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The analysis of entropy generation mechanism is very important to optimize the second-law perfor-
mance of these energy conversion devices in micro-scale. The entropy generation of electro-osmotic flow
in two-dimensional open-end and closed-end micro-channels is analyzed and a rigorous mathematical
model for describing electro-osmotic flow is used in this paper. The entropy generations of electro-
osmotic flow due to heat conduction, viscous dissipation and Joule heating are numerically simulated.
The results show that the volumetric entropy generation rates due to heat conduction and viscous
dissipation exist the maximum value near the micro-channel wall, and the volumetric entropy gener-
ation rate due to Joule heating exists the maximum value at the center of the micro-channel. Because of
the effect of Joule heating, the heat conduction entropy generation number and Joule heating entropy
generation number increase with the applied electric field, and the entropy generation of viscous
dissipation can be neglected in the open-end and closed-end electro-osmotic flow. When the temper-
ature difference between the inlet and the top wall is larger than the temperature increment due to Joule
heating, the electro-osmotic flow entropy generation due to heat conduction will take the major percent
in the total entropy generation. When the temperature increment due to Joule heating is larger than the
temperature difference between the inlet and the top wall, the electro-osmotic flow entropy generation
due to Joule heating will take the major percent in the total entropy.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

During the last decade, the interest in the entropy generation
minimization technique has experienced a huge growth for the
thermal analysis of the flow systems in engineering devices [1,2].
Analysis of heat and fluid flow in micro-scale is of great importance
not only for playing a key rule in the biological systems [3–5], but
also for its application in cooling electronic equipment [6,7].
Understanding the flow and heat transfer in microscale is useful for
the design [8,9], the fabrication and the operation of these micro-
devices [10].

Some of the MEMS, such as micro-ducts, micro-nozzles, micro-
pumps, micro-turbines and micro-valves, involve fluid flow. The
micro-channels of micro-devices are defined as flow passages
which have the hydraulic diameters in the range of 10w200 mm.
The modeling of flow field in micro-channels should be predicted
with a special attention to the effects of friction, roughness,
rarefaction, compressibility, transition from laminar to turbulent,
channel size, channel geometry and fluid type. The second law of
son SAS. All rights reserved.
thermodynamics has extensive application in problems involving
heat transfer and fluid flow. Entropy generation is associated with
thermodynamic irreversibility, which is present in all heat transfer
and fluid flow processes. In the recently published paper, Erbay
[11] analyzed the entropy generation in parallel plate micro-
channels and got the conclusion that the entropy generation at the
inlet and near the wall is larger, but no entropy is generated at the
centerline of the duct for all values of group parameters. Hung [12]
examined the viscous dissipation effect on entropy generation in
a single-phase liquid flow in micro-channels. The results show
that under certain conditions, the effect of viscous dissipation on
entropy generation in micro-channel is significant and should not
be neglected. Hooman [13] investigated the heat transfer and
entropy generation for forced convection through a micro-duct of
rectangular cross-section. Wang and Peng [14] and Peng et al. [15]
have conducted an experimental investigation for a series of
rectangular micro-channels to analyze the influence of liquid
velocity, sub-cooling, property variations and micro-channel
geometric configuration on the thermohydraulic characteristics.
Their results show that all the parameters have significant influ-
ence on the heat transfer performance, cooling characteristics and
liquid flow mode transition. Hetsroni et al. [16] discussed the
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Nomenclature

Cp specific heat, J kg�1 K�1

e elementary charge, C
E applied electric field intensity, V m�1

H height, m
k thermal conductivity, W m�1 K�1

kb Boltzmann constant, J K�1

L length, m
Ns total entropy generation number
Nsc entropy generation number due to heat conduction
Nsf entropy generation number due to viscous dissipation
Nsj entropy generation number due to Joule heating
nþ concentration of positive ion, m�3

n� concentration of negative ion, m�3

n0 bulk concentration of ions, m�3

p pressure, Pa
P dimensionless pressure
Q total heat transfer rate of the system, W
Qj Joule heating, W m�3

_S%
gen;c volumetric entropy generation rate due to heat

conduction, W m�3 K�1

_S%
gen;f volumetric entropy generation rate due to viscous

dissipation, W m�3 K�1

_S%
gen;c volumetric entropy generation rate due to Joule

heating, W m�3 K�1

S%
gen total heat transfer rate of the system, W m�3 K�1

Sc
G total entropy generation due to heat conduction,

W K�1

Sf
G total entropy generation due to viscous dissipation,

W K�1

Sj
G total entropy generation due to Joule heating, W K�1

SG total entropy generation, W K�1

T temperature, K
u axial velocity, m s�1

us Smoluchowski slip velocity, m s�1

U dimensionless axial velocity
x axial coordinate
X dimensionless axial coordinate
y transverse coordinate
Y dimensionless transverse coordinate
Zþ valence of the positive ion
Z� valence of the negative ion
3r dielectric constant of the fluid
30 permittivity of vacuum, C V�1 m�1

l electric conductivity of the fluid, m�1 S
lþ electric conductivity of nþ,$m2 S mol�1

l� electric conductivity of n�,$m2 S mol�1

hþ mole concentration of cation in the electrolyte, mol/L
h� mole concentration of anion in the electrolyte, mol/L
m viscosity, Pa s
r density, kg m�3

re net electric charge density, C m�3

j electrostatic potential, V
2 zeta potential, V
_g viscosity dissipation source item

Subscripts
þ positive
� negative

y

x
Tin

Electro-osmosis velocity
Tw

Fig. 1. Schematic of open-end micro-channel electro-osmotic flow.
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effect of viscous dissipation which may lead to drastic change of
flow and temperature fields in micro-channels under certain
conditions. It is validated from previous studies that the effect of
viscous dissipation is significant in the first law analysis of fluid
transport in micro-channels, in which the main concern is the flow
and temperature distributions. Marco [17] researched how to
implement a rigorous quantitative assessment of mixing quality in
micro-fluidic devices. Xuan and Li [18] analyzed the electro-kinetic
energy conversion. Hooman and Gurgenci [19] researched the
influence of temperature-dependent viscosity on forced convec-
tion of a liquid through a parallel plate porous channel. The results
show that the fully developed velocity and temperature differ
substantially from constant property counterparts. Hooman et al.
[20] studied the entropy generation for forced convection in
a porous channel with isoflux or isothermal walls. Entropy
generation for forced convection in a porous saturated circular
tube and porous-saturated ducts of rectangular cross-section are
investigated in Ref. [21,22]. Hung [23] systematically researched
the viscous dissipation effect on entropy generation for non-
Newtonian fluids in micro-channels.

To the best knowledge of the author, the systemic entropy
analysis of electro-osmotic flow in the open-end and closed-end
micro-channels has been reported rarely. In this paper, the local
entropy generation of electro-osmotic flow due to heat conduction,
viscous dissipation and Joule heating in the open-end and closed-
end micro-channels are investigated. The effects of the applied
electric field intensity and the temperature difference between the
inlet and the top wall on the electro-osmotic flow entropy gener-
ation are studied respectively.
2. Mathematical formulae and method of simulation

Most surfaces acquire a certain amount of electrostatic charges
when brought in contact with aqueous solutions [24]. The presence
of such surface charges on the micro-channel surface will cause
both counter-ions and co-ions in the liquid to be preferentially
redistributed, leading to the formation of the electric double layer
[25]. According to the electric double layer theory, the electrical
potential in the diffuse part of the EDL is described by the Poisson
equation, which is expressed as:
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Fig. 2. Schematic of closed-end micro-channel electro-osmotic flow.

L. Zhao, L.H. Liu / International Journal of Thermal Sciences 49 (2010) 418–427420
v

vxj

"
3r

vj

vxj

#
¼ �re

30
(1)

where 3r is the dielectric constant of the electrolyte, 30 is the
permittivity of vacuum, and j is the electrical potential of the EDL.
The net charge density is given by

re ¼ eðZþnþ þ Z�n�Þ ¼ �2jZ�jen0sinh
�
jZ�jej

kbT

�
(2)

where Z is the valence of the ion, kb is the Boltzmann constant, and
e is the elementary charge.

In comparison to the flow driven by pressure, the electro-
osmotic flow is driven by the applied electric field acting on the net
ions in the diffuse part of the EDL. When an external electric field is
applied along the streamwise direction, the ionized incompressible
steady flow with electro-osmotic body forces is governed by the
modified Navier–Stokes equations:

v
�
rujui

�
vxj

¼ v

vxj

 
mðTÞvui

vxj

!
� vp

vxi
þ reE (3)

where the liquid in micro-channel is NaCl electrolyte solution. The
liquid density r is 998 kg=m3, the liquid viscosity mðTÞ is consid-
ered as a function of temperature expressed by mðTÞ ¼
2:761� 10�6expð1731=TÞ [26], and E is the applied electric field
intensity.
Fig. 3. Temperature distribution in
Similar to Ref. [27], the effects of varying electric conductivity on
the applied electric field strength and the Joule heating generated
by the convection electric current are neglected in this paper.
According to the Ohm’s law, when considering Joule heating the
modified energy equation is expressed as:

v
�
rCpujT

�
vxj

¼ v

vxj

 
kðTÞvT

vxj

!
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2
m _g2 þ E2$lðTÞ (4)

where the viscosity dissipation term is jgj ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðvui=vxj þ vuj=vxiÞ2 � 4=3ðvuk=vxkÞ2�

q
[28], the specific heat Cp is

4180:3 J=ðkg KÞ, and the thermal conductivity of the liquid kðTÞ is
considered as a function of temperature expressed by kðTÞ ¼ 0:6
þ2:5� 10�5 T [26].

The liquid electric conductivity is expressed as
l ¼ lþðTÞhþ þ l�ðTÞh�, where the cation conductivity of the liquid
lþðTÞ is considered as a function of temperature expressed by
lþðTÞ ¼ lþ0 þ 7:453lþ0ðT=298:13� 1Þ, and the anion conductivity
of liquid l�ðTÞ is similarly considered as a function of temperature
expressed by l�ðTÞ ¼ l�0 þ 7:453l�0ðT=298:13� 1Þ. The cation
electric conductivity at room temperature is lþ0 ¼
50:08� 10�4 m2S=mol, the anion electric conductivity at room
temperature is l�0 ¼ 76:31� 10�4 m2S=mol [26]. hþ and h�
respectively denote the mole concentration of cations and anions.

Figs. 1 and 2 show the schematic sketch of the physical situation,
which consist of two parallel plates that are made of silicon glass
exhibiting electro-osmotic effects and separated by a distance, H,
and the length of the micro-channel is L. The micro-channel is filled
with an ionized solution. The two closed-end walls are modeled as
electrodes in the closed-end micro-channel and it is assumed that
there is no EDL formation on the electrodes at the closed-end wall.

In a conventional electro-osmotic flow through an open-end
micro-channel, the applied electric field interacting with the net
ions in the diffuse layer of the EDL causes the liquid to move near
the wall. Due to liquid viscosity, the movement of the ions will pull
the liquid molecules along, leading to a plug-like velocity distri-
bution at the developed condition. During electro-osmotic flow
through a closed-end micro-channel, as the fluid layer at the EDL
region flows towards the end of the channel where the fluid axial
velocity becomes zero, the fluid gradually slows down and thus
induces a pressure distribution in the channel. This causes the fluid
to move in the radial direction towards the center region of the
channel and flow through the center core of the cross-section area
to ensure zero net flow, which result in two circulating flows in the
whole closed-end micro-channel. Fig. 2 presents the overall sche-
matic of an electro-osmotic flow through a closed-end micro-
the open-end micro-channel.



U

0 5 10 15 20 25
0

0.2

0.4

0.6

0.8

1

Y (μμm)

Fig. 4. Dimensionless velocity distribution at the central of the open-end micro-
channel.
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channel. The velocity profile of the flow in the fully developed
region is also shown in Fig. 2, where the two peaks of the flow near
the wall are due to the electro-osmotic force and the flow at the
center core region is due to the induced backpressure.

As shown in Figs. 1 and 2, due to symmetry only the top half of
the geometry is modeled. The boundary condition for electro-
osmotic flow in the closed-end micro-channel is specified below:

at x ¼ 0 : u ¼ 0; v ¼ 0;
vj

vx
¼ 0; Tin ¼ 298 K;

at x ¼ L : u ¼ 0; v ¼ 0;
vj

vx
¼ 0; Tout ¼ 298 K;

at y ¼ 0 :
vu
vy
¼ 0; v ¼ 0;

vj

vy
¼ 0;

vT
vy
¼ 0;

at y ¼ H
2

: u ¼ 0; v ¼ 0; j ¼ z; Tw ¼ 298 K
Fig. 5. Distribution of the volumetric entropy generation rate
Similarly, the boundary condition for electro-osmotic flow in the
open-end micro-channel is specified below:

at x ¼ 0 :
vu
vx
¼ 0; v ¼ 0; j ¼ 0; Tin ¼ 298 K;

at x ¼ L :
vu
vx
¼ 0;

vv
vx
¼ 0;

vj

vx
¼ 0;

vT
vx
¼ 0;

at y ¼ 0 :
vu
vy
¼ 0; v ¼ 0;

vj

vy
¼ 0;

vT
vy
¼ 0;

at y ¼ H
2

: u ¼ 0; v ¼ 0; j ¼ z; Tw ¼ 298 K

Generally speaking, the electro-osmotic flow in the micro-
channel is laminar, according to the method adopted in Ref. [29],
the local volumetric entropy generation rate due to heat conduction
is determined as:

S%
gen;c ¼

k
T2ðVTÞ2 (5)

where k is the thermal conductivity of the liquid, and T is the local
temperature. The local volumetric entropy generation rate due to
viscous dissipation is defined as:

S%
gen;f ¼

m

T

(
2

"�
vu
vx

�2

þ
�

vv
vy

�2
#
þ
�

vv
vy
þ vu

vx

�2
)

(6)

where m is the viscosity of the liquid. The local volumetric entropy
generation rate due to Joule heating is described as:

S%
gen;j ¼

Qj

T
(7)

where Qj ¼ E2$lðTÞ is the Joule heating. The volumetric entropy
generation rate per unit volume in the micro-channel can be
written as:

S%
gen ¼ S%

gen;c þ S%
gen;f þ S%

gen;j (8)

The total entropy generation due to the heat conduction, viscous
dissipation and Joule heating can be derived by integrating Eqs.
(5)–(7) over volume as follows:
due to heat conduction in the open-end micro-channel.
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Fig. 6. Distribution of the volumetric entropy generation rate due to viscous dissipa-
tion at the central region of open-end micro-channel.

Table 1
The entropy generation of electro-kinetic flow under different micro-channel
heights and ratios of micro-channel length and height in the open-end micro-
channel.

L/H H ¼ 25 mm H ¼ 50 mm

Sc
G(W K�1) Sj

G(W K�1) Sf
G(W K�1) Sc

G(W K�1) Sj
G(W K�1) Sf

G(W K�1)

10 1.1� 10�3 5.7� 10�6 1.4� 10�5 9.9� 10�3 7.5� 10�4 2.0� 10�6

100 4.6� 10�2 1.9� 10�3 2.0� 10�5 1.9� 10�1 3.2� 10�2 8.8� 10�6
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Sc
G ¼

Z
V

S%
gen;cdV (9)

Sf
G ¼

Z
V

S%
gen;f dV (10)

Sj
G ¼

Z
V

S%
gen;jdV (11)

The total entropy generation in the micro-channel considering
here is

SG ¼ Sc
G þ Sf

G þ Sj
G (12)

The entropy generation number is often used to evaluate the
irreversibility of the process in the second law analysis of heat
transfer and flow processes. In the following analysis, the entropy
generation numbers of the electro-osmotic flow due to heat
conduction, viscous dissipation and Joule heating are defined
respectively as:
Fig. 7. Distribution of the volumetric entropy generation rat
Nsc ¼
Sc

GT0

Q
(13)

Nsf ¼
Sf

GT0

Q
(14)

Nsj ¼
Sj

GT0

Q
(15)

where Q is the total heat transfer rate of the system, which is
calculated by the heat transfer rates of the top wall, the bottom
wall, the inlet region and the outlet region of the micro-channel.
The total entropy generation number of the system can be
written as:

Ns ¼ Nsc þ Nsf þ Nsj ¼
SGT0

Q
(16)

The numerical solutions to equations (1)–(4) subject to the
above boundary conditions were obtained based on a control-
volume method detailed by Patankar [30] using FORTRAN
language. In this procedure, the domain was discretized by a series
of control volumes, each containing a grid point. The differential
equation was expressed in an integral form over the control
volume, leading to a system of algebraic equations that could be
solved in an iterative manner. Pressure–velocity coupling was
handled by the SIMPLER formulation as described by Patankar [30].
The computation began with guessing the pressure field and
solving the momentum equations to obtain the velocity field. The
continuity equation was then used to obtain the corrected pressure
field, which was used as a new guess. A grid-independent test is
carried out to ensure that the chosen grid system can produce grid-
independent solutions.
e due to Joule heating in the open-end micro-channel.



Fig. 8. Temperature distribution in the closed-end micro-channel.
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3. Results and discussion

3.1. Volumetric entropy generation rate distribution of electro-
osmotic flow in open-end micro-channel

This part of paper researches the local volumetric entropy
generation rates of heat conduction, viscous dissipation and Joule
heating in the open-end electro-osmotic flow. The applied electric
field is 500 V=cm, zeta potential 2 is 150 mV, the ion concentration
is 10�3 mm, the dielectric constant of the electrolyte 30 is
8:85419� 10�12 C V�1 m�1, the permittivity of vacuum 3r is 79, the
micro-channel height is H ¼ 50 mm, and the micro-channel length
is L ¼ 500 mm. The dimensionless form of the variable U ¼ u=us is
used to present the results. Here, us is the Smoluchowski slip
velocity [31] defined as us ¼ 3r302E=m. The Smoluchowski slip
velocity is 5:87� 10�3 m=s in this paper.

The temperature and velocity distributions of electro-kinetic
flow in the open-end micro-channel are shown in Figs. 3 and 4. The
local volumetric entropy generation rate distributions due to heat
conduction and viscous dissipation in the open-end electro-
osmotic flow are shown in Figs. 5 and 6 respectively. The local
volumetric entropy generation rate due to heat conduction
depends on the temperature gradient in the micro-channel, while
the volumetric entropy generation rate due to viscous dissipation is
relative to the velocity gradient. The Joule heating is a volumetric
heat and increases with the ions concentration increment, as
shown in Fig. 3, the highest temperature occurs at the centerline
which suggests that the heat generated by Joule heating is trans-
ferred from the central region to the wall by convective. But the
Fig. 9. Dimensionless velocity distributio
highest fluid temperature gradient appears near the wall. Thus,
Fig. 5 shows that the maximum volumetric entropy generation rate
due to heat conduction is near the wall and the smallest volumetric
entropy generation rate due to heat conduction occurs in the
central region of the micro-channel.

It is known that the electro-osmotic flow in the micro-channel is
plug-like as shown in Fig. 4. Therefore, the velocity varies rapidly
from zero to the maximum velocity in the region of electric double
layer, and the velocity gradient is very large near the wall. Because
of the plug-like velocity distribution, the velocity gradient in the
central part of the micro-channel is nearly zero. The entropy
generation of viscous dissipation is relative to the velocity gradient.
Accordingly, Fig. 6 presents that the maximum volumetric entropy
generation rate due to viscous dissipation locates near the wall and
the volumetric entropy generation rate due to viscous dissipation is
nearly zero at the central region of the micro-channel.

The local electro-osmotic flow volumetric entropy generation
rate distribution due to Joule heating is shown in Fig. 7. The
maximum entropy rate of Joule heating appears at the center of
the micro-channel. The reason is that the Joule heating makes the
highest temperature existing at the center of the micro-channel
which results in a larger electric conductivity of the fluid accord-
ing to Section 2.

Table 1 shows that the entropy generation of electro-kinetic
flow under different micro-channel heights and ratios of micro-
channel length and height in the open-end micro-channel. As
shown in Table 1, the electro-osmotic flow entropy generation due
to viscous dissipation can be omitted in the open-end micro-
channel.
n in the closed-end micro-channel.



Fig. 10. Distribution of the volumetric entropy generation rate due to heat conduction in the closed-end micro-channel.

Fig. 11. Distribution of the volumetric entropy generation rate due to viscous dissipation in the closed-end micro-channel.

Fig. 12. Distribution of the volumetric entropy generation rate due to Joule heating in the close-end micro-channel.
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3.2. Volumetric entropy generation distribution of electro-osmotic
flow in closed-end micro-channel

The electro-osmotic flow volumetric entropy generation rate
distribution in the closed-end micro-channel is different from that
in the open-end micro-channel due to the circulating flow char-
acteristic of the closed-end electro-osmotic flow. The same
parameters as mentioned in Section 3.1 are used in the closed-end
electro-osmotic flow. The electro-osmotic flow velocity and the
temperature fields in the closed-end micro-channel are shown in
Figs. 8 and 9, respectively. The volumetric entropy generation rate
distribution due to heat conduction and that due to viscous dissi-
pation are shown in Figs. 10 and 11, respectively. Fig. 8 presents that
the highest temperature occurs at the central part of the micro-
channel and the maximum temperature gradient exists near the
wall. The temperature distribution, being not homogeneous like
that in the open-end electro-osmotic flow, looks like flat S-shaped
due to the circulating flow characteristic of the closed-end electro-



Table 2
The entropy generation of electro-kinetic flow under different micro-channel
heights and ratios of micro-channel length and height in the closed-end micro-
channel.

L/H H ¼ 25 mm H ¼ 50 mm

Sc
G(W K�1) Sj

G(W K�1) Sf
G(W K�1) Sc

G(W K�1) Sj
G(W K�1) Sf

G(W K�1)

10 3.5� 10�2 5.5� 10�5 3.9� 10�6 2.2� 10�2 1.7� 10�3 1.0� 10�6

100 2.1� 10�1 7.0� 10�3 2.3� 10�5 4.0� 10�1 5.6� 10�2 1.1� 10�5

Table 4
Apportioning of total entropy generation of electro-kinetic flow and their percents
for different temperature difference between left wall temperature and top wall
temperature in the closed-end micro-channel when the applied electric field is
10 V=m.

DT(K) Sc
G=SG Sf

G=SG Sj
G=SG SG(W K�1) Ns

0 0.2% 0% 99.8% 1.57� 10�4 1.20� 10�1

1 12.8% 0% 87.2% 1.83� 10�4 1.31� 10�2

5 77.8% 0% 22.2% 7.66� 10�4 1.01� 10�2

10 92.8% 0% 7.24% 2.51� 10�3 1.65� 10�2

30 98.8% 0% 1.19% 1.92� 10�2 4.19� 10�2

60 99.6% 0% 0.4% 6.58� 10�2 7.16� 10�2

0.03 cNs

Ns
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osmotic flow. Thus, the volumetric entropy generation rate due to
heat conduction varies acutely near the wall and also looks like flat
S¼shaped as shown in Fig. 9. The velocity distribution in the whole
micro-channel appears wave-like shape. Because we just simulate
the top half part of the micro-channel, there is only one circulating
flow as shown in Fig. 10. The velocity of electro-osmotic flow in the
closed-end micro-channel varies acutely near the wall, so the
maximum volumetric entropy generation rate due to viscous
dissipation locates near the wall as shown in Fig. 11. Because of the
negative flow at the central part of the micro-channel, there is
a larger velocity gradient at the central part of the micro-channel,
which differs from that in the open-end electro-osmotic flow, in
which the velocity gradient at the central part of the micro-channel
is nearly zero. Thus, the entropy generation at the core region of the
micro-channel due to viscous dissipation in the closed-end micro-
channel electro-osmotic flow is larger than that in the open-end
micro-channel electro-osmotic flow.

Fig. 12 shows the local volumetric entropy generation rate
distribution due to Joule heating. The maximum volumetric
entropy generation rate of Joule heating occurs at the center region
of the micro-channel. The reason is that the Joule heating causes
the maximum temperature existing at the center of the micro-
channel which results in a larger electric conductivity of the fluid
according to Section 2. The electro-osmotic flow entropy genera-
tion distribution of Joule heating in the closed-end micro-channel
looks more uniform comparing with that in the open-end micro-
channel due to the circulating flow characteristic of closed-end
electro-osmotic flow.

Table 2 shows that the entropy generation of electro-kinetic
flow under different micro-channel heights and ratios of micro-
channel length and height in the closed-end micro-channel. It is
same with the case in the open-end micro-channel electro-osmotic
flow. As shown in Table 2, the entropy generation of electro-
osmotic flow due to viscous dissipation can also be omitted in the
closed-end electro-osmotic flow under different micro-channel
heights and ratios of micro-channel length and height.
ro
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3.3. Entropy generation of electro-osmotic flow for different
temperature difference

In order to research the relation between the electro-osmotic
flow entropy generations of heat conduction and Joule heating, we
need to do some further research. Firstly, we research the effect of
the temperature difference between the inlet and the top wall on
Table 3
Apportioning of total entropy generation of electro-kinetic flow and their percents
for different temperature difference between inlet temperature and top wall
temperature in the open-end micro-channel when the applied electric field is
10 V=m.

DT(K) Sc
G=SG Sf

G=SG Sj
G=SG SG(W K�1) Ns

1 23% 0% 77% 2.06� 10�4 1.66� 10�2

5 87.3% 0% 12.7% 1.33� 10�3 1.74� 10�2

10 96.2% 0% 3.82% 4.73� 10�3 3.09� 10�2

30 99.4% 0% 0.6% 3.77� 10�2 8.20� 10�2

60 99.8% 0% 0.2% 1.33� 10�1 1.44� 10�1
the electro-osmotic flow entropy generation of heat conduction
and Joule heating when the applied electric field is 10V=cm.
Secondly, we research the effect of the applied electric field on the
electro-osmotic flow entropy generation due to heat conduction
and Joule heating when temperature difference between the inlet
and the top wall is 5 K. The inlet temperature for a closed-end
micro-channel is the left wall temperature. The following part of
the paper analyses the entropy generation of electro-osmotic flow
for different applied electric fields and temperature differences in
the open-end and closed-end micro-channel. The ratio of the
micro-channel length to height is kept constant, i.e. L : H ¼ 10 : 1
in order to compare different situations in the following calcula-
tions [32].

Tables 3 and 4 show the electro-osmotic flow entropy genera-
tions of heat conduction, viscous dissipation and Joule heating and
their proportions in the total entropy generation in the open-end
and closed-end micro-channel for different temperature difference
between the inlet and the top wall when the applied electric field is
10 V=cm. The electro-osmotic flow entropy generation of heat
conduction takes the dominant effect both in open-end and closed-
end electro-osmosis when the temperature difference is large. But
the electro-osmotic flow entropy generation of Joule heating takes
the major percent in the total entropy generation when the
temperature difference is small. The electro-osmotic flow entropy
generation due to viscous dissipation can be neglected both in
open-end and closed-end micro-channel. For the same parameter,
the percent of heat conduction entropy generation in total entropy
generation in the closed-end micro-channel is smaller than that in
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Fig. 13. Effect of the temperature difference between inlet temperature and top wall
temperature on electro-osmotic flow entropy generation number in the open-end
micro-channel when the applied electric field is 10 V=cm.



Table 5
Apportioning of total entropy generation of electro-kinetic flow and their percents
for different applied electric field in the open-end micro-channel when the
temperature difference between inlet temperature and top wall temperature is 5 K.

E(V/cm) Sc
G=SG Sf

G=SG Sj
G=SG SG(W K�1) Ns

10 87.3% 0% 12.7% 1.33� 10�3 1.74� 10�2

50 21.4% 0% 78.6% 5.37� 10�3 7.09� 10�2

100 6.14% 0% 93.9% 1.80� 10�2 2.46� 10�1

300 0.51% 0% 99.5% 1.53� 10�1 3.38� 100

500 0.16% 0% 99.8% 4.34� 10�1 4.72� 101
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Fig. 14. Effect of the applied electric field on electro-osmotic flow entropy generation
number in the open-end micro-channel when the temperature difference between
inlet temperature and top wall temperature is 5 K.
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the open-end micro-channel. It is because that the circulating flow
characteristic of the closed-end electro-osmotic flow makes the
fluid temperature to be homogeneous which leads to a smaller heat
transfer rate of the system.

Fig. 13 presents electro-osmotic flow entropy generation
numbers of heat conduction, viscous dissipation and Joule heating
varying with the temperature difference between the inlet and the
top wall. The heat conduction entropy generation number increases
with the temperature difference increasing in both the open-end
and the closed-end electro-osmotic flow. The Joule heating entropy
generation number decreases with the temperature difference
increasing in the open-end and the closed-end electro-osmotic
flow. When the temperature difference between inlet temperature
and top wall temperature is small, the Joule heating entropy
generation number is larger than the heat conduction entropy
generation number. When the temperature difference between
inlet temperature and top wall temperature is large, the heat
conduction entropy generation number is larger than the Joule
heating entropy number. It means that the heat conduction
becomes the main modes of heat transfer.
3.4. Entropy generation of electro-osmotic flow for different applied
electric fields

Tables 5 and 6 show the electro-osmotic flow entropy genera-
tions of heat conduction, viscous dissipation and Joule heating and
their proportion in the total entropy generation in the open-end
and closed-end micro-channel for different applied electric fields
when the temperature difference between inlet and top wall is 5 K.
The electro-osmotic flow entropy generation of heat conduction
takes the major percent in the total entropy generation both in
open-end and closed-end electro-osmotic flow when applied
electric field is small. The electro-osmotic flow entropy generation
number of Joule heating takes the major percent in the total
entropy generation when the applied electric field is large. The
entropy generation of electro-osmotic flow due to viscous dissi-
pation can be neglected. For the same parameter, the percent of
heat conduction entropy generation in total entropy generation in
the closed-end micro-channel is smaller than that in the open-end
micro-channel due to circulating flow characteristic of the closed-
end electro-osmotic flow.

Fig. 14 presents the electro-osmotic flow entropy generation
numbers of heat conduction, viscous dissipation and Joule heating
Table 6
Apportioning of total entropy generation of electro-kinetic flow and their percents
for different applied electric field in the closed-end micro-channel when the
temperature difference between left wall temperature and top wall temperature is
5 K.

E(V/cm) Sc
G=SG Sf

G=SG Sj
G=SG SG(W K�1) Nsj

10 77.8% 0% 22.2% 7.66� 10�4 1.02� 10�2

50 11.6% 0% 88.4% 4.81� 10�3 6.97� 10�2

100 2.88% 0% 97.1% 1.75� 10�2 2.94� 10�1

300 0.21% 0% 99.8% 1.55� 10�1 2.73� 101

500 0.17% 0% 99.8% 4.39� 10�1 5.80� 102
varying with the applied electric field when the temperature
difference between inlet and top wall is 5 K. The heat conduction
entropy number varies small with the applied electric field, and the
Joule heating entropy generation number increases with the
applied electric field increasing. The reason is that the fluid
temperature increment due to Joule heating is small comparing to
the temperature difference between the inlet temperature and the
top wall temperature.
4. Conclusions

Entropy generation is associated with thermodynamic irre-
versibility, which is present in all heat transfer and fluid flow
processes. In this paper, we studied the entropy generation of
electro-osmotic flow in the two-dimensional open-end and closed-
end micro-channel. The main conclusions from present analysis
can be summarized that the volumetric entropy generation rates
due to heat conduction and viscous dissipation exist the maximum
value near the wall, and the maximum volumetric entropy gener-
ation rate due to Joule heating appears at the center of the micro-
channel. The electro-osmosis flow entropy generation of viscous
dissipation can be neglected in the open-end and closed-end
micro-channel. For the same parameter, the percent of the electro-
osmotic flow entropy generation due to heat conduction in the total
entropy generation in closed-end micro-channel is smaller than
that in open-end micro-channel due to the circulating flow char-
acteristic of the closed-end electro-osmotic flow. When the fluid
temperature increment due to Joule heating is larger than the
temperature difference between inlet and top wall, the percent of
electro-osmotic flow entropy generation due to Joule heating in the
total entropy generation is larger. When the fluid temperature
increment due to Joule heating is smaller than the temperature
difference between inlet and top wall, the heat conduction entropy
generation of electro-osmotic flow will take the major percent in
the total entropy generation.
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