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Abstract

In a microfluidic ultrasonic separator device, the microchannel geometry is inherently angular due to the anisotropic etch processes used.
A CFD model is used to investigate eddy formation induced by this angular geometry. Results are applicable to various microfluidic devices
and show that certain etch patterns significantly reduce eddy formation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of the successful operation of the device. This paper con-
centrates on the geometric design of the cell, and its influ-

There is significant interest in exploiting the phenomenon ence on pressure losses and fluid separation where the fluid
whereby particles experience a radiation force when within becomes separated from the channel walls creating a fluid
an acoustic standing wave. Various devices using radiationvortex (fluid separation will subsequently be referred to as
forces have been reported which typically aim to concen- eddy flows to avoid confusion with the term ‘particle sep-
trate, fractionate or manipulate particles for sensing purposesaration’ which describes the function of the device). Eddy
[1-4]. Here, a microengineered ultrasonic separator device formation can distort particle trajectorigd] and influences
(Fig. 1) is being developed to manipulate particles suspendedsedimentation formed on the channel walls, in turn strongly
within a carrier fluid using either a half or quarter wave- influencing the performance of the device. Therefore, a com-
length standing wave to concentrate particles along certainputational fluid dynamics (CFD) model has been used to in-
planes within a straight fluid chanrf&-7]. Two outlets sub-  vestigate the effects of microchannel geometry on the fluid
sequently draw off either clean fluid or a particle concentrate flow.
depending on requirements.

Similar devices have been fabricated from steel and glass )
[4,8], however for this technigue to be realized on a microflu- 2- Microchannel geometry
idic scale etched silicon and Pyrex are being used. This has .
the potential advantages of batch production and easy incor-2-1. Separator construction and geometry
poration into microfluidic systems containing micropumps, ] ] ] )
etc. which require only very small sample sizes. However, the | e micromachined separator device consists of 3525
nature of micro-engineering fabrication techniques restricts thick silicon wafer and 170im Pyrex wafer, etched and then
the geometric design of the microchannels. The microchan-i0ined using anodic bonding. Fluid enters and leaves the de-
nel geometry and fluid operating conditions contribute to the ViCe via ducts etched into the silicon. The duct geometries

fluid flow field within the device which is significantin terms ~ currently used in the separator consist of either single or dou-
ble sided etched ducts that lead to an etched channel within

the Pyrex across which the acoustic standing wave is set up.
* Corresponding author. Fig. 2 illustrates the typical wafer geometry incorporating
E-mail addressm.hill@soton.ac.uk (M. Hill). either single or double etched ducts.
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Fig. 1. Microengineered ultrasonic flow-through separator mounted on alu-
minium manifold.
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Fig. 2. Schematic of typical cross-section of device structure illustrating
both (a) single and (b) double-sided etched duct geometry within the silicon
wafer, with both flow direction and materials indicated.
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Isotropic and anisotropic etchants are used for the Pyrex
and silicon wafers respectively, where the anisotropic etch
produces predictable angular geometries where the etch pro-
cess is effectively halted at the (1 1 1) crystal planes, forming
angles of 54.74 Alternative methods of creating the ducts,
such as deep ion etching, exist and although such methods
may provide more geometric variations, this study reveals a
satisfactory solution based simply on wet etching techniques.

2.2. Influence of geometry on separator performance

Where anisotropically etched geometry is dictated by the
orientation of the wafer crystal planes, discontinuities in the
wall geometry are created. Such discontinuities cause fluid
flow to separate from the channel wall giving rise to eddy
flows in which the direction of flow is reversed at the wall
[10,11] Fig. 3presents an example of a CFD simulation used
to predict eddy formation within the inlet region of the device.
Fig. 3a illustrates the formation of an eddy downstream of
the double-etched duct which is indicated by the reversed
flow at the wall. There is also an eddy region at the end of
the main channel, contained within the curved isotropic etch
profile created in the Pyrex layer. This eddy is associated
with the alignment tolerances between the silicon and Pyrex
layers which determines the position at which the inlet duct
joins the main channekig. 3 describes the variation in
pressure through the inlet region and indicates a high pressure
loss corresponding with the restriction in the etched duct,
which is suggested by the close proximity of the pressure
contours.

With regard to eddy flows being present within the ul-
trasonic separator during operation, the formation of eddies
presents a condition where particle movement cannot be pre-
dicted. For example, particles are manipulated by the acoustic
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Fig. 3. (a) Vector plot illustrating development of eddy downstream of inlet and (b) associated pressure drop indicated by pressure contours.
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field within the main channel, but the presence of an eddy in regions exhibiting a high velocity or pressure gradient, which
this region will distort the laminar flow field and also particle usually occur adjacent to wall boundaries and at geometric
trajectories, which in turn influences the separation efficiency discontinuities, associated with the formation of eddy flows.
of the device. Additionally, the degree to which particles be-

come trapped within eddies is unknown, but presents doubtss 5 \/3jidation of CED model

over the ability to successfully flush clean the device should

it be required for subsequent operations. An initial batch of microengineered cells has been pro-

duced to investigate the ultrasonic separation capabilities of
a micro-engineered device and contains devices of the two
different duct geometry designs shownHiy. 2 These de-

vices were also used to validate the CFD model by measuring
and comparing the size of the eddy region downstream of the

3. Development of CFD model

In order to study the influence that the microchannel ge-

ometry has on the development of eddies, a CFD model iSiyjet quct. The eddy region in question is illustrat&ity, 3)
used. This enables a variety of possible geometries to be mod— . i chosen as it can be observed in the fabricated devices,

elled over a range of flow rates and provides comprehensiveih o gh it is appreciated that other unobservable eddies ex-
visualisation of the flow, an aspect difficult to achieve in the gt \yithin the device. The experimental results taken from the
fabricated device. fabricated devices were extracted by studying the movement
of particles under the influence of the flow field only (it has
been assumed that particles have little influence on the fluid
) , i i ) ) dynamics and are neutrally buoyant). This is achieved by
Recent studies exist which aim to identify the scale at ,,1ning a mixture of water and a low concentration of yeast

which classical flow theory and the Navier—Stokes set of 5 icles through the device at a known flow rate and using a
governing equations cease to accurately describe fluid flow ;4 pmB3 digital biological microscope to record images

systemq12-14] These studies have been occasionally col- looking down through the device Pyrex layer. An example
lated, for example, by Judy et §15] and Gad-el-HaK16]. image is shown iffig. 4which illustrates the eddy formation
Judy et al[15] note that deviations from macroscale flow yq\nstream of the inlet duct, discernible from the laminar
theory have generally been observed for hydraulic d|ametersstream, and corresponds to the geometry and flow pattern
be_Iow 100um, therefore as the mif:ro-channel dimensionsin gpqyn inFig. 3CFD results are collected by modelling the
this work are greater than 1p0n this supports the use of the |6t region of both duct designs and using streamline plots

Nav?er—Stokes equationsin this app_lication. Commer.cial NU- {5 determine the extent of the eddy region from the leading
merical packages based on the Navier—Stokes equations hav‘édge of the main channel.

been applied to the analysis of fluid flow in microfluidic sys-
tems, for example, aspects of fluid flow through injector sys-
tems incorporating channels of dimensions go®[17,18]
and micromixer channels down to dimensions ofxr®[19] ‘ ,

have been simulated. Therefore, a commercial CFD code, mdif;;f;{,;fd‘;#gc;zﬁ‘;;} lrzg’,'o"jr Hex
CFX5, has been chosen for the fluid simulation work de- particle traces

scribed in this paper.

The aspect ratio of the fluid channels is typically greater
than 20, therefore to reduce the size of the model and there-
fore computation time, 2D models are used to simulate the
fluid flow through various parts of the device. The 2D models
are effectively thin 3D slices along the length of the channel
bounded either side by symmetry planes. As the concentra-
tion of yeast particles used in experiment is low enough to
assume negligible effect on the fluid dynamics, the CFD sim-
ulations are further simplified by modelling only the fluid
flow and exclude the influence of solid phase particles. A
mesh dependence study has been completed based on a sim-
ulation of the main channel geometry, essentially a model rig. 4. image taken whilst looking down through Pyrex layer showing the
describing flow between parallel plates known as Poiseuille inlet duct extending across the width of the device. Streamlines created
flow. From this study a mesh refinement level has been se-by yeast particles passing along the main channel can be seen. Immediately
lected and results in an average error of less than 1% Whendownstream of the inle_tduct some particles are dgflected pythe_eddy region,

. . . . . as can be seen by their convoluted path. To the right of this region particles
compared to the classical parab_OIIC_ velocity profile f_or lami- can be seen following straight streamlines where the laminar flow profile has
nar flow. In addition, mesh adaption is used for selective mesh geyeloped. Video of moving particles gives clearer indication of the extent
refinement during the computation. This refines the mesh in of the eddy region as compared to still images.

3.1. Application of CFD to microfluidic simulation

It has been observed that the flow velocity through the
inlet duct is not uniform across the width of the device and is

- | Direction of
~ |flow

inlet duct
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Fig. 5. Variation in eddy size across the width of the main channel and downstream of the double etched inlet duct at a flow rate of 0.3 ml/s.

caused by the manifold geometry beneath the device whichslightly smaller eddy region compared to the single etch ge-
issues a narrow jet of fluid towards the centre of the inlet. This ometry up to a flow rate of 0.5 ml/s. The difference between
causes the size of the associated eddy to vary across the widtlexperimental and CFD results can be explained by the follow-
which is demonstrated in the plot showrHig. 5, the data for ing: (a) in general the exact conditions at the inlet boundary of
which is measured experimentally. It can be seen that near thehe CFD model are unknown although a parabolic profile has
side of the channel the eddy region is small and correspondsbeen assumed; (b) pulses produced by the peristaltic pumps
to a lower flow velocity, whereas towards the centre of the have been observed to cause fluctuations in the flow rate and
channel the jet emanating from the manifold creates a largertherefore variations in the eddy size, although it has not been
flow velocity and therefore longer eddy region. At flow rates possible to quantify these variations; (c) as demonstrated in
between 0.1 and 0.3 ml/s the calculated mean eddy size isFig. 5, the flow through the device is not uniform across its
on average approximately 0.5 times that of the maximum width and suggests that a more computationally expensive
(centre) eddy length and is indicated on the plot. Therefore, 3D CFD would be more appropriate; (d) a buildup of parti-
to simplify the experimental work, the maximum eddy size cles can reduce the duct size and encourages more significant
only has been measured and adjusted by a factor of 0.5 toflow separation and a larger eddy, although the device was
take into account the non-uniform flow and to record a mean flushed frequently during experimental work.
eddy length. In general this exercise demonstrates thata 2D CFD model
InFig. 6, the size of the eddy region is plotted as a function provides a valuable method to predict the location and scale
of flow rate and demonstrates that eddy size is strongly relatedof eddy formation within microfluidic channels, in this case
to the fluid flow rate. An initial inspection shows thatthe CFD for ducts incorporating a minimum dimension of 1,66:.
results underestimate the length of the eddy region, howeverHowever, by extending the complexity of the simulation to
they both show that the double-etched geometry produces anclude transient and 3D aspects of the flow, it is anticipated
that a more accurate representation of the flow can be gener-

700 ated, should this be required.
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S so0f 2 _
E= : 4.1. Introduction
2 E
22 400l . _ _ .
£z The geometric study aims to improve the duct design by
eg % 300¢ % . restricting the onset of eddies and reducing pressure drops. As
g eddy regions are typically caused by discontinuities found in
200 : the duct geometry, an initial visual inspection can be used to
g identify these features. The visual inspection covers a range
= 100} . 1 of possible geometries created by the anisotropic etch pro-
cess. This approach serves to reduce the problem to a few
1 1 L 1 1 1 - . . . .
% 0.1 0.2 03 0.4 0.5 0.6 0.7 geometric designs, which are then each investigated more
Volume flow rate of water (ml/s) thoroughly within CFD simulations.

Fig. 6. Extent of eddy region downstream of inlet duct for both single and
double etched geometry over a range of flow rates and plotted for both
CFD and experimental results. The measurements are based on two sets .

of experiments and error bars #50m have been added, reflecting the Eddy regions occur when the flow becomes separated from

perceived accuracy of the estimates. the wall. Within a fluid network this occurs in areas where

4.2. Qualitative study
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Fig. 8. Basic duct geometry groups.

the cross-section changes such as in diffusive channels and . ) ] o

at discontinuities and sharp edges in the wall geometry. For N Fig. 8 is unlikely to encourage eddy formation within the
example, an anisotropic etch such as the single-etched ducgluct area itself; all other geometries contain discontinuities
inherently creates a diffusive duct with an inclusive angle of anda diverge_nt element. !t isth(_erefore this parallel sided duct
109, recognised to result in significant losses as compared9e€ometry which shall be investigated further.

to the optimum angle of 6<°7[11]. Also, the separator de-

vice is formed from multiple wafer layers and misalignment 4.3. CFD study

between these can introduce sharp edges and sudden expan-

sions or reductions in the fluid channel size. For example,  Simple inspection has eliminated geometries which have
where a single-etched duct acts as a convergent channel (ing significant expansion or contraction. However, more insight
let duct inFig. 2a) as the fluid enters the main channel the s gained from CFD simulations investigating dimensions and
fluid is subject to an extreme expansion, although no eddy is the robustness of the flow pattern to small inaccuracies in di-
necessarily induced in the duct itself. mensions and mask alignment. This is achieved by complet-

For the reasons discussed above, the study concentrates ojg a series of simulations of the flow through both the inlet
double-etched ducts and in order to efficiently cover a range and outlet ducts, investigating the influence of dimensions
of possible duct geometries a parametric approach is usedg, (whereg, =g;) and also the influence of small etch mask
This analysis assumes an anisotropic wet silicon etch such asnaccuracies which create the geometry illustratefign &.

KOH, WhereFlg 7illustrates the parameters used to describe The key observations are as follows and are based on CFD
the resulting etched duct geometry with the direction of flow simulations using a flow rate of 0.5 ml/s.

either way through the duct. Parametgisandg, describe

the width of the top and bottom etch masks and subsequent
etched areas, whereggdescribes the distance between the @
centre points of the top and bottom etch areas, effectively
representing their offset and the degree to which the duct is
skewed.

For the purposes of the geometric study it has been as-
sumed that the inlet and outlet 2 ducts are positioned at the
extreme ends of the main channel, i.e. there are no redundant
areas at the ends of the main channel. This is designed to dis-
courage eddy formation either end of the main channel such
as that demonstrated ifig. 3a, near the inlet duct. However,
this assumes a fabrication method such that high accuracy
is applied both to the alignment of the Pyrex upon the sil-
icon layer and to the isotropic etching of the Pyrex which
determines the length of the main channel.

By classifying geometry in terms of the parametprys,

Fig. 8illustrates the basic geometry groups used for the study.
Again, fluid flows either way through the duct with the main
channel flow passing either from the left or right.

Considering the selection of geometries displayed in
Fig. 8 a Q|scontan|ty cannot be av0|_d_ed where fIUI_d passes Fig. 9. Vector plots of inlet duct showing the affect of duct width on eddy
to the main channel and beyond the silicon layer (point A or B  region size for (a) minimum duct width and (b) an increased duct width of
indicated inFig. 7). However, only the geometry type shown  150um.
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small eddy region within isotropic
etch profile of Pyrex layer

4.3.1. Duct width @

Over a complete series of simulations, an optimum de-
sign is observed when subsequent sections of the flow path
remain constant or gradually reduce in cross-sectional size,
replicating the effect of a convergent duct and ensuring that
flow remains adhered to the wall. An example of this is shown
in Fig. 9which demonstrates that as the width of the paral-
lel sided inlet duct is increased and becomes larger than the
preceding channel section, an eddy region is created and ex-
pands. Note that this is only of significant advantage in the
inlet region of the separator device as only the inlet duct leads
to the relatively narrow main channel.

enlarged eddy region due to
error in etch mask

(b)

4.3.2. Error/offset in masks
Any errors or offset in the double sided alignment process

VO

Vi
i
s

VL

used to align the etch masks on either side of the silicon wafer §\ §§¥Q—.—;

. . . . . . . . AJNJJJT
will potentially introduce a discontinuity. Such discontinu- N §§§§§::;
ities generally encourage an eddy, the eddy size being related SEANNEEE

to the magnitude of the error/offsétig. 10depicts the outlet
2 duct shows one example of this where an eddy region forms Fig. 10. Vector plots of outlet 2 ghowing effect of error/offset in etch mask
within the area created by the curved isotropic etch profile ™" (8) no offsetand (b top etch increased by50.

within the Pyrex layer and the chamfer within the anisotrop- ) =
ically etch silicon duct. However, the flow through outlet 1 is =
not influenced by the Pyrex etch profile and is less sensitive N
to double sided alignment inaccuraciegy. 11shows that an W
eddy only forms within the main channel above the duct at a

ek

e

.

no eddy observable in
N main channel

snnne
-
s

-

presentin the duct. This is unlikely to occur since the double
sided alignment process is typically accurate-foum.

' \,\%Small eddy forming
L P == opposite outlet

(© =
5. Device fabrication and test -

Parallel ducts have been used within a new batch of de-
vices, whereFig. 12 shows an example of the outlet 2 re-
gion and is taken from a cross-sectioned device. The po-Fig. 11. Vector plots of outlet 1 showing effect of error/offset in etch mask
tential chamfering of the duct edges produced by errors in for (a) no offset and (b) top etch increased by50 (c) top etch increased
alignment has not occurred. However, the alignment of the by 100um.

Fig. 12. Cross-section of etched device incorporating revised geometry.
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larger than that of the original geometry. Eddy flows within
the ducts, which act as potential capture sites for particles
and contaminants, have been investigated and limited by the
use of parallel sided ducts. Further work is required to im-
prove aspects of the outlet ducts where the flow field is highly
dependent upon the downstream fluid network.

The reduced pressure drops, associated with geometry re-
sulting in the smaller eddy flows, reduce the total pressure
drop across the device. This is useful where pumping meth-

(>
(b) / z \ ods are low power devices and resistance offered by the fluid
— system needs to be minimised.
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