0 to 0.5[39].
3.3 Effects of the couple stress parameter

In Fig. 3, we can observe the importance of the couple stress parameter γ on the flow velocity
under the effects of both the electric field and the magnetic field. Figure 3(a) shows that the
axial velocity distribution is enormously augmented by increasing the numeric values of γ. The
effects of γ on the transverse velocity are plotted in Fig. 3(b). The increase in the transverse
velocity is observed with increasing the values of γ. This may be due to the decrease in the
values of the couple stress coefficient η as it decreases when γ increases. The further increase
in γ indicates the decrease in the couple stress coefficient. When the couple stress coefficient η
tends to zero (i.e., when the couple stresses are absent), Eqs. (7) and (8) reduce to the Navier-
Stokes equation. Therefore, we can conclude that the absence of the couple stresses in the fluid
medium enhances the flow velocity.
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Fig. 3 Variations of the (a) u-axial and (b) v-transverse velocities for diverse values of γ when λ = 10,
Re = 0.01, S = 0.5, J = 0.1, P r = 21, ω = 1, K = 10, β1 = β2 = 0.1, and Ha = 0.5 (color
online)
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3.4 Effects of the Hartmann number
Figure 4 illustrates the responses of the velocity distributions of the MHD and EOF for di-

verse values of the Hartmann number Ha. This number characterizes the ratio of the Lorentzian
magnetic drag force (generated due to an interaction between the magnetic field induction and
the electric current density) to the viscous force. It is witnessed from Fig. 4(a) that the fluid ve-
locity diminishes with the increase in Ha in the axial direction. This is because of the magnetic
force, which has a retarding effect on the primary flow velocity. Further, at higher Ha values,
the reduction in the flow velocity is greater. Similar behavior can be seen in the secondary
flow velocity with various Ha values, as demonstrated in Fig. 4(b). Overall, from Figs. 4(a) and
4(b), it is identified that the parameter Ha has a considerable retarding effect on the secondary
flow as compared with the primary flow.
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Fig. 4 Variations of the (a) u-axial and (b) v-transverse velocities for diverse values of Ha when
λ = 10, Re = 0.01, S = 0.5, J = 0.1, P r = 21, ω = 1, K = 10, β1 = β2 = 0.1, and γ = 3
(color online)

3.5 Effects of the rotating fluid speed
One of the important parameters of the current work is the Coriolis force-based parameter,

i.e., the rotating Reynolds number ω. Figure 5 highlights the variations of the axial and
transverse velocity profiles for various values of ω (= 0, 0.5, 1, 1.5, 2). From Fig. 5(a), it is
perceived that the axial velocity diminishes across the microchannel, and it is parabolic in
nature. Significantly, the profiles are constricted with the increase in the Coriolis force (higher
values of ω). This decrease is mainly because the exchange of the streamwise flow strength
drives the induced flow. This perception is compatible with the results published by Chang
and Wang[10]. Next, it is noticed from Figs. 4(a) and 5(a) that the effects of the Coriolis force
(when 1 < ω < 2) on the velocity are greater than those of the magnetic force. Conversely, the
transverse velocity (see Fig. 5(a)) is increased (especially in the core-region) with the increase
in ω. Further, a small change in the magnitude is noticed as compared with the axial velocity
profiles. Overall, from Figs. 5(a) and 5(b), it is noticed that the effects of ω on the secondary
flow are significant as compared with the primary flow.
3.6 Effects of the buoyancy parameter

The changes of the axial and transverse velocities concerning the buoyancy parameter λ can
be seen in Fig. 6. This parameter signifies the relation between the temperature and velocity
distributions. It is clearly identified from Figs. 6(a) and 6(b) that both the primary and induced
velocity profiles consistently enhance with respect to λ. The physical meaning behind this is that
the increase in λ is due to the differences of gravity and temperature between the channel walls.
Also, it is noticed that the maximum velocity is attained in the core-region of the microchannel
and the velocity profiles have a parabolic nature for higher values of λ.
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3.7 Effects of the slip parameter at the top wall
Figure 7 shows the combined rotating MHD and EOF velocity variations for various values

of the slip parameter β1 at the top wall z = 1 of the microchannel. It is noticed from Figs. 7(a)
and 7(b) that increasing the values of β1 tends to elevate the mixed flow velocity in both
directions. It may be mentioned here that the presence of a slip factor near the top wall of the
microchannel has a potential effect on the flow velocity distribution of the EDL in the channel.
The maximum velocity occurs due to the large substantial slip velocity. We can also observe
that the streamwise velocity variation near the bottom wall (z = −1) is insignificant compared
with the induced velocity variation at the same wall for several values of β1. The presence of
the slip velocity plays a prominent role in the transportation of ions inside the EDL. Also, the
combination of the slip velocity and the EDL ion mobility plays a significant role in the energy
transfer efficiency.
3.8 Effects of the slip parameter at the bottom wall

Figure 8 elucidates the combined rotating MHD and EOF velocity variations for various
values of the slip parameter β2 at z = −1 of the microchannel. It can be seen that the flow
velocity modestly enhances when β2 increases. The physical interpretation of Fig. 8 is the same
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as that explored for the slip parameter β1, but everything happens in reverse for β2.
3.9 Variations of the volume flow rates in the microfluidic channel

One of the important quantities of interest in microchannel flow problems is the volume
flow rates. Here, we attempt to describe the variations of the flow rates in the primary and
secondary directions with increasing the values of ω.

Figure 9 elucidates the volume transport responses as a function of the electroosmotic pa-
rameter K for diverse values of ω. One may notice from Fig. 9(a) that the axial flow rate
decreases with the increase in ω. Further, it is found that the flow rate achieves a steady
behavior in the microchannel for large values of K. From Fig. 9(b), one can notice that the
volume flow rate in the transverse direction increases when ω 6 1.5 and subsequently decreases
when ω > 2. Overall, from both the figures, it is perceived that the volume flow rate in the
axial direction is larger than that in the transverse direction.

Now, we explain the effects of γ on the volume flow rates in both directions as shown in
Figs. 10(a) and 10(b). It is more apparent from these plots that the volume flow rates increase
when γ increases. A similar trend is found in the transverse direction. Overall, from Figs. 10(a)
and 10(b), it is pointed out that γ has a retarding effect on the secondary flow as compared
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with that on the primary flow. After examining the effects of ω and γ on the volume flow rates,
we will highlight the effects of Ha on the axial and transverse flow rates.

Figures 11(a) and 11(b) show that both the flow rates decelerate as Ha increases.
From Figs. 9, 10, and 11, it is pointed out that the Hartmann number has a strong retarding

effect on the control of the volume flow rates.
3.10 Thermal characteristics

After exploring the effects of several physical parameters on the MHD and EOF velocities and
volume flow rates, we would like to describe the temperature distribution variations concerning
Pr and J now. Figure 12 presents the thermal distribution depending on Pr. It is clearly
understood from this figure that by increasing Pr, the temperature is increased. The physical
meaning behind this is the rapid mobility of ions inside the channel due to the combined applied
body forces from the magnetic and electric fields.

The responses of temperature for J are depicted in Fig. 13. It is clearly identified that the
temperature distribution increases with the increase in J. This is because of high conductivity,
which means that an external electric field is applied across the electrolyte solution, i.e., the
couple stress fluid in the channel.
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4 Conclusions

In the present analysis, we have formulated a mathematical model to describe the thermal
characteristics on the MHD and EOF of the couple stress fluid in a rotating microchannel under
a slip boundary condition at both the walls. We obtain an exact solution for the temperature
and velocity distributions inside the channel by using the Debye-Hückel linear approximation.
Compared with the known analytical results for Newtonian fluid, the present theoretical analysis
is proven to be effective and correct. The effects of several physical parameters are discussed
thoroughly. In most cases, both velocity profiles achieve symmetrical distributions about the
axis of the channel. The major outcomes of the current examination are outlined as follows.

(i) The MHD and axial EOF velocities decrease towards the central region of the flow
domain for higher values of the rotational Reynolds number due to the Coriolis force effect.
This phenomenon is due to the rotational effects of suppressing the axial velocity and elevating
the transverse velocity.

(ii) The MHD and EOF velocity fields are remarkably affected by increasing the numerical
values of the couple stress parameter. This is because both the electric force and the magnetic
force drive the flow in both directions, as the couple stresses are continuously trying to oppose
the microchannel fluid flow.
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(iii) For higher values of the Hartmann number, the Lorentz force plays a more critical role
in the fluid motion than the Coriolis force does. The Lorentz force creates a resistive force
on the couple stress fluid in the channel, which retards the velocity in both the axial and the
transverse directions.

(iv) The rotating MHD and EOF velocities increase with an enhancement in the buoyancy
parameter due to the differences of gravity and temperature between the channel walls.

(v) The temperature of the fluid in a rotating microchannel increases with the Prandtl
number and the Joule heating parameter.

The present investigation can be extended to include the steric and visco-electric effects on
the EOF. Further, we would like to focus on the non-uniform zeta potential along the plates of
the microchannel.
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