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Abstract

Laminar flow behaviour is typically observed when transporting fluids in micron-scale channels. Here, cross channel mass transport
occurs only by molecular diffusion and mixing adjacent fluid streams becomes problematic. A parabolic velocity profile is also observed
with pressure-driven laminar flow in a conduit. This property can be exploited by circulating fluid in an annulus such that two initially
separated liquids are forced to pass through each other resulting in massive increases in the interfacial area to promote conditions for
mass transfer. Miniature machined and micromachined prototypes with an integrated magnetohydrodynamic (MHD) micropump for fluid
circulation were fabricated and tested. Annular MHD micromixing was characterised using fluorescein, bromophenol blue and hydrogen
ion solutes for a range of velocities and modelled to include both diffusive and convective components. Furthermore, a lateral partitioning
mechanism was identified and examined.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The miniaturisation of analytical and synthetic appara-
tus offers inherent gains in performance as a consequence
of fundamental scaling laws. This approach also presents
the possibility to exploit phenomena that do not exist in
macroscopic systems, thereby increasing the repertoire of
methods for chemical manipulation. The transport of fluids
through these miniature systems is typically associated with
a low Reynolds number,Re, where non-turbulent, or laminar
flow behaviour dominates. Here, flows are predominantly
uniaxial (i.e. moving parallel to the channel walls), where
molecular diffusion is the only force to govern transverse
flow (i.e. movement across the channel’s width). This fea-
ture has found numerous applications, including diffusion
controlled particle filtration[1], concentration gradient con-
struction[2], and the measurement of reaction kinetics[3].
However, many processes require the homogenisation of
chemical species, and the same diffusion limited transport
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introduces unacceptably lengthy mixing timescales. Meth-
ods to enhance mixing are therefore required to overcome
this hindrance. The incorporation of conventional moving
stirrer elements in microdevices presents both a fabrication
and reliability challenge, and has inspired investigation of
other mixing mechanisms. By introducing convective forces
with appropriate microchannel design, fluid interfaces can
be significantly increased to enable thorough mixing by
molecular diffusion. For example, microfabricated noz-
zles can be used for hydrodynamic focusing where a high
velocity, high surface-to-volume ratio chemical stream is
created to achieve mixing in microseconds[4]. Other in-
genious solutions generate vortices using so-called herring
bone microchannel surface modifications[5] or by using
orthogonal alternating Lorentz forcing[6]. Another method
involves the initiation of electrokinetic instabilities during
electroosmotic flow to generate transverse flow components
and thereby affect micromixing[7]. More commonly, how-
ever, microchannel interconnection and layout can be used
to create multiple co-current flows with a high interfacial
area for inter-stream diffusional mixing[8,9].

A parabolic velocity profile is typical of laminar flows in a
channel. This characteristic can be coupled with an annular
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Fig. 1. The 2-D behaviour of two laminar flows in an annular micromixer
after (a) ∼0.125 and (b)∼1.625 revolutions at peak velocity. A zero
diffusion condition is assumed.

geometry to provide an alternative method for micromixing.
As shown inFig. 1, a circulating and laminar flow causes
two initially separated fluids to repeatedly pass through each
other to create multiple lamellae with a high interfacial area
for diffusion-mediated mixing. However, the actuation of
fluids in an annular channel is not trivial. Fluid circulation
using a magnetohydrodynamic (MHD) micropump does
not suffer geometry restrictions and has previously been
demonstrated as a means to address this[10,11]. MHD ac-
tuation is an electrically controllable, reversible, low power
consumption fluid-drive method that obviates the use of
moving parts by acting locally on the electrolyte, exploiting
its inherent conductive nature. MHD propulsion is realised
when an electric field operates in, and perpendicular to, a
magnetic field[10,12]. This orthogonal arrangement gen-
erates a Lorentz force that is perpendicular to both electric
and magnetic fields, and acts to induce fluid transport. Typ-
ically, MHD transport is achieved using a cross channel
electric current in combination with a magnetic field orig-
inating from beneath the channel. Fluid manipulation using
MHD propulsion has found several applications, including
fluidic switching in a microfluidic network[13,14] and
continuous flow chemistries[11]. Other approaches have
exploited the Lorentz transport phenomenon to structure
microscopic flow patterns[15]. In this paper, we report the
use of MHD-driven uniaxial transport to stretch, fold and
partition fluid streams circulating in a microscale annulus.

2. Experimental

2.1. Fabrication

Machined and microfabricated annular MHD devices
were used to understand the behaviour of fluid circulating
under a Lorentz force. The machined prototype was fab-
ricated using a brass disc positioned within a brass ring
(both 500�m-thick), and glued to a polycarbonate plate
(350�m-thick), to realise vertical channel walls that also
serve as electrodes. The disc has a radius of 4 mm, and the
ring has an internal radius of 6 mm, to create a 2 mm-wide
channel with a centre-line radius of 5 mm and a depth of
500�m, giving a volume of∼32�L. Dimensions were
determined using digital Vernier callipers with an accuracy

of ±10�m. The device could be operated without a lid, or
alternatively a transparent polycarbonate top plate was used
to enclose the annulus. The micromachined device was fab-
ricated using a 525�m-thick silicon substrate. A KOH etch
was used to define an annulus to a depth of 150�m. This
anisotropic etch results in vertical walled regions (1278�m
wide), and 54◦ etch regions where the channels are wider
at the top than the bottom (1045 and 830�m, respectively),
and still further regions where a combination of these
cross-section geometries exist, resulting in an average width
of 1160�m and an average internal radius of 4.42 mm,
giving a volume of∼5.5�L. Following the growth of a
1�m-thick SiO2 using a wet furnace (Thermco 9000 Fur-
nace), the wafers were coated with metal (350 Å Cr, 2000 Å
Au) using a Temascal Evaporator (BJD1800). Standard pho-
tolithographic methods were used with Eagle electrophoretic
negative photoresist (ED2100) to pattern metal electrodes
on the channel walls[16]. During operation the annulus was
enclosed with a 150�m-thick glass superstrate secured us-
ing capillary forces. The silicon device is depicted inFig. 2.

2.2. MHD flow model

A mathematical model for annular MHD propulsion has
previously been reported[17]. Briefly, the equations of in-
compressible MHD flow[18] may be reduced to a Navier–
Stokes equation with a Lorentz force. Given a cylindrically
symmetric geometry, and therefore circular streamlines, an
exact reduction to a Poisson equation is possible. This can be
solved by using a Fourier–Bessel expansion, or by straight-
forward numerical computation using a two-dimensional
finite element package, where a zero-flux boundary condi-
tion (v = 0) is assumed and produces a parabolic velocity
profile with a maximum towards the inner wall at half
depth. Plotted inFig. 3 is the non-dimensional quantity

−v(r, z) ×
(

BI

4πhη

)−1

(1)

Fig. 2. MHD micromixer with an annular channel realised by KOH etching
silicon, and with Cr/Au electrodes patterned on the channel walls.
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Fig. 3. Finite element solution for velocity profile in the silicon microre-
actor annulus at a region with a 54◦ etch. Depth is 150�m and measured
along the verticalz-axis in �m. The channel width is 1045�m at the top
and 830�m at the bottom of the channel, with channel radius measured
in mm along ther-axis.

evaluated at each (r, z) point in the silicon channel
cross-section, wherer denotes the radius andz the depth.
The force generated is the product of the magneticB and
electric I fields, with channel depthh and η denoting the
fluid’s viscosity. The non-dimensional multipliers used to
find the average and peak velocities (by multiplication with
theBI/4πhη expression) in the silicon microreactor and the
open and closed machined device are calculated from the
Poisson solver and recorded inTable 1.

2.3. Apparatus and measurements

MHD actuation using a 1 kHz AC signal was implemented
to avoid issues of net reactant migration leading to electrode
and reactant degradation, and the accompanying electrolytic
bubble generation, when operating in DC mode[10]. An el-
ementary series circuit was used to synchronise sinusoidal
electric and magnetic fields to generate a circulating Lorentz
force. With this arrangement, the Lorentz force depends on
the amplitude and oscillation state of the AC electric and
magnetic fields. Thus, during one period of oscillation a
variation in the magnitude of the Lorentz force is seen, re-
sulting in a pulsatile flow where the peak force generated is
double that of the time-averaged force. However, operation
at high frequencies (1 kHz) with a viscous fluid generates a
flow that can be effectively regarded as continuous, reflect-
ing the time-averaged force[12].

Table 1
Device geometries and non-dimensional multipliers

Device Height (�m) Width (�m) Average multiplier (non-dimensional) Peak multiplier (non-dimensional)

Machined (open) 500± 10 2000± 10 1.15× 10−2 2.31 × 10−2

Machined (closed) 500± 10 2000± 10 3.50× 10−3 6.60 × 10−3

Silicon microreactor 150 1160 average 3.30× 10−4 5.90 × 10−4

Multiplication of these factors with the dimensional value ofBI/4πhη can be used to find peak and average transport velocities. Separate computation of
the non-dimensional velocities at the two silicon microchannel cross-section extremes reveals only a 2% difference, and an average value is noted and
used to calculate the transport velocity.

The experimental apparatus comprised an AC power
source (HP 6813A) connected in series to an MHD device
and an electromagnet. In addition, the circuit incorporates
a primitive trimmer made with a combination of parallel
high power resistors (6 W, 470
) and switches to provide
a method to differentially regulate the channel current in
favour of the magnetic field. The electromagnet was fab-
ricated using 350 turns of copper wire about a ferrite tube
with a relative permeability,µr, of 800 H m−1. This gives
an inductance of 3.8 mH, such that the impedance is almost
purely resistive at 1 kHz. The phase shift between the elec-
tric and magnetic states is therefore nearly equal to zero
to enable field synchronisation for efficient MHD actuation
with minimal ohmic heating. For a range of voltage inputs,
multiple cover slips were used as spacers to provide 150�m
intervals for magnetic field measurements using a magnetic
probe (GM05 Gaussmeter, Hirst). During operation, the
average magnetic field experienced by the fluid in the mi-
crochannels could therefore be determined as a function of
the electromagnetic current. Flow velocities were extrapo-
lated fromEq. (1) using cross-channel and electromagnet
current measurements, where the viscosity and density were
assumed to be that of water at a given temperature.

Aqueous KCl solutions (125 mM to 3 M) served as the
electrolyte and were introduced to both devices by pipetting.
Video microscopy tracking was used to determine fluid ve-
locities in the machined and silicon devices by monitoring
the transport of∼100�m diameter polyvinylchloride (PVC)
and 6�m diameter latex particles, respectively. Bromophe-
nol blue (BPB) or fluorescein dyes have small diffusion co-
efficients (κ ≈ 3× 10−6 cm2 s−1 at 25◦C) and were used to
visualise the structuring of lamellae for several revolutions.
Mixing experiments involved the dispensing of 3�L aliquots
of 1 M KCl with 5 mM fluorescein or 10 mM BPB into the
annulus containing 1 M KCl adjusted to pH 7.0, followed
by MHD-driven fluid circulation. Upon homogeneity of the
BPB tracer, a 500 nL aliquot of 500 mM HCl and 500 mM
KCl was introduced, and the diffusion-limited reaction of
H+ with BPB was used to observe the mixing of a species
with a high diffusion coefficient (κ = 9.31× 10−5 cm2 s−1

at 25◦C). Mixing was monitored at the initial dye front
by video microscopy. Frames were recorded using Studio
MP10 v.1.02 software (Pinnacle Systems), and analysed
with IMAQTM Vision Builder v.6 software (National In-
struments). A fibre optic was used to provide near-vertical
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Fig. 4. Apparatus and experimental set-up (including the series circuit
arrangement) for tracking particles and monitoring micromixing in the
annular MHD microreactors.

illumination, and a coefficient of variation tolerance limit
of 5% was introduced to accommodate the associated im-
age variation (i.e. when the fluorescence variation reaches
this level mixing is complete). Subtractive dichroic colour
filters (Edmund Optics Ltd.) were used to excite fluorescein
at 492 nm and observe emission at 520 nm. Mixing times
for BPB, fluorescein, and H+ with BPB were recorded over
a range of average velocities. The experimental set-up for
annular MHD micromixing is depicted inFig. 4.

3. Results and discussion

3.1. MHD actuation

Both machined and micromachined MHD systems were
able to pump aqueous solutions doped with KCl as the
charge carrier. Consistent with pressure-driven microflu-
idics, a Pouiseuille flow was observed with zero movement
at the channel surface and peak velocities at the channel
centre. Particle velocities were found to cluster around the
average predicted by the relevant model, with peak veloc-
ities in close agreement with the modelled values. Model
predictions for the different MHD micropumps are com-
pared with observed velocities inTable 2. Furthermore, it
is observed that (for a given electrode voltage) the value of
the currentI changes proportionally with channel heighth
to maintain the current density. Consequently theBI/4π hη

Table 2
The performance of the machined and the silicon MHD micropumps

Device type Peak channel
current (mA)

Peak magnetic
field (mT)

Modelled velocity
average (mm s−1)

Modelled velocity
peak (mm s−1)

Observed velocity
average (mm s−1)

Observed velocity
peak (mm s−1)

Machined (open) 121 9.3 2.229 4.597 2.548 4.661
Machined (closed) 111 8.7 0.570 1.140 0.545 1.088
Silicon 141 10.2 0.281 0.502 0.265 0.498

Experiments were conducted using 1 M KCl (aq) at room temperature (∼25◦C) where the absolute viscosityη is 0.9 × 10−3 kg m−1 s−1. Observed
velocity averages were calculated using data from 20 particles moving under the same actuation conditions (6.5 Vrms, 1 kHz circuit signal).

Fig. 5. Modelled (solid symbols) and observed peak velocities (empty
symbols) of MHD-driven fluid streams as a function of electrolyte con-
centration in the open machined device (triangles) and the micromachined
silicon device (circles). Experiments were conducted using particle-doped
KCl (aq) at room temperature (∼25◦C) where the absolute viscosityη is
0.9×10−3 kg m−1 s−1. Data points are recorded for five particles moving
at the centre of the microchannel under the same actuation conditions
(6.5 Vrms, 1 kHz circuit signal) and for a given KCl concentration.

factor in (1) is unaltered, and the actuation velocity therefore
effectively scales in accordance with the non-dimensional
multiplier by h2 [11].

The generation of a Lorentz force is dependent on the
availability of charge carriers (e.g. ions) in the fluid. Increas-
ing the electrolyte concentration provides conductivity gains
and was therefore found to generate higher cross-channel
currents. In addition, the series circuit acts to provide gains
in the magnetic field when the channel current is increased.
These inputs combine to create Lorentz forces, and pump-
ing velocities, that increase with an increase in the elec-
trolyte concentration. MHD actuation would therefore be
favoured for applications involving concentrated electrolytes
with large ionic mobilities, or even ionic liquids, where
pumping methods such as electroosmotic flow are compro-
mised [19]. Shown inFig. 5, this relationship is revealed
for KCl concentrations ranging from 125 mM to 1 M, and
compared with peak velocities generated by the model. Oc-
casional deviation above the modelled peak velocity could
be attributed to channel imperfections associated with ma-
chining, or ohmic heating during prolonged actuation with a
high electrolyte concentration. Alternatively, the same gains
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in velocity can be realised by the application of higher cir-
cuit voltages (data not shown).

The application of a voltage through a solvent and across
miniature distances is associated with electrolysis and the
accompanying formation of bubbles and a drop in the chan-
nel current. This effect can be reduced by the application
of an AC signal, but still imposes actuation limits. When
operating with a 1 M KCl electrolyte and a 1 kHz signal,
the electrode voltage electrolysis threshold was found to be
∼9.8 and 4.9 Vrms, in the machined and silicon microp-
umps, respectively. At this voltage limit, the open machined
device was capable of pumping a 1 M KCl electrolyte at a
peak velocity of∼18 mm s−1, with a volumetric flow rate
in excess of 500�L min−1. The silicon device, however,
demonstrates more modest pumping performance as a con-
sequence of both the voltage and channel depth limitations.
Here, maximal velocities of the order of 0.6 mm s−1 and
volumetric flow rates of 3.1�L min−1 were achieved when
mobilising the same electrolyte.

3.2. Annular micromixing model

The mixing of co-current streams involves both uniaxial
convective motion and diffusive transport components and
can be described using a Peclét number (Pe= U�/κ, where
U is the average flow speed,� the smallest spatial dimen-
sion andκ the diffusion coefficient). LargePe numbers are
typical of laminar flows in a microchannel, where diffusive
mixing is slow compared with uniaxial convective mo-
tion. Mixing of two fluids in an annular microchannel was
modelled as a laminar, convection–diffusion problem with
two-dimensions (using infinite depth as an ideal limit). This
method considers the simultaneous effect of both mass trans-
port elements for the three scaling regimes; lowPenumbers
(diffusion dominated), highPe numbers (convection dom-
inated) and intermediatePenumbers (the Taylor dispersion
regime). Gleeson et al. have provided a comprehensive
examination of the mathematical solutions involved[20].

The geometry of the annulus is shown inFig. 6, whereR
is the radius of the centre-line andρ the half width. These
dimensions can be related by the non-dimensional parame-
ter γ = ρ/R, that produces two extremes; a locally straight
channel (γ → 0) and a punctured disc (γ → 1). In this

Fig. 6. Annular geometry, showing the centre-line radiusRand the channel
half-width ρ.

paper, the velocity is characterised by an average angular
velocityω, and thereforePe= ωRρ/κ can be used to define
the dispersion in this annular system. During mixing, the
total amount of solute remains constant, and as the solute
becomes redistributed over the area of the annulus during
mixing the deviation of the concentrationm decays asymp-
totically to zero. The deviation of the concentration at a
given timet is m(t), and the time required to reduce the devi-
ation of the concentration to a specified valueM, is defined
as the mixing timeTM (i.e. m(TM) = M). Three different
values ofM were investigated and the non-dimensionalised
mixing time κTM/R2 (i.e. the mixing time compared to the
time needed for purely diffusive mixing) can be plotted
against the Peclét number. With this approach,κ can remain
fixed while variation of the rotation velocity or channel
dimensions can be used to changePe. This is of particular
relevance when defining optimum micromixer dimensions
and operating velocities for a given solute and solvent.

Asymptotic analysis was used to understand each of
the three scaling regimes and was validated by numeri-
cal simulation of the convection–diffusion equation. The
diffusion-dominated regime can be determined by neglect-
ing the convective component of the convection–diffusion
equation. Conversely, mixing at highPe numbers involves
solving a singular perturbation problem, as the diffusion
is much smaller than the convective term. IntermediatePe
numbers can be calculated in terms of the Taylor disper-
sion in a straight capillary due to convection[21,22], and
can be readily adapted to find the dispersion in an annu-
lus [23]. An examination of thePe numbers for which
Taylor’s approximations are valid leads us to conclude that
for Penumbers in the range 7.2 � Pe� 15/γ, the mixing
measure has an exponential tail ast → ∞ with a Taylor
dispersion coefficientD. As shown inFig. 7, the mixing
time decreases from the diffusion time through the Taylor
regime at a rate proportional toPe−2, and then continues
to decrease at a slower rate beyond the Taylor regime. The
slower rate corresponds toPe−2/3 scaling initially, i.e. for
M ≥ 0.1, but is closer toPe−1/2 for very small values of
M (well mixed). However, at large time scales for highPe
numbers and lowM values, asymptotic analysis no longer
accurately describes the time evolution of the concentration
deviation predicted by the numerical results. Significantly,
the asymptotic predictions remain valid whenγ is a sizeable
fraction of unity, and for non-symmetrical initial conditions
(i.e. when mixing two fluids of differing volume).

The geometry of the micromixer clearly influences the
mixing performance. It can be shown that for the small
γ ratios likely to be used in practical designs, the Peclét
number scales asρ3/R for given electric and magnetic
fields, and a fixed diffusion coefficientκ. When realistic
diffusion coefficients are considered, the associated large
Peclét numbers dictate that efficient mixing occurs in the
convection-dominated regime. To promote faster mixing it
is therefore necessary to operate at still larger Peclét num-
bers by increasing the convective element of mixing. This
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Fig. 7. Mixing times non-dimensionalised by the diffusion time,κT/R2,
as a function of the Peclét number, forγ = 0.2. Asymptotic results are
shown in lines, and numerical results as symbols for values of the mixing
measure:M = 0.3 (dashed line; squares),M = 0.1 (solid line; points),
andM = 0.01 (dot-dash line, triangles).

can be achieved by increasing the channel half-widthρ rel-
ative to the centre-line radiusR (i.e. by increasingγ). This
approach shortens the Taylor regime and imparts higher
rotational velocities.

3.3. Micromixing performance

The interfacial area between two initially separated flu-
ids grows during circulation. Annular MHD-mixing of two
aqueous streams, originally distinguished by the presence
or absence of fluorescein, is depicted at various time inter-
vals inFig. 8. At high velocities (e.g. 8 mm s−1 average) the
structuring of high surface area lamellae can be observed for
several revolutions when using fluorescein and BPB. The
annular channel arrangement provides an infinite length,
such that even molecules with small diffusion coefficients
can eventually become uniformly mixed. The high diffusion
coefficient of the hydrogen ion results in considerably faster
mixing with BPB. Here, circulation for approximately one
revolution is sufficient for complete homogenisation. This

Fig. 8. Frames depicting the evolution of the micromixing conditions in the
open machined MHD prototype at an average velocity of 7.7 mm s−1. A
1 M KCl electrolyte is used, and one stream is visualised using fluorescein
dye. From left to right, images were recorded during circulation at (a)
0.4, (b) 1.3, (c) 2.8 and (d) 6.3 second intervals, respectively. The peak
velocity revolution number is also denoted.

Fig. 9. Micromixing performance of the open machined device. Mixing
time plotted against average linear velocity. The time required for mixing
of 3�L aliquots of fluorescein (solid circles) and BPB (empty circles) and
500 nL aliquots of HCl (squares) within a 32�L MHD-driven stream of
1 M KCl (aq). The asymptotic data with a mixing measureM = 0.3 for
fluorescein (solid line) and H+ (dot-dash line) are plotted for comparison.

experiment observes the interaction of hydrogen ions with
BPB molecules, and therefore introduces an error for the
measured mixing time of H+. However, the diffusion coef-
ficient of the hydrogen ion is∼30-fold higher than that of
BPB, and the diffusive component of the mixing process is
therefore dominated by the mobility of the hydrogen ion.
Plotted inFig. 9, the mixing times for the homogenisation
of fluorescein, BPB, and H+ with BPB are recorded for var-
ious velocities in the open machined device, and compared
with values generated by the asymptotic model.

As anticipated the mixing times for fluorescein and BPB
were found to be similar while the mixing times for the hy-
drogen ion are significantly less, approximately three-fold
faster under the same actuation conditions. The mixing times
for the asymptotic data with a mixing measureM = 0.3
compare favourably with the experimental data. To gain a
better understanding of the annular mixing behaviour the
model mixing times for the three mixing measures (M =
0.3, 0.1 and 0.01) are plotted with the experimental data in
Fig. 10 in terms of the non-dimensionalisationsκT/R2 and
Peclét number. It is evident that mixing occurs in the convec-
tive regime for the velocities and geometry considered here.
The graph also indicates that the experimental method in-
troduces a mixing measureM of 0.1 for low Peclét numbers
and a given solute. For higher Peclét numbers (higher veloc-
ities) and the same solute the mixing measure becomesM =
0.3. Observation of the concentration deviation throughout
the entire annulus could be used to curb this change in the
mixing measure. Moreover, automation of the experimental
protocol can be used to reduce measurement errors. Further
modelling to include three dimensional effects may also re-
veal slightly different scaling behaviour.

The micromachined silicon device was also capable of
micromixing, and for typical velocities achieves mixing in
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Fig. 10. Convective regime mixing times non-dimensionalised by the
diffusion time, κT/R2, as a function of the Peclét number, forγ = 0.2.
Asymptotic results are shown in lines for values of the mixing measure:
M = 0.3 (dashed line),M = 0.1 (solid line), andM = 0.01 (dot-dash
line). The experimental mixing times for fluorescein (solid circles) and
H+ (empty squares) are plotted for comparison.

the convective regime. However, the scaling behaviour of
MHD propulsion and the imposed electrolysis limits associ-
ated with the silicon device retard velocity capabilities and
have profound implications for micromixing. A single revo-
lution, at the peak transport velocity, takes∼55 s when op-
erating close to the velocity limit, producing mixing times
of ∼1.5 min. Clearly, methods to increase fluid velocity are
required.

An increased magnetic field will allow higher velocities
to be attained. By separating the electromagnet from the
channel electrodes in the circuit the voltage limits dictated
by electrolysis are no longer imposed. This allows higher
magnetic fields to be realised and, when using a phase
controller to synchronise electric and magnetic fields, sig-
nificant velocity gains can be achieved. Furthermore, an
additional electromagnet can be placed above the chan-
nel to concentrate the magnetic flux and produce an extra
four-fold increase in the field. This approach can be sim-
ulated with Maxwell 2-D Field Simulator (Ansoft), and

Fig. 11. Sequence of events following the circulation of a 3�L aliquot of 5 mM fluorescein in double distilled water with a carrier stream of 32�L of
1 M KCl (1.072 density ratio) with an average velocity of 7.6 mm s−1 in the open machined device.

when using 1 A at 1 kHz a magnetic field of the order of
200 mT is predicted. Simple calculation reveals that average
transport velocities of∼5.5 mm s−1, or average revolution
times of<6 s, can be attained with the silicon micropump
when using a magnetic field of this magnitude. However,
this method also introduces a four-fold increase in the
inductance and associated voltage requirements.

The channel geometry can also be altered to provide im-
proved mixing performance. MHD propulsion effectively
scales withh2. Deeper channels, approaching the dimen-
sions of the channel width, can therefore be used to attain
considerably higher actuation velocities. The fabrication of
deep structures in glass or silicon requires alternative pro-
cessing methods such as deep reactive ion etching (DRIE)
or advanced silicon etching (ASE). Other possibilities in-
clude the use of co-fired ceramic tapes[24] or powder
blasting [25] to realise channels with depths in excess of
500�m. Annular MHD microreactors with these dimen-
sions can be used to affect the mixing of�L in seconds
rather than nL in microseconds. Although this represents a
step away from miniaturisation, it is recognised that large
volumes of the order of tens of�L are desirable for bulk
chemical synthesis or for certain analytical scenarios where
small volumes create a sampling problem. Despite the im-
plied dimensions, the benefits of miniaturisation are still
relevant.

3.4. Lateral partitioning

The ability to circulate laminar streams using annular
MHD actuation can be used to increase the interfacial area
in accordance with the behaviour predicted by modelling.
This method assumes that the viscosity and density terms in
the convection–diffusion equation are equal for all streams.
However, the introduction of density disparities between
streams by unequal KCl doping presents non-ideal con-
ditions for micromixing, where the initial interfacial area
growth becomes reversed.Fig. 11 records the sequence
of events as the system evolves from a state with a small
interfacial area (2 s) to one of a high interfacial area (8
and 13 s), before relaxing to one with a small interfacial
area (so-called partitioned—18 s), and finally diffusion
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Fig. 12. Frames depicting three experiments following 14 s of actuation at
an average velocity of∼8.0 mm s−1 in the open machined device. From
left to right, experiments entail the circulation of (a) 5 mM fluorescein
with 1 M KCl, (b) 5 mM fluorescein in 1 M KCl with 1 M KCl, and (c)
5 mM fluorescein in 3 M KCl with 250 mM KCl. For each experiment
and during circulation the fluorescein dye becomes partitioned to the left
with minimal mixing (a), well mixed (b), and partitioned to the right with
minor mixing (c). The carrier:dye density ratios are noted beneath each
frame.

dominates to realise a state where the tracer is uniformly
distributed across the channel (34 s).

The partitioning behaviour impedes the homogenisation
of the solute and differences in the streams’ densities (elec-
trolyte concentrations) must be avoided for efficient mixing.
In an effort to understand the lateral partitioning process
a series of experiments using streams with different elec-
trolyte concentrations, and distinguished using fluorescein,
were undertaken.Fig. 12compares the behaviour of MHD
flows with three different density ratios, denoted as car-
rier:dye density ratios (i.e. H2O with or without KCl:H2O
with fluorescein and with or without KCl). It is evident
that the observed partitioning phenomenon arises as a con-
sequence of differing quantities of electrolyte within each
aqueous stream. Here, the densest phase collects towards
the inner channel wall and not the outer channel wall as
would be expected with centrifugation. Further analysis
reveals that the partitioned state (defined as a single 2-D
interface about the channel’s circumference) evolves after
approximately 4.5 revolutions at average velocity. High fluid
velocities are therefore necessary to observe partitioning
before diffusion dominates and the electrolyte differences
become negligible. Consequently, this behaviour is not ob-
served when using the silicon device at the systems present
operational limits. To combat this feature large electrolyte
molecules with small diffusion coefficients could be used
to maintain inter-stream concentration differences to affect
partitioning at lower pumping velocities. This same ap-
proach could also be used to achieve more pronounced and
lengthy partitioning in high velocity systems.

This simplistic understanding is sufficient for dynami-
cally structuring aqueous streams in a predictable manner.
Presently, however, a fundamental appreciation of the parti-
tioning mechanism has not been achieved. The density and
conductivity of a liquid stream are two distinct but interre-
lated characteristics that are associated with the electrolyte
concentration. These features are also closely linked with

the MHD pumping mechanism, and this has possible im-
plications for the velocities that the two fluid streams attain
once partitioned, and therefore for how the streams become
partitioned. To gain an insight it is therefore necessary to
distinguish and elucidate the roles of the density, ionic
strength and velocity factors at play. This can be achieved
using a combination of experimental techniques to monitor
cross-channel velocities and the distribution of mass and
charge as the partitioned state evolves. In addition, it may
be necessary to consider events in three dimensions.

The sequence of events depicted inFig. 11 suggests
that the MHD-driven circulation of multiple fluids in the
laminar flow regime could provide additional functionality.
For example, the large interfacial areas associated with the
micromixing conditions would be suitable for microsys-
tem based phase transfer chemistries where agitation is not
possible. The subsequent phase separation (relaxation to a
minimal interfacial area) would then serve as an excellent
means to select the phase containing the solute of interest.
The ubiquitous nature of non-aqueous solvents and phase
separations in analytical and synthetic chemistry makes
this an interesting avenue for research, and by appropriate
addition of electrolyte salts it is feasible to consider the ac-
tuation of alternative solvents using MHD. Electroosmotic
flow is another electrokinetic transport method that can, for
example, be used to mobilise methanol, acetonitrile[26] and
tetrahydrofuran[27] by the addition of appropriate charge
carriers. A cursory inspection of a range of organic solvents
reveals those with qualities that would be desirable for
conducting phase transfer chemistries using annular MHD
propulsion: organic solvents with a high dielectric constant
(and therefore electrolyte capacity) and those with a low
viscosity character are obvious candidates for rapid MHD
circulation and interfacial area elongation. In addition, im-
miscible solvent pairings could be circulated indefinitely
for large phase transfer yields before relaxing to a naturally
separated state. Finally, it is recognised that the channel
electrodes can be readily patterned for the localised electro-
chemical detection of partitioned analyte species. To illus-
trate this feature, the gold electrodes on the silicon MHD
micropumps have been used for the quantitative detection
of ferrous cyanide by cyclic voltammetry (data not shown).

4. Conclusions

This study demonstrates the fluid transport capability of
MHD actuation. When MHD-driven propulsion is coupled
with a microscale annulus laminar flow effects can be used
to impart functionality. The circulation of fluid causes the
repetitive internalisation of two streams within each other.
This technique produces linear in time increases in the in-
terfacial area for efficient mixing by diffusion, and when
characterised and modelled reveals asymptotic evolution to
the mixed state. The model reveals that faster mixing can be
achieved under the same actuation conditions by geometry
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alterations to increase the rotational velocity and therefore
the convective component of mixing.

A transverse partitioning capability was also observed
when mobilising aqueous streams with disparate electrolyte
concentrations. This approach could find service as a means
to conduct phase transfer chemistries. Indeed, the dynamic
and complex structuring of laminar flows by MHD propul-
sion in a single and simple channel offers great potential for
the fields of analytical and synthetic chemistry.
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