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Abstract

In this article, exergy losses of fluid motion in a microchannel are investigated. Thermal, friction and electromagnetic

irreversibilities contribute to the total rate of exergy destruction. Additional input power from the externally applied

electric field is needed to overcome these irreversibilities and deliver specified rates of mass and heat flow through

the microchannel. Different cases of steady-state heat transfer in a non-polarized electromagnetic field are considered.

Predicted results of fluid velocity, exergy destruction and optimal Reynolds number are presented and compared suc-

cessfully against past data and measurements involving exergy destruction. It is shown that exergy destruction increases

with stronger magnetic fields and wider microchannels. Furthermore, the optimal Reynolds number (minimizing the

rate of exergy destruction) increases at lower microchannel aspect ratios.

� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Microfluidic friction and pressure losses have signifi-

cance in the achievement of various technological goals

involving microdevices, i.e., microchannel cooling, bio-

medical separation devices and others [1]. Embedded

surface microchannels utilize slip-flow conditions to

reduce wall friction and entropy production, while

improving thermal effectiveness of convective heat

exchange with EBSM (entropy-based surface micro-pro-

filing [2,3]). Furthermore, they may affect the character-

istics of boundary layer separation, when the near-wall

pressure gradient changes along their converging/diverg-

ing profiles [4]. In these applications, fluid friction and
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pressure losses within a microchannel are important is-

sues for design purposes. This article considers how elec-

tromagnetic fields affect wall friction and heat exchange,

particularly regarding their characterization by exergy

losses within a microchannel.

Manipulating different charge patterns along the

walls of a microchannel affects the speed and direction

of electrokinetic flow. A charged surface of a microchan-

nel wall will attract ions of the opposite charge in the

surrounding fluid. The resulting spatial gradient of ions

leads to an EDL (electric double layer). This EDL con-

tains an immobile inner layer and an outer layer, which

can be affected by an external electric field. This article

develops a predictive model of microfluidic motion,

which includes electromagnetic forces in the axial

momentum equation.

Recent studies have shown that microfluidic trans-

port between parallel walls affects the surface free energy
ed.
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Nomenclature

a half-width of microchannel

b half-height of microchannel

B magnetic field strength

cp specific heat

C electromagnetic coefficient

Dh hydraulic diameter

E electric field (vector)

f friction factor

h enthalpy

He electric field strength

i current density

k thermal conductivity

K load factor

L length of microchannel

_m mass flow rate

M Hartmann number

N thermomagnetic number

p pressure
_Ps entropy production rate

Prm magnetic Prandtl number

q heat flux

Re Reynolds number

s specific entropy

t time

T temperature

v000 specific volume

u, v velocity components

x, y, z Cartesian coordinates

X exergy

Greek symbols

b microchannel aspect ratio (b/a)

l dynamic viscosity

h non-dimensional temperature

q density

re electrical conductivity

s viscous stress

Subscripts

b bulk (average)

d destruction

opt optimum

w wall

x, y, z Cartesian coordinates
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inside a microchannel network [5]. Zhao et al. [5] have

reported that the maximum pressure within a hydro-

philic pathway can be determined by the surface free en-

ergy, contact angle of the liquid and the microchannel

depth. The fluid motion remains confined within the

pathways, provided the fluid pressure remains below a

critical value.

In heat transfer applications, the large surface area to

volume ratio of microchannels allows large heat fluxes

to be transferred in ultra-compact and efficient heat

exchangers. Ng and Tan [6] have developed a 3-D finite

volume model of fluid motion within rectangular

microchannels based on the Navier–Stokes equations,

including the electric double layer along the walls. Elec-

tromagnetic effects of the EDL are modeled as an addi-

tional body force and source term in the momentum

equation. Variations of the electric potential are pre-

dicted by the Poisson–Boltzmann equation. The predic-

tions analyze the effects of varying Reynolds numbers

and electric potentials on the thermal effectiveness.

Cho et al. [7] have developed a condition for EWOD

(electrowetting on dielectric) in microfluidic motion

through parallel-plate channels. In these problems,

microfluidic transport is affected by the channel gap size,

droplet size and the contact angle change in EWOD.

The archival literature gives conflicting opinions

regarding the apparent viscosity of fluids in microchan-

nels. This debate involves whether the apparent (re-

quired or measured) viscosity of the microchannel flow
equals the bulk viscosity at large distances away from

the wall. For thin films, Israelachvili [8] reported values

of apparent viscosity to be much larger than the bulk

viscosity. Migun and Prokhorenko [9] reported that

the apparent viscosity increases for capillaries smaller

than a micron in diameter. However, other researchers

[10] have reported that the apparent and bulk viscosities

are nearly equal for flows in capillaries. In these studies,

the bulk viscosity is generally determined from classical

thermodynamics, whereby curve fits of measured data to

interpolating polynomials are used to estimate the vari-

ations of viscosity with temperature and pressure.

In contrast, other authors have predicted viscosity

and thermal conductivity from methods of statistical

thermodynamics, based on a velocity or temperature dis-

tribution function that can accommodate the effects of

intermolecular interactions [11]. Avsec [12,13] applies

statistical methods to include translational, rotational,

vibrational and electron excitation effects on property

evaluation for liquids. Gad-el-Hak [1] has extended such

derivations to viscous processes in microfluidic transport

by outlining a Knudsen number dependence in the

velocity distribution function. For small Knudsen num-

bers, the distribution function can be expanded as a

power series in terms of the Knudsen number. This

dependence becomes negligible at small Knudsen num-

bers in macro-scale flows, so that viscosity only depends

on two variables (pressure and temperature) for such

flows.
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Pfahler et al. [14,15] measured the friction factor of

liquids (isopropyl alcohol, silicon oil) and gases (nitro-

gen, helium) flowing through microchannels etched in

silicon. The liquid flow rate was measured as a function

of channel size, pressure drop and type of fluid. It was

observed that the fluid�s apparent viscosity was smaller

than values predicted for macro-scale flows. Although

some speculation regarding rarefaction and thermal ef-

fects was noted, the authors ‘‘do not have a satisfactory

theoretical explanation for the phenomena observed’’

[15]. A trend of decreasing friction constant with

decreasing Reynolds number was observed, although

macro-scale theory predicts a constant friction factor

for laminar flow.

Exergy destruction includes both friction and thermal

irreversibilities. In addition, past studies have investi-

gated irreversibilities due to phase change in multiphase

problems [16–19], which can be tracked spatially by

methods of CFD [20]. Camberos [21] predicted electro-

magnetic irreversibilities with CFD in aircraft design.

The main objectives of this article involve showing that

exergy losses of electromagnetic irreversibilities provide

useful insight regarding fluid friction, pressure losses

and near-wall velocity profiles in microchannels. In this

article, an analytical formulation of electromagnetic ex-

ergy losses is developed for microchannel applications.

Predicted results for electrohydrodynamic motion in

rectangular channels are compared successfully against

past data.
2. Formulation of fluid flow

During electrokinetic flow in microchannels, the

charged surface of a microchannel wall may attract ions

of the opposite charge in the surrounding fluid. As men-

tioned previously, the resulting spatial gradient of ions

near the wall leads to an EDL (Electric Double Layer;
Fig. 1. Schematic of electrohydrodynamic
see Fig. 1). This EDL contains an inner layer (immobile)

and a mobile outer layer, which can be appreciably af-

fected by an externally applied electric field. The EDL

reduces the liquid velocity and affects the frictional

losses. For example, the friction coefficient increases

when the ionic concentration of an aqueous solution de-

creases. In this article, spatial changes of the electromag-

netic forces on the fluid will be considered and modeled

as a source term in the axial momentum equation.

Consider a non-polarized thermomagnetic field that

is exerted on a steady-state fully developed flow in a rect-

angular microchannel (see Fig. 1). The separation be-

tween walls (2b) is assumed to be much larger than the

distance of 2a. An electromagnetic wave is polarized if

the electric field vibrates in only one direction. In this

article, the electromagnetic waves transmitted through

the microchannel are non-polarized, since the applied

electric field is assumed to vibrate in many direc-

tions simultaneously. Polarization is a phenomenon

associated with transverse electromagnetic waves. Lon-

gitudinal waves, such as sound, cannot be polarized.

Ordinary light is another example of non-polarized elec-

tromagnetic waves, since the electric field vibrates in

multiple directions at the same time. The non-polarized

waves traveling in the y-direction of the microchannel

are a superposition of many waves. For each wave, the

electric field is perpendicular to the y-axis and the angle

it makes with the x-axis varies for different waves. For

polarized waves, the angle that the electric field makes

with the x-axis would be unique.

The general form of the momentum equation for

electrohydrodynamic flow is

q
o v

*

ot
þ q v

* �r v
* ¼ �rp þr � ðlr v

*Þ þ i
*

� B
*

ð1Þ

where the last term represents the electromagnetic force

and i and B refer to the current density and magnetic

field strength, respectively. For steady-state flow in a
flow with an electric double layer.
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microchannel at small Reynolds numbers (see Fig. 1),

the transient and inertia terms can be neglected and

the reduced form of the momentum equation becomes

0 ¼ �rp þr � ðlr v
*Þ þ i

*

� B
*

ð2Þ

The fluid velocity, magnetic field and current density

fields are assumed as orthogonal. As a result, the net

force exerted by the magnetic field on the fluid is perpen-

dicular to the direction of the fluid velocity. Positive

charges accelerate in the direction of the electric field

and negative charges accelerate in a direction opposite

to the electric field.

Also, the applied electric field is non-polarized and

the cross-product of the electromagnetic source term in

Eq. (2) can be simplified to give the following x-momen-

tum equation:

0 ¼ � dp
dx

þ l
d2u
dz2

þ iyBz ð3Þ

The terms represent pressure, viscous and electromag-

netic forces on the liquid. Using Ohm�s Law to express

the current density in terms of fluid velocity yields

l
d2u
dz2

þ reB2
z u ¼ dp

dx
ð4Þ

where re and Bz refer to the electrical conductivity and

magnetic field strength (z-direction), respectively. For

fully developed flow in the microchannel, the pressure

gradient becomes constant and independent of the mag-

netic field strength.

In terms of the Hartmann number, M (where

M ¼ aBz

ffiffiffiffiffiffiffiffiffiffi
re=l

p
), Eq. (4) becomes

l
d2u
dz2

� M2l
a2

� �
u ¼ dp

dx
ð5Þ

Applying no-slip boundary conditions at z = a and

z = �a (note: origin of coordinates at mid-plane of

Fig. 1), the analytical solution of Eq. (5) becomes

uðzÞ ¼ a2ðdp=dxÞ
lM2

coshðMz=aÞ
coshM

� 1

� �
ð6Þ

The mean velocity within the microchannel can be deter-

mined as follows:

ub ¼
1

2a

Z a

�a
uðzÞdz ð7Þ

Substituting the velocity profile and performing the spa-

tial integration,

ub ¼
a2ðdp=dxÞ

lM2

sinhM
M coshM

� 1

� �
ð8Þ

After non-dimensionalizing the z-coordinate (z* = z/a)

and velocity (u* = u/ub),

u� ¼ M coshM �M sinhðMz�Þ
M coshM � sinhM

ð9Þ
With a Large Hartmann number Approximation (LHA

model), the velocity becomes

u� ¼ 1� eMðz��1Þ ð10Þ

Furthermore, the friction coefficient is defined as

cf ¼ sw
qu2b=2

¼ lðdu�=dz�Þ�1

quba=2
ð11Þ

Differentiating the previous velocity profile and eval-

uating the result along the bottom wall,

cf ¼ 8e�M

M=Re
ð12Þ

where Re is the Reynolds number, based on the half-

width of the microchannel.
3. Convective heat transfer formulation

For convective heat transfer within the microchannel,

the transient, inertial and streamwise conduction terms

can be neglected for small Reynolds numbers at steady

state. Then the reduced form of the energy equation

becomes

k
d2T
dz2

þ l
du
dz

� �2

þ
i2y
re

¼ 0 ð13Þ

Define the following non-dimensional temperature,

h, and electromagnetic coefficient, C

hðz�Þ ¼ kðT � T wÞ
lu2b

ð14Þ

C ¼ MðK � 1Þ coshM � K sinhM ð15Þ

where K represents a non-dimensional load factor (ratio

of the applied electric field strength to the product of the

mean velocity, ub, and magnetic field strength).

In terms of the non-dimensional variables, the energy

equation becomes

d2h
dz�2

¼ � du�

dz�

� �2

� i�2y ð16Þ

where

i�y ¼
iy

ub
ffiffiffiffiffiffiffi
rel

p
=a

ð17Þ

Eq. (16) can be solved analytically, based on the velocity

solution from the momentum equation. From Ohm�s
Law, the current can be expressed in terms of the veloc-

ity as follows:

i�y ¼ �MðK � u�Þ ð18Þ

Thus, the energy equation becomes a second-order

differential equation with known functions of z* on the

right side of Eq. (16), based on the velocity solution

from the momentum equation.
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4. Formulation of exergy losses

In previous sections, the streamwise (x-direction) gra-

dients of velocity and viscous stress were neglected, so

the reduced form of the exergy transport equation can

be expressed as [22]:

DX
Dt

¼ o

oz
k 1� T 0

T

� �
oT
oz

� �
þ oðusÞ

oz
� _X d ð19Þ

where DX/Dt refers to the total convective derivative of

exergy, X. Also, the rate of exergy destruction, _X d, can

be represented by the reference temperature, T0, multi-

plied by the local entropy production rate, _P s. As a re-

sult, the local rate of entropy production is needed to

calculate the exergy destroyed by friction, thermal and

electromagnetic irreversibilities.

This rate of entropy production within the micro-

channel can be determined from the energy, entropy

and Gibbs equations as follows (see Fig. 2):

_mdh ¼ q0 dxþ
i2y
r

 !
2a � 2b � dx ð20Þ

d _P s ¼ _mds� q0dx
T þ DT

P 0 ð21Þ

dh ¼ T dsþ v000dp ð22Þ

In these equations, h, q 0, s, v
000
and _P s refer the fluid en-

thalpy, heat flow (per unit length), specific entropy, spe-

cific volume and entropy production rate, respectively.

The mass flow rate can be written in terms of the

microchannel aspect ratio, b, as follows,

_m ¼ qubð4abÞ ¼ qub4ba2 ð23Þ

Combining the energy and Gibbs equations,

q0 dx ¼ _mðT dsþ v000 dpÞ �
i2y
r

 !
4abdx ð24Þ

Then, using the entropy equation,

q0 dx ¼ T d _Ps þ
q0dx

T þ DT

� �
þ _m

dp
q

�
i2y
r

 !
4abdx ð25Þ

which can be re-arranged as follows:

d _P s

dx
¼ q0

T
� q0

T þ DT
� _m
qT

dp
dx

þ 4ab
i2y
rT

ð26Þ
2a

T+∆T

T

dx

q’dx

2b >> 2a
m

Fig. 2. Schematic of heat and mass flow in a microchannel.
This result gives the rate of change of entropy produc-

tion in the streamwise (x) direction of the microchannel.

This result requires spatial integration to yield the local

rate of entropy production at each x-position.

Alternatively, the entropy production rate can be

expressed as a sum of positive-definite terms correspond-

ing to friction, thermal and electromagnetic irreversibil-

ities, i.e.,

_Ps ¼
krT � rT

T 2
þ lU

T
þ re

T
ðE
*

þ v
*� B

*

Þ � ðE
*

þ v
*� B

*

Þ

ð27Þ

In Eq. (26), the terms on the right side represent a sum

of squared terms, so the entropy production is positive,

thereby complying with the Second Law of

Thermodynamics.

Based on the assumptions outlined previously in the

fluid flow and heat transfer formulations, it can be

shown that the reduced form of the entropy production

equation can be written as

_Ps ¼
k

T 2

dT
dz

� �2

þ l
T

du
dz

� �2

þ
i2y
reT

ð28Þ

Define the following non-dimensional entropy pro-

duction, _P
�
s , and wall temperature,

_P
�
s ¼

_P s

k=a2
ð29Þ

hw ¼ kT w

lu2b
ð30Þ

Using these variables, the non-dimensional entropy

production equation becomes

_P
�
s ¼

ðdh=dz�Þ2

ðhþ hwÞ2
þ ðdu=dz�Þ2

hþ hw
þ

i�2y
hþ hw

ð31Þ

Three cases will be considered, namely (i) frictional

exergy losses and combined frictional/thermomagnetic

exergy losses, subject to (ii) constant wall temperature

and (iii) constant wall heat flux conditions.
4.1. Case (i): Frictional exergy losses in channel flow

The previous expressions of entropy production and

exergy losses include friction and thermomagnetic irrev-

ersibilities. The former component due to friction will be

validated separately. For incompressible, fully-devel-

oped flow within a channel of length L and width of

2a, the velocity profile is given by the well-known

Poiseuille flow solution, i.e.,

uðzÞ ¼ a2Dp
2lL

z
a

� �2
� 1

� �
ð32Þ
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Differentiating with respect to z to find the entropy pro-

duction rate and multiplying by temperature yields the

following ratio of exergy destruction to maximum ex-

ergy destruction (at the wall),

_X d

_X d;w

¼ z
a

� �2
ð33Þ

This result indicates that the exergy destruction ratio is

minimum (zero) along the center line.
4.2. Case (ii): Combined friction/thermomagnetic

exergy loss (constant wall temperature)

In this case, the thermal boundary conditions are

given by

hð�1Þ ¼ 0 ð34Þ

Solving the internal energy equation subject to these

boundary conditions, it can be shown that

h ¼ M2

ðM coshM � sinhMÞ2
C2

2
ð1� z�2Þ

�

þ 2C
M

ðcoshM � coshMz�Þ

þ 1

4
ðcosh 2M � cosh 2Mz�Þ

�
ð35Þ

This result confirms that both the Hartmann number

and load factor affect the temperature profile.

Then, the entropy production at the wall can be

determined after differentiating the temperature profile

and evaluating the spatial derivatives at the wall

(z* = 1). Furthermore, Ohm�s Law is used to express

the current density in terms of the load factor, thereby

yielding the following result for the rate of exergy

destruction at the wall,

_X
�
d;w ¼ hw _P

�
s;w ¼ M

M coshM � sinhM

� �4

� C2 þ 2C sinhM þM
2

sinh 2M
� �2

1

hw

þ M2 coshM
M coshM � sinhM

� �2

þM2 K �M
coshM � sinhM

M coshM � sinhM

� �2

ð36Þ
4.3. Case (iii): Combined friction/thermomagnetic

exergy loss (uniform wall heat flux)

In this case, the thermal boundary conditions are

given by
hð1Þ ¼ 0 ð37Þ
dh
dz�

����
1

¼ q�w ð38Þ

where the non-dimensional wall heat flux is given by the

following expression,

q�w ¼ q00w
lu2b=a

ð39Þ

In this case, the right wall temperature is unknown and

the temperature profile is assumed to be symmetric

about the mid-plane of the microchannel. Due to sym-

metry, only the right half-channel is considered in the

analysis.

Solving the internal energy equation subject to the

previous boundary conditions,

hðz�Þ ¼ q�w
2C2ðz�2 � 1Þ þ 8CðcoshMz� � coshMÞ=M

4C2 þ 8C sinhM þ 2M sinh 2M

þ q�w
ðcosh 2Mz� � cosh 2MÞ

4C2 þ 8C sinhM þ 2M sinh 2M
ð40Þ

It can be verified that this result is symmetrical about

the mid-plane of the microchannel. Using this result, the

non-dimensional rate of exergy destruction at the wall

becomes

_X
�
d;w ¼ q�2w

hw
þ M2 coshM

M coshM � sinhM

� �2

þM2 K �M
coshM � sinhM

M coshM � sinhM

� �2

ð41Þ
For large Hartmann numbers, the exponential e�M

becomes much less than eM, so the exergy destruction

at the wall can be simplified as follows:

_X
�
d;w ¼ q�2w

hw

lu2b
kT w

� �2

þ M4

ðM � 1Þ2
þM2K2 ð42Þ

Exergy losses have important implications regarding

the performance of microdevices. For energy consuming

systems, such as input power needed for electrically dri-

ven flow in microchannels, exergy destruction character-

izes dissipative losses leading to reduced system

efficiency. On the other hand, recent advances involving

micro energy sources, such as micro heat engines [23], in-

volve power generation. In this case, exergy losses repre-

sent a portion of energy which may have been converted

to useful work, but was lost through friction and ther-

momagnetic irreversibilities. In the following sections,

the previous results of exergy destruction will be used

for optimization purposes.
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5. Minimization of exergy losses

Re-arranging Eq. (42) in terms of the Reynolds num-

ber (Re), magnetic Prandtl number (Prm) and thermo-

magnetic number (N),

_X
�
d;w ¼ 1

4hw

q0w _m2q2

16b3l5

� �2

Re�8þ hwNð1þK2ÞPr2mRe2 ð43Þ

where

Re ¼ quba
l

ð44Þ

Prm ¼ llere

q
ð45Þ

N ¼ H 2
e

rekT w

ð46Þ

and le and He are the magnetic permeability and electric

field strength, respectively. Also, b and q0w are the micro-

channel aspect ratio (b/a) and wall heat flux per unit

length of microchannel.

Differentiating the expression for exergy destruction

with respect to the Reynolds number and setting the re-

sult equal to zero yields the following optimal Reynolds

number,

ReL;opt ¼
0.574B1=5

Nð1þ K2Þb6
	 
1=10 ð47Þ

where the duty parameter, B, is given by

B ¼ q0 _m2q2

Prml5hw
ð48Þ

At this optimum, the least input power is needed to

transfer fixed rates of mass and heat flow through the

microchannel.
6. Experimental study of exergy losses in channel flow

Experimental studies of friction and thermal irrever-

sibilities (not electromagnetic irreversibilities) were per-

formed for validation of limiting cases of predicted

exergy losses. Channel flow was studied in a water tun-

nel with pulsed laser PIV (particle image velocimetry)

and 5 lm diameter polyamide seeding particles (see

Fig. 3). The parallel channel is 12.6 mm high, 60 cm

wide and 2 m long. The height does not represent a

microchannel. However, pulsed laser measurements

were obtained within close proximity of the wall (within

0.2 mm from the wall) and both configurations have dif-

fusion dominated transport near the wall. Also, dynamic

similarity between the configurations occurs at an equiv-

alent Reynolds number, so the measurements were con-

sidered to provide useful data for validation of the

theoretical modeling.
In the experimental setup, a Dantec 2100 PIV system,

reflecting optics, two-chamber Gemini PIV Nd: Yag

pulsed laser and HiSense CCD camera were used. The

pulsed laser illuminated a planar cross-section in the

center of the channel, perpendicular to the wall. Camera

images of illuminated particles at two different times

were processed, matched and sub-divided into interroga-

tion regions to determine the displacement of a group of

particles (based on FFT correlation techniques). The

fluid velocities were determined from these digital

images, after dividing the distance by the elapsed time

of laser pulses.

When collecting the experimental data, a procedure

for optimizing the time between laser pulses was needed

for establishing the particle seeding density. The PIV

peak height ratio and velocity length sliders were ad-

justed, so any vectors longer than a specified portion

of length within the interrogation area were highlighted

in red (i.e., considered inaccurate). Starting with a low

time between pulses and gradually increasing the time

between successive images, the velocities in the vector

map became sufficiently smooth and continuous. This

time was increased until red vectors appeared, at which

point the optimum time between laser pulses was deter-

mined. The duration of the pulses was 0.01 ls. The cam-

era focus was adjusted until outlier vectors from

successive images were minimized to a few large outlier

vectors. In the PIV experiments, if more outliers oc-

curred and they could not be removed after focus adjust-

ments of the camera, then more seeding particles were

added. A minimum of five particles per interrogation cell

was needed for cross-correlation of the measured data.

The Dantec PIV system permitted other adjustable

cross-correlation parameters in the experimental proce-

dure. A specified overlap percentage of interrogation

areas was used in the PIV software, in order to allow

sufficient over-sampling of the flow field. Additionally,

moving-average validations allowed vectors to be re-

jected based on a comparison between neighboring vec-

tors and replacement of vectors with surrounding

values. The moving-average filter replaced each vector
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with a weighted average of neighboring vectors. This

process reduces errors arising from amplification of

noise in the signal received by the PIV system. Sufficient

statistical averaging of vector maps was performed, until

the number of averaged readings did not appear to have

appreciable effects on the spatial velocity field. After

fluid velocities were measured over the discrete PIV grid,

the data were post-processed to derive friction irreversi-

bilities and exergy destruction, based on the viscous dis-

sipation divided by temperature. Additional details

regarding these procedures have been documented previ-

ously [24]. The maximum error of measured exergy

destruction was estimated to be about 11.67% near the

wall, but the measured data are generally considered

to be accurate within ± 6.6% away from the wall (see

Appendix A). In addition to whole-field PIV, this meth-

od can be applied to other measurement techniques,

such as LDA or PDA.
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sured data.
7. Results and discussion

In this section, predicted results will be compared

against measured data and computational simulations

with a finite element/volume formulation, which has

been documented and validated in previous work [25].

Detailed information regarding numerical modeling

and validation of the computational formulation is out-

lined in Ref. [25]. Furthermore, the predicted results will

be presented and compared against past data reported

by Bejan [18], Salas et al. [26] and Adeyinka and Naterer

[27]. The predicted results will be presented in terms of

non-dimensional variables described in previous sec-

tions. In particular, these non-dimensional variables in-

clude the cross-stream coordinate (z* = z/a), velocity

(u* = u/ub), Hartmann number (M), temperature (h),
Reynolds number (Re), load factor (K) and duty param-

eter (B).

In Fig. 4, the predicted non-dimensional temperature

is shown at varying Hartmann numbers and load fac-

tors. It can be observed that the temperature and near-

wall temperature gradient decrease at lower Hartmann

numbers. Also, they decrease with larger load factors.

The load factor (K) represents the ratio of the applied

electric field strength to the product of the mean velocity

and magnetic field strength. The electromagnetic resis-

tance of fluid motion decreases at larger load factors,

when the magnetic field strength decreases. As a result,

the fluid velocity increases in the denominator of the

non-dimensional temperature, thereby reducing the tem-

perature of the fluid. As expected, the temperature de-

creases when the wall heating rate is reduced (see Fig. 5).

Exergy destruction within the microchannel occurs

from both friction and thermomagnetic irreversibilities.

Each component can be isolated, in order to assess the

varying roles of fluid friction, heat exchange and electro-
magnetic forces on energy conversion within the micro-

channel. In Fig. 6, the frictional component is isolated

and the ratio of local exergy destruction to the maxi-

mum exergy destruction (at the wall) is plotted. Close
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agreement is achieved between analytical, computa-

tional and measured results. This close agreement pro-

vided useful validation of the theoretical modeling of

the frictional component of exergy losses.

The flow configuration and experimental method

were described in section V. Computational simulations

were performed with a FVM (finite volume method),

which has been documented previously and validated

in Ref. [25]. In Fig. 6, measurements were recorded at

a distance of 110 cm downstream of the inlet of the

channel. At this point, the fluid motion was fully devel-

oped. Although the channel height (12.6 mm), Reynolds

number (518) and closest measurement to the wall

(0.2 mm) do not match the microchannel problem, the

frictional exergy destruction occurs from the same com-

ponent in both configurations (second term on right side

of Eq. (31)). As a result, the comparison against mea-

sured data in Fig. 6 provides a useful validation of fric-

tional exergy losses of fluid transport in channels. Also,

the measurements provide a useful basis from which fu-

ture developments could include the additional thermo-

magnetic irreversibilities. For example, planar laser

induced fluorescence (PLIF) could be applied in a simi-

lar manner to whole-field measurements of thermal

irreversibilities.

In Fig. 7, the rate of exergy destruction is illustrated

for a microchannel half-width of 43 lm, load factor of

0.5, Hartmann number of 20 and varying magnetic field

strengths. It can be observed that exergy destruction de-

creases at lower magnetic field strengths, due to lower

electromagnetic irreversibilities. Also, the exergy

destruction reaches a peak value at the wall. Then, it de-

creases to a local minimum and rises to a uniform non-

zero value in the core of the microchannel. The exergy

destruction approaches zero at the mid-plane in Fig. 6,

as electromagnetic irreversibilities were not included in

the exergy destruction. But these irreversibilities are in-

cluded in Fig. 7 and they increase towards the mid-plane

of the microchannel, thereby yielding a non-zero exergy

destruction in the mid-plane. From Ohm�s Law, the elec-
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tromagnetic irreversibility is proportional to the velocity

squared, so the point of maximum electromagnetic irre-

versibility occurs at the mid-plane (z* = 0).

The exergy destruction increases for wider micro-

channels (see Fig. 8), since added surface area increases

the friction irreversibilities. The electromagnetic irre-

versibility decreases at higher load factors, due to a

lower magnetic field strength. As a result, the higher

load factor of K = 1.0 in Fig. 8 yields a monotonically

decreasing exergy destruction towards zero in the mid-

plane of the microchannel, without a local minimum

and rising trend observed in Fig. 7. The results in Figs.

7–9 indicate the friction irreversibility is highest near

the walls, while the electromagnetic irreversibility is

dominant within the core of the microchannel. If the

fluid friction is sufficiently small at low Reynolds num-

bers and the Hartmann number is sufficiently large,

the maximum exergy destruction may occur at the

mid-plane. Unlike classical problems involving convec-

tive heat transfer without electromagnetic forces, the

point of maximum exergy destruction may not be

located at the wall. As a result, local loss coefficients

may be better represented in terms of local exergy
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Fig. 9. Optimal Reynolds number at varying magnetic field
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destruction, rather than friction coefficients at the wall,

which may not best reflect the most relevant location

of dissipative losses in electrohydrodynamic flows.

It should be noted that the predicted results are deter-

mined from the LDA model in Figs. 7 and 8. At different

values of z/a, the trends of exergy destruction in the pre-

dicted results show close agreement with Salas�s data

(1999) at the same Hartmann number (M = 20). Those

comparisons are shown at the same Hartmann number

for validation purposes. Additional sensitivity studies

at other Hartmann numbers are also shown in the same

figures. For example, lower magnetic field strengths

(B = 11 and 8 kV/m) are shown in Fig. 7, which corre-

spond to different Hartmann numbers. As a result, those

sensitivity studies cannot be compared directly to Salas�s
data (1999), since the Hartmann numbers are not equiv-

alent. Nevertheless, the additional sensitivity studies

provide useful insight regarding trends at varying

strengths of the applied magnetic field. For example,

when the value of B decreases below B = 15 kV/m in

Fig. 7 (corresponding to the case of M = 20), the trends

of exergy destruction are different than Salas�s data

(1999) at different values of z/a, since the electromag-

netic irreversibility decreases at lower values of the mag-

netic field strength. At the center of the channel, the

exergy destruction for B = 8 kV/m is about 67% lower

than the case with B = 15 kV/m, as the Hartmann num-

ber decreases by about 47% so the electromagnetic irre-

versibility decreases accordingly.

In Fig. 9, the optimal Reynolds number, ReL,opt,

which minimizes the net exergy destruction, is plotted

at varying duty parameters, aspect ratios and flow

configurations (turbulent boundary layer [18]; film con-

densation [27]). The optimum is lower than other

configurations [18,27] and it increases at higher duty

parameters and smaller aspect ratios. This optimum

involves a certain balance, which minimizes the net

exergy destruction arising from combined effects of

friction and thermomagnetic irreversibilities. The fric-

tion irreversibility is reduced with a smaller surface

area and net friction, but higher thermal irreversibilities

occur due to a higher temperature difference (between

fluid and wall) needed to transfer a specified heat flow

(q) over a smaller area. However, the thermal irrevers-

ibility decreases with a larger surface area, since a smal-

ler temperature difference between the fluid and wall is

needed to transfer the fixed heat flow. This reduction

comes at the expense of higher friction irreversibilities,

when the larger surface area (i.e., larger Reynolds num-

ber) contributes to added surface friction. Furthermore,

the electromagnetic irreversibility increases at higher

Reynolds numbers, since Ohm�s Law outlines that this

irreversibility is proportional to the velocity squared.

These varying trends contribute to the physical mecha-

nisms which minimize the net rate of exergy destruction

at ReL,opt.
The previous results of exergy destruction have prac-

tical significance in electrically driven flow in microchan-

nels. These exergy losses characterize the friction,

pressure losses and kinetic energy dissipated to internal

energy within the microchannel. As a result, they have

an important role in the performance of microdevices.

For example, consider cooling of an electronic assembly

with microchannels. Each unit of exergy destroyed rep-

resents an amount of internal energy, which could have

been removed by convective cooling, but was not re-

moved due to energy dissipated internally by the ther-

momagnetic irreversibilities. Additional power input is

needed to offset these irreversibilities. As future microde-

vice technologies become more complex in terms of en-

ergy conversion between various sub-systems, it is

anticipated that tracking of exergy losses throughout

these networks will become an increasingly useful tool

in reaching the technological goals therein.
8. Conclusions

This article considers exergy losses of electrohydro-

dynamic flow in microchannels. Friction, thermal and

electromagnetic irreversibilities contribute to exergy

destruction, which leads to additional input power re-

quired to deliver fixed rates of mass flow and heat ex-

change within the microchannel. This input power is

supplied to manipulate the electric charge pattern along

the walls, thereby generating forces that control the

speed and direction of fluid motion. In this article, pre-

dicted velocity and temperature profiles are post-pro-

cessed to find local rates of exergy destruction within

the microchannel. Also, non-intrusive measurements of

whole-field exergy destruction are presented. Theoretical

predictions are validated through comparisons with this

measured data and other past data. Unlike Poiseuille

flow, the predicted results show non-zero entropy pro-

duction in the core of the microchannel for electrohy-

drodynamic flows, due to the rising electromagnetic

irreversibilities. It is shown that the optimal Reynolds

number (minimizing the exergy destruction) increases

at smaller aspect ratios of the microchannel. Less surface

area leads to higher thermal irreversibilities below the

optimum, as a larger temperature difference (between

fluid and wall) is needed to transfer a fixed rate of heat

flow. The load factor of the electric circuit appears to

have minor impact on the optimum. The results show

how exergy losses have importance in effective flow con-

trol in microchannels.
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Appendix A. Measurement uncertainties

A measurement uncertainty analysis of PIV measure-

ments was performed based on the AIAA standard [28].

The total error is a sum of the bias component, B, and a

precision component, P. For the measured velocity, U,

its bias error is related to the elementary bias errors as

follows:

B2
U ¼ g2DsB

2
Ds þ g2DtB

2
Dt þ g2LoB

2
Lo
þ g2LIB

2
LI

ðA:1Þ

where the sensitivity coefficients are defined as gv = oU/

ov. Also, Dt is the time interval between laser pulses,

Ds is the particle displacement from the correlation algo-

rithm, Lo is the width of the camera view in the object

plane and LI is the width of the digital image. Using

the manufacturer�s specifications of the elementary bias

limits and combining the contributions of each bias er-

ror and the sensitivity coefficient, a velocity error of

0.76% was obtained.

Furthermore, the precision error (P) for measure-

ments of N samples is given by

P ¼ tr
N

ðA:2Þ

where t is the confidence coefficient (equaling 2 for a

95% confidence interval) and r is the standard deviation

of the sample of N images. Values of the standard devi-

ation along the center line and the near-wall region were

calculated to be 15% and 33%, respectively. These values

yielded precision limits of 0.67% and 1.55% for those re-

gions. Thus, the total uncertainties of measured velocity

in the mid-plane and near-wall regions become 1.4% and

2.2%, respectively.

Using these velocity results, the measurement error of

exergy destruction, Xd, can be estimated based on the

following data reduction equation for fully developed

flow,

X d ¼ l
Du
Dy

� �2

þ k
DT
Dy

� �2

ðA:3Þ

A similar procedure is performed with bias and pre-

cision errors involving exergy destruction. As a result,

the total error becomes

e2Ps
¼ g2T e

2
T þ g2DU e

2
DU þ g2Dye

2
Dy þ g2DT e

2
DT ðA:4Þ

The maximum total uncertainty of exergy destruction

was estimated to be about 11.67% at a point of 3 mm

from the bottom wall. This uncertainty represents the

maximum error bound within a 95% confidence interval.

Additional comparisons between measured and analyti-

cal results within the channel show less error closer to

the center-line of the channel.
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