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Analysis of EDL Effect for Pressure-Driven 3D Developing Micro-Scale Flow

E.Y.K.Ng! and S. T. Tan?

Abstract:  Microchannels have been recog-
nized as a very effective chemical separation and
heat transfer device. The electrical double layer
(EDL) effect in a micro-scale flow is however
anticipated to be critical. In this paper, Nernst-
Planck model (NPM), is used to predict the ion
concentration distribution as it is reported to be
a more appropriate model for developing mi-
crochannel flow. The governing equations are
discretised for developing rectangular microchan-
nel flows in Cartesians coordinate. An additional
body force source term that is relating to the elec-
tric potential, resulted from the EDL effect is in-
troduced in the conventional z-axis momentum
equation as a body force, thereby modifying the
flow characteristics. A finite-volume scheme is
developed to solve the set of partial differential
equations.

The focus of this paper is on the documentation
for the effect of aspect- ratio (AR), Schmidt Num-
ber (Sc) and Wall Electrical Potential (Eo) on the
performance of microchannel including the fric-
tion coefficient (fRe), entrance length (L,) and
Nusselt number (Nu).

Keyword: Developing Flow; Heat Transfer;
Micro-scale; EDL; Pressure-driven; Nernst-
Planck
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Cp specify heat capacity of the fluid
(Kg 'K ™)
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microchannel hydraulic diameter (m)
diffusion coefficient of ions (m?s~!)

charge of electron (C)
2

» Cod' Dy
electric field strength in the x, y-plane
(Vm™')

force (N)
friction factor, f =

Eckert number.

87y
prWi
friction coefficient, the product of
friction factor and Reynolds number

microchannel height (m)
local heat transfer coefficient
(Wm—2K1)

thermal conductivity of the fluid
(Jm~'K™1)

microchannel length (m)
nondimensional entrance length, is
defined as the streamline direction
distance where the change of
nondimensional velocity, W

less than 1%

ionic number concentration (M)
cations concentration (M)
anions concentration (M)

hth

local Nusselt number, N

average Nusselt number,
D, rL/D
- fo/ " Nuydx

P_/VV[nD/,
iy
local fluid pressure (Nm~2)

Prandlt number, p‘;—-’a
heat flux at hot wall (Wm?)

Schmidt number, Sc = #—1/)
pyDy

Schmidt number of cation
Schmidt number of anion
Temperature (K)

channel mainstream velocity

Reynolds number,
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(ms~")

microchannel width (m)
inlet velocity (ms~!)
x-direction coordinates (m)
y-direction coordinates (m)
z-direction coordinates (m)
valence of i type-ions

thermal diffusivity of the fluid (m?s~!),
ky
Copy

S =

N ~ X 3
s

SR

€ relative dielectric constant of the liquid
& dielectric constant of the liquid

A electric conductivity of ion (Q~'m)

u dynamic viscosity of fluid (Kgm~'s~!)
0 dimensionless temperature

p density (Kgm™3)

Pe electrical charges per unit volume(Cm™?)
pr density of fluid (Kgm~3)
Ty wall shear stress (Nm™~?)
& wall electrical potential (V)
<o nondimensional wall electrical potential,
E, = i
0 khT}n
b4 electric potential (V)
Superscript
- nondimensional value
n previous time step
n+1 current time step
Subscript

EDL electric double layer
f fluid properties

in inlet

X local value

1 Introduction

Microchannels have been identified with great
potential in Micro-Electric-Mechanical Systems
(MEMS) and many modern instrumental applica-
tions in chemical analysis and biomedical diag-
nostics. The common usage of microchannels that
has been widely discussed includes cooling de-
vices in electronic system by Tuckennan (1984).
With the extreme large surface area to volume ra-
tio, microchannels are suggested to be a good so-
lution in solving the heat problem in an electronic
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device. Microchannels are also used by Fu et al.
(2002) in the area of bioengineering; one of the
important applications is in the separation of bio-
logical or chemical components, such as the sep-
aration of DNA in genetic engineering. It uses the
principle of different mobility of dielectric parti-
cles to move in opposite direction of the electrical
potential under an applied electric field. Zhong
et al. (2002) examined the sheet-flow model for
blood flow in capillaries in the pulmonary alveoli
from micromechanical point of view.

However, different from larger scale channels, an
extra body force due to electrical double layer
(EDL) in microchannels is significant as reported
by Mala et al. (1997), hence, affecting the flow
and thermal performance of the microchannel as
indicated by Friction coefficient, fRe and Nusselt
number, Nu. Ng and Poh (2002) studied the flow
and heat transfer characteristics of microchannels
for developed 2D flow field, with different bulk
ionic concentration, Zeta potential and the aspect
ratio of the channel. Tardu (2004) investigated
the EDL effect on the stability of planar chan-
nel flows, and estimated indirectly the resulting
transitional Reynolds number. Most of the anal-
ysis for microchannels was however done in 2-D
[Mala et al. (1997)]. When comparing to a 2-
D model, a 3-D model is far more challenging to
handle. A 3-D analysis is certainly important in
order to obtain a more realistic prediction. One
important aspect of a 3-D model was in demon-
strating the effect of the aspect ratio, AR, with
values far from zero or infinity. In a classical
study [Shah and London (1978)], it was suggested
that even for aspect ratio of 0.1, the performance
of a rectangular channel such as the friction co-
efficient, fRe, is significantly different from that
predicted using a 2-D model with AR = zero. In
the application of separating the DNA, typical di-
mensions of microchannel [Fu et al. (2003)] were
39.95um in depth and 80um in width. In such
cases, predictions using 2-D model would not be
realistic. A recent study of full 3-D flow with
EDL effect through a microchannel was reported
in Tan and Ng (2003) to provide a better insight
to the real flow field. Ng and Tan (2004, 2007)
further presented the effects of the charge density
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on the 3-D flow field including the developing re-
gion.

In some of the previous studies, Poisson-
Boltzmann model (PBM) [Mala et al. (1997)]
was applied with the assumption of Boltzmann’s
distribution of charge. PBM was being used
most frequently in developed flow field, as it was
simple and promising. However its suitability
for developing flows is debatable [Yang et al.
(2001)], as the assumption of Boltzmann equi-
librium distributions remains a concern. Nernst-
Planck model (NPM), on the other hand, repre-
sents a better model for developing flow, was pro-
posed by Yang et al (2001) to investigate the 2-D
velocity field of the microchannel in the develop-
ing region to represent a better model.

In this paper, the NPM is extended to temperature
prediction for a 3-D flow field to allow a better in-
sight into the real flow field. The studies are focus
on the effect of several important parameters such
as aspect ratio, AR, wall electrical potential, &
and Schmidt number, Sc.

o’

2 Numerical Model

A simple rectangular channel as shown in Fig. 1
is used as the current physical model. The co-
ordinate system is set such that the X, Y, Z direc-
tions depict the width W,, length L., and height H,
of the rectangular respectively. The main stream
flow is along the z-direction. The origin is placed
at the mid-width of the rectangular and this per-
mits computation to be done on half of the model
with a physical mesh (Fig. 2).

2.1 Formulating of Surface Electrostatic Po-
tential

In micro scale flows, the effect of the EDL near
the solid/liquid interface on liquid flow through a
rectangular microchannel is significant and can-
not be ignored. According to the theory of elec-
trostatics, the relationship of the electrical poten-
tial, ¥ and the net charge density per unit volume,
pe at any position is given by the Poisson’s equa-
tion:

Y ¥ Y  p,

axz torr ton es, M

H,

M~
Flow Direction

—

o /
2 T

Figure 1: Physical model of the research (not in
scale).

Figure 2: Mesh for the computation (not in scale).

where € is the dielectric constant of the medium
and &, is the electric permittivity of a vacuum.

Using the following nondimensional term:

XY Z ze?
o, YDy D VT hr
and
D, LW

2(L.+W,)

where x is the nondimensional X-coordinate, y is
the nondimensional Y -coordinate; z is the nondi-
mensional Z-coordinate, Dy, is the hydraulic diam-
eter of the channel and v is the nondimensional
electrostatic potential. The nondimensional form
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of the 3-D Poisson’s equation can be rewritten as:

Py Py Py p. 2n.ze’D; @
oxt o2 922 2nyzie eek,T

where, z;is valence of ions, kpis Boltzmann’s con-
stant (1.3805x 10723 Jmol~'K~!), T;,is absolute
temperature of fluid at inlet of microchannel (K),

e is electron charge (1.6021x107!° C), n,is bulk
concentration of ions.

As the net volume charge density p, is propor-
tional to the concentration difference between
cations and anions, we have:

pe=(n"—n")ze (3)

where n* and n~ are concentration of cations and
anions respectively.

Hence

Py Py Py »(nt—n")
=K~ 4

o Top oz =N T, @

where

K =Dyx (5)

2)’10226’2 %
= ( eek, T ) ©

is Debye-Huckel parameter (1/x is normally re-
ferred as the EDL thickness).

Two Poisson equations termed after NP [Fu et al.
(2003)] are applied to model the distribution of
the concentration of charge particle (cations,n™
and anions, n~), based on the conservation law
for cations and anions,

0 (un_+) N 0 (vn_+) N 0 (wn_+)

ox dy dz
1 9%nt  9’nt  9%nt 1
7
Sc+Re( ox? + dy? 72 )+Sc+Re @
Jd —dy,. d —dy,  dJd —Jy
N aypeng ANTLAyEnS SN PR o
[8x<n 8x)+8y(n 8y)+(9z(n 82)
0 (un_—) N 0 (vn_—) N 0 (wn_—) B
ox dy dz
PN Sl
1 0°n d°n d°n 1 ®)

Sc—Re( ox? + dy? 72 )_Sc—Re

) 0 0w 0 oy
| 5 )

dy )+8z(n 0z
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where Re is (%’;’D") Reynolds number and

Ky
. . . . . p/D/ ’ .
is dimensionless cations and anion concentration,

—_— + - . . . .
nt = ',’l— n- = ',’l— Dy is diffusion coefficient of
0 0

Schmidt number is defined as Sc = nt,n—

ions (m?s™!).
As the physical model is symmetric, only one half

of the rectangular microchannel is considered for
the computational domain and depicted in Fig. 2.

The boundary conditions applicable to the elec-
trostatic potential distribution are as follows:

At the wall of the microchannel (x =W, /2D, y =
Oandy=L./Dy), y=E&,, n* = e Soandn =
eso.

At symmetry boundary condition (x = 0), %I =0,
4 — 0 and ¥ = 0.

At the inlet, where (z = 0), w =0, nt = 1 and
n- =1,

At the_outlet, where (z = H,./Dp), ‘2—1’ =0, % =0
and d;—z_ =0,

where

E() . Zleéo

B kb Tiy
&, is the Zeta potential on wall.

2.2 Inclusion of EDL Effect with Navier-
Stokes Equations

An extra body force in Z-direction originating due
to the presence of the EDL is considered so as to
modify the conventional Navier-Stokes equation
[Mala et al. (1997)]. Therefore, the Navier-Stokes
equations of 3-D steady state developing flow for
microchannel are given as:

Continuity Equation

du dv dw

—4+==4+==0 9
ox + dy * dz ©)

Momentum Equations
x-direction
u% + v% + w%
dx dy dz
1 (*u J*u J%u ap

—§<w+a—yz+a—zz)‘x {10
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y-direction

o v o
“ox T oy TV oz
1 (9> 9% 9% ap
——Qﬁ*wﬁaﬁ‘$<m
z-direction
Do, v o
“ox TVay T oz
1 (*w Pw  Iw Jp = —_
" Re <8x2 " ay? * (912> _a_Z_GlEzpe
(12)

Energy Equation

u

(9_9+ (9_9+ 0 1 826+829+826
ox v&y "9z T Re \ox2 dy? 972

+@{2 <§)+(§—y)+<?9—w)]

Lo ] [aw o] ou owT?
dy 0x dy 9dz dz  Jx

(13)

The following dimensionless terms (all the unde-
fined symbols are defined in the Nomenclature)
are used.

U 1% W PP,
U=-—"—, V=, W=_—"— p= 2 )
0 — T_Tin o — kf R :prVinDh

q Dy CoPy I

W2
Pr= 'uf, Ec=

—_— C =
pro Crq"Dy’

- 2”()21360 - 2”()ZleDhVVin
G = 72 5 =
P Wm A é()

- () ()7
J [pew— (eDfaaL—eDﬂ;—Z‘)}dA
J(Ant+An")dA

+_ —
p= ) (15)

e

(14)

2n,

where A is electric conductivity of ion (Q~'m).
q" is heat flux at hot wall (Wm?). C,, is the specify
heat capacity of the fluid JKg 'K™!). ks is the
thermal conductivity of the fluid Jm~'K~1),

The following boundary conditions are then ap-
plied to equations (9) to (13).

At the inlet of the channel, where z = 0, the fluid
is assumed to be uniform withu =0,v=0,w =1
and 6 =0.

At the outlet of the microchannel, where z =
H./Dy, the flow is assumed to be fully developed
in all of the velocity components and tempera-
ture (with H. = 10 x W, = 20 x L..). Hence, the
boundary conditions of 3—? =0, 3—; =0, % =0

nd %—2 =0 are applied.

For the two cold walls of the channel, where

x = W,/2Dy, and y = L. /Dy, adiabatic condition

is applied. Therefore, u =0, v=0, w =0 and
=0 are applied.

For the hot wall, where y = 0, a uniform heat flux
of ¢” is applied and electric potential on wall is
&,. Thus,u=0,v=0, w=0 and fz_g q,?” can
be applied.

Finally, at the symmetric boundary, we have x =
0,94=0,%=0,9*=0and 4 =0.

In this study, a simple fluid flow model is used
as shown in Fig. 2. The fluid can be any liquid
containing ions, for example a dilute aqueous 1:1
potassium chloride (KCL) solution or normal wa-
ter. The value of parameters used here is listed
in Table 1. The Schmidt number (Sc) is 10°,
Reynolds number (Re) is 60, and Debye-Huckel
parameter (k) is 100, unless stated. The one half
of computational model is based on 10x20x60
orthogonal mesh, as shown in Fig. 2.

Grid convergence test was conducted according
to the Richardson Extrapolation (RE) method
[Roache (1994)]. The (10x20x60) orthogonal
mesh was taken as the reference ‘normal’ mesh.
The sampling was done at same middle point of
the x-y-z Cartesian co-ordinates in which its di-
mensionless velocity values were noted when the
grid was coarsen. The magnitude of the RE er-
ror estimator of the normal grid solution for both
tests is 0.0002%. The normal grid value of the
grid convergence index is 0.0006%. The result
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Table 1: Value of parameters used in the model

Model Parameters Values Fluid Properties Values

Width, W, 40um Density, p ¢ 997 Kg/m®
Length, L. 20pum Viscosity, i ¢ 8.55%10* (Ns)/m?
Height, H, 400um Thermal Conductivity, k¢ | 0.613 W/(mK)
Hydraulic diameter, D, | 25.67um | Heat Capacity, C, 4179 J/(KgK)

- - Schmidt No., Sc 10°

- - Reynolds No., Re 60

- - Prandtl No., Pr 6.22

- - Eckert number No., Ec 6.03x107>

fRE Value Predicted Using Different Mesh Size
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Figure 3: fRe values predicted using different mesh size at X and Y direction.
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Figure 4: fRe values predicted using different mesh size at Z direction.
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complied with the theory of RE error estimator,
in which, E; is not conservative, whereas grid
convergence index is conservative and quite so in
the spirit of a 2-¢ error band. For the grid sen-
sitivity analysis, the two critical regions are the
near wall region and the flow developing region,
where important variables such as velocity, tem-
perature and electrical potential change rapidly.
The value of friction coefficient, fRe located at
grid point (20, 40, 3) is used to check the robust-
ness of the chosen mesh size. Fig. 3 and Fig. 4
show the predicted fRe value at grid point (20,
40, 3) for different mesh sizes. As shown in Fig.
3 the nondimensional mesh dimensions of 0.045
are sufficient to be used to predict accurate values
in X and Y dimensions (i.e. grid invariance pre-
diction). On the other hand, for Z dimension of
the nondimensional mesh size, as shown in Fig.
4, it is found that a dimension of 0.25 is sufficient
to predict the fRE value accurately.

The strongly non-linear governing equations (7-
13) are solved using the finite volume numerical
scheme based on Patankar (1980). The PDEs are
first linearised using solution in general form with
reasonable memory consumption and execution
time, we then solve this linearised algebra prob-
lem in each non-linear iteration by nesting around
the linear solver approach. Details of computa-
tional algorithm are documented in Ng and Tan
(2004, 2007).

3 Results and Discussion

The effect of AR, Sc, EU on the microchannel per-
formance for 3D developing flow including in-
cluding the fRe, L, and Nu are studied and dis-
cussed next.

3.1 The Significant of Aspect Ratio (AR)

Compare to 2-D model, a 3-D model computation
is far more challenging to handle and more CPU
time is needed. However, for complex shapes and
in cases where AR is not close to zero, a 3-D
model is unavoidable. Effect of AR at develop-
ing region can only be studied using a 3-D model.
In this section, a total of 5 AR values, 0.30, 0.50,
0.67, 0.75 and 1.00 are chosen to analyse the ef-

fect of aspect ratio for microchannels.

3.1.1 Friction coefficient, fRe

The fundamental different between micro and
macro scale flow fields is the significant of the
EDL effect. As the fluid contains ions flowing,
counterion, which is attracted by the wall, will
accumulate along the flow. Hence ions that accu-
mulate at the down stream will build up an electri-
cal field, which is the induced opposing electrical
body force on the flow. As the EDL body force
is an opposing force, it has similar effect with
frictional force. Therefore it is expected the fRe
value predicted with EDL effect is higher than that
without EDL effect (see Table 2).

Fig. 5 shows the fRe value distribution along the
z-direction (flow direction) for different AR val-
ues. It is found that the values of fRe increase
with decreasing ARs. This can be explained as,
the closer AR values to zero, the larger the rela-
tive surface area and hence the EDL effect is more
significant.

Fig. 6 summarizes the fRe value in the fully de-
veloped region for the flow field predicted with
and without EDL effects. The trend of the fRe
value predicted with and without EDL effects is
similar (Table 3). As the EDL body force is an
opposing force; therefore it is found in Fig. 6 that
the fRe values for flow field with EDL are gener-
ally higher than that without EDL effect.

3.1.2 Entrance length, L,

For developing flow, the entrance length is one of
important flow parameters. Fig. 7 shows the en-
trance length at different aspect ratio for both with
and without EDL effects. The entrance length, Le,
for prediction without EDL effect is based on the
transitional empirical formula [Shah and London
(1978)].

L, ~ 0.06Re (16)

and with the definition of Reynolds number, Re,
equation (16) can be written as

PrwDp

L, ~0.06
Ly

a7
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Table 2: Compare the result predicted by NPM and the calculation without EDL effect

Predicted flow parameters With EDL | No EDL
Friction Coefficient C; or fRe at hot wall at fully developed region | 16.8559 15.4233
Local Nusselt Nu, at hot wall at fully developed region 3.730 4.137
Average Nusselt no. of the microchannel 4.410 4.891

fRe along Z direction for different aspect ratio, AR

32

— AR=1.00
30 —+— AR=0.75
2 “ o AR=0.67

—&— AR=0.50
261 j\A A AR=0.30
24 =

o e
S

A
A
&i\;& AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAM

fRe

Figure 5: Friction Coefficient, fRe distribution along z-direction predicted with EDL effect for different
aspect ratios, AR.

Friction Coefficient, fRe Vs. Aspect Ratio
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14 ; ; ; ; ;
0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Figure 6: Friction coefficient, fRe, in the fully developed region for different aspect ratios, AR.

Table 3: Comparison of the percentage differences between fRe predicted with and without EDL effect at
different aspect ratios

fRe value AR=03 | AR=05 | AR=1.0
with EDL Effect 18.99 16.86 15.48
Without EDL Effect | 17.22 15.42 14.22
Percentage different | 9.31% 8.52% 8.12%
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.5 Entrance Length Vs. Aspect Ratio
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Figure 7: Entrance length for different aspect ratios, AR.

Nu along Z direction for different aspect ratio, AR

——AR=1.00
—+— AR=0.75
—o— AR=0.67
—e— AR=0.50

A AR=0.30

Nu

Figure 8: Nusselt Number, Nu distribution along z-direction for different aspect ratios, AR.

As shown in Fig. 7, with the higher effective vis-
cous force due to the EDL effect, the flow field
predicted with EDL effect is fully developed with
a shorter entrance length. The results agree with
equation (17), where L, is inversely proportional
to the viscosity.

3.1.3 Nusselt number, Nu

As shown in Fig. 8, the distribution of Nu val-
ues along the z-direction with various aspect ra-
tios have similar trend to the distribution of fRe
values. The Nu values decrease rapidly at the in-

let region with steep gradient (as shown in Fig. 8).
The Nu value for each AR reaches the fully devel-
oped region with a z-value of around 8. Fig. 9
summarizes the Nu values predicted by with and
without EDL simulation in the fully developed re-
gion for different aspect ratios. It is found that
the smaller aspect ratio produces higher Nu value.
With the larger opposing force, extra heat is pro-
duced and hence reduces the effectiveness of heat
transfer. Therefore, the Nu values with the EDL
effect are lower than that without the EDL effect.

The Nu for a given AR approaches its asymptotic
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Nusselt Number, Nu Vs. Aspect Ratio
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Figure 9: Nusselt number, Nu in the fully developed region for different aspect ratios, AR.
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Figure 10: Cation and anion concentration distributions along z-direction at near wall grid.

value in the fully developed region for z greater
than about 8.

Fig. 9 summarizes the variations of Nu values in
the fully developed region for different aspect ra-
tios. It is found that the smaller aspect ratio would
result in higher Nu value. With the higher op-
posing force, extra heat is produced and hence re-

duces the efficiency of heat transfer. Therefore,
the Nu values with EDL effect are lower than that
without EDL effect. The percentage differences
between Nu values predicted with and without
EDL effect at different aspect ratios are summa-
rized in Table 4.

In all, the discrepancy of fRe and Nu values for
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fRe along Z direction for different Schmidt
Number, Sc
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Figure 11: Friction coefficients, fRe distributions for different Schmidt numbers, Sc, on microchannel wall

along the flow direction.

Table 4: Comparison of the percentage differences between Nu predicted with and without EDL effect at

different aspect ratios

Nu value AR=03 | AR=05 | AR=1.0
with EDL Effect 4.474 3.730 3.264
without EDL Effect | 4.962 4.137 3.620
Percentage different | -10.34% | -9.84% -9.53%

different AR values are significant. As presented
in Tables 3 and 4, in cases of the ARs equal to
0.3 and 1.0, the discrepancies of fRe and Nu can
be up to 23% (18.99 for AR=0.3 and 15.48 for
AR=1.0) and 37% (4.474 for AR=0.3 and 3.264
for AR=1.0) respectively for prediction with EDL.
effect. Therefore a 3-D analysis is concluded to
be important and necessary for investigating the
EDL effect in microchannel developing flow.

3.2 Comparing Results at Different Schmidt
Numbers (Sc)

As compared to Poisson-Boltzmann model (an
EDL model using Boltzmann distribution to de-
scribe ion concentration distribution), an extra pa-
rameter termed as Sc = %, is found in the NPM
(as shown in equations (7) and (8)). Sc represents
the ratio of viscosity and diffusivity effects and
thus is a function of fluid properties only. For a
fixed Reynolds number, Re, the lower Sc value,
the larger would be the diffusion layer. In this sec-
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Figure 12: Friction coefficients, fRe in the fully developed region for different Schmidt numbers, Sc ( ¢:1e5,

x:2e5, +:5e5, -:10e5).

tion, a total of 4 Sc values, 1e5, 2e5, 5e5 and 10e5
are chosen to analyse the effect of aspect ratio for
microchannels.

As shown in Fig. 10, the anions concentration
gradient, ’95’—; decreases as the Sc increases, but

. . . + .
the cations concentration gradlent BBLZ 1mcreases.

As a result, the value of (% — ’i;’—;) increases

and causes the EDL body force to reduce (since
the (% — ’i;’—;) is a positive term), which leads
to a lower fRe as shown in Fig. 10.

The effect of Sc on fRe however is not so signif-
jcant. Ten times increases in the Sc (1.0x10° to
1.0x106, see Fig. 12) only leads to 2% reduc-
tion in the fRe value (16.86 to 16.46). Note that
the use of Sc 1.0x10%s purely for investigative
purpose since fluid with Sc 1.0x10°may not be
realistic.

3.3 Effect of Wall Electric Potential, EO

In this section, the effect of wall electrical poten-
tial &, is studied. A total of five cases of dimen-

sionless electrical potentials, EO namely 1, 2, 3
and 4, are used as examples.

3.3.1 Friction coefficient, fRe

Fig. 13 shows the values of fRe at the near wall
grids of the channel grid along the z-direction
(streamwise), for EO:I, 2, 3 and 4. The plots are
rather similar, and the flows become fully devel-
oped when z values are around 8. The deviation
decreases when EO is increased. As the applied
wall electrical potential increases, the EDL effect
increases and hence higher fRe.

Fig. 14 further shows an increase in the fRe with
higher values of the wall electrical potential. The
nondimensional fully developed velocities at the
center of channel for &, at 1 and 4 are 16.86 and
18.54 respectively. It is also observed that the
difference in the nondimensional fully developed
fRe is not linearly related with the wall electrical
potential.
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Entrance Length vs. Wall Electrical Potential
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Figure 15: Nondimensional entrance length, L, vs. nondimensional wall electrical potential, EO, (O:EO:I,
A: &)=2,x: §(=3, +:§,=4).
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Figure 16: Local Nusselt number along z-direction (streamwise).



EDL Effect for Pressure-Driven 3D Developing Micro-Scale Flow 27

Nusselt Number vs. Wall Electrical Potential
38
+
3.7
36 X
35
Z
JAN
34
33
32
O
3.1 ‘ ‘ ; ;
0 1 2 3 4 5
Nondimensional Wall Electrical Potential

Figure 17: Nusselt number in the fully developed region vs. nondimensional wall electrical potential, Eo

(O:Eg=1, A: E=2, x: E(=3, +:E j=4).

3.3.2 Entrance length, L,

The relationship between the nondimensional en-
trance length and wall electrical potential is sum-
marized in Fig. 15. Due to the higher ion con-
centration, the effective viscosity of the flow is
stronger hence the flow fully developed faster
and thus shorter developing length is needed; the
strong EDL effect will cause a shorter developing
length required.

3.3.3 Nusselt number, Nu

Due to the ineffectiveness of heat transfer for the
flow field with EDL effect, Fig. 16 illustrates the
Nusselt number decreases as the nondimnensional
wall electrical potential increases. It is also noted
that, near the entrance, the Nusselt number for
all £, values are almost identical. This reveals
that the effect of EDL is significant only at fur-
ther downstream from the entrance. Fig. 17 sug-
gests that high Nusselt number exists (9 times as
compared to the fully developed region) at the en-

trance of the microchannel which implies that the
study of EDL effect on heat transfer effect in the
developing region in a 3D microchannel cannot
be omitted.

As shown in Fig. 17, Nu in the fully developed
region increases with smaller wall electrical po-
tential. It shows that the higher wall electrical po-
tential the more significant the EDL effect, thus
higher viscous drag force and causes higher heat
dissipation and leads to the lower Nusselt number.

4 Conclusion

The important performance of microchannel 3D
developing flow such as aspect ratio, AR, wall
electrical potential, &,, and Schmidt number, Sc,
at different aspect- ratios (AR), Schmidt Number
(Sc) and Wall Electrical Potential (EO) is analysed
and discussed.

It is found that due to larger relative surface area,
the higher the AR, the higher fRe and Nu values
with shorter L, will be. The effect of Sc is not so
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significant however the higher the Sc value pro-
duces the lower fRe. As the Eois directly related
to the EDL, the higher the E(, value results the
higher fRe and lower L, values, however higher
fRe leads to higher fluid temperature and causes
lower Nu value.
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