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Description

[0001] This invention relates to a new microchannel
device. More particularly this invention relates to a new
microchannel device that facilitates the mixing of two or
more liquids in a microchannel. This invention also re-
lates to a new method of mixing together two or more
liquids in a microchannel.

[0002] A microchannel device is one that has one or
more microchannels along which a liquid may flow, the
microchannel or each microchannel having a dimen-
sion, perpendicular to the channel, between 100 nm and
1 mm. In addition to a microchannel the device may
comprise other components such as: a chamber, a filter,
an electrode, a pump, a valve, or a mixing system. Mi-
crochannels may be formed from PTFE, plastic, glass,
quartz, or by micromachining a silicon wafer.

[0003] Microchannel devices are used for analytical
and synthetic applications that involve very small quan-
tities of substances. For example the reagents used for
an analytical process may be expensive; by performing
the process in a microchannel device the quantities of
chemical required are small and hence the cost is min-
imised.

[0004] The combination of some chemicals, because
of their highly reactive nature, may only be possible at
a small scale.

[0005] Because microchannel devices may be mass
produced at relatively low cost, a reaction can be scaled
up simply by performing the reaction simultaneously in
the required number of microchannel devices.

[0006] Performing reactions and other processes at
such a small scale can. however, present some signifi-
cant problems, A particular area of concern is the com-
bination of two or more liquids, necessary as the first
step in bringing about a chemical reaction. Because of
laminar flow, it is usually insufficient simply to flow the
two liquids together; the adjacent flow only resulting in
the liquids remaining largely unmixed. This laminar flow
results from the small dimensions of the channels and
the flow velocities conventionally used in microfluidics.
Such mixing that does occur results from diffusion
across the interface between the two liquids.

[0007] One way in which this prob,lem may be ad-
dressed is by dividing the flow of each liquid to be mixed
into multiple streams, each stream having a reduced
cross-sectional area, as shown in figure 1. Figure 1 is a
schematic diagram of part of a prior art device by which
multiple streams may be generated. A plurality of micro-
channels 11, 12, 13, 14, 15, and 16 are fabricated on a
silicon chip 17. The microchannels 11 to 16 comprise a
first microchannel 11, a second microchannel 12, a third
microchannel 13, a fourth microchannel 14, a fifth mi-
crochannel 15, and a sixth microchannel 16. The first
microchannel 11 contains a first liquid, and the second
microchannel 12 contains a second liquid. The arrow 18
shows the direction in which both liquids flow. The first
microchannel 11 flows into the third 13 and a fourth 14
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microchannel, both of reduced dimension perpendicular
to the flow. The second microchannel 12 flows into a fifth
15 and sixth 16 microchannel, also both of reduced
cross-sectional dimension perpendicular to the flow.
The fourth 14 and fifth 15 microchannels are fabricated
in such a manner that they cross but do not intersect.
[0008] As aresult of crossing of the fourth 14 and fifth
15 microchannels a spatially alternating order of liquids
is obtained. The order of the liquids at the bottom of fig-
ure 1, from right to left, is: first liquid, second liquid, first
liquid, and second liquid. The four streams contained in
the third 13, fourth 14, fifth 15, and sixth 16 microchan-
nels may be combined into a single microchannel (not
shown in figure 1) in such a manner that the alternating
order and reduced cross-sectional area is retained, In
this way interaction and therefore mixing by diffusion is
enhanced.

[0009] The figure 1 apparatus represents a less than
ideal solution since it is relatively complex and difficult
to fabricate, In particular, it is difficult to micromachine
channels that cross but do not intersect. A further prob-
lem with the figure 1 apparatus is that it is difficult to alter
the ratio of the first and second liquids in the resulting
mixture, the ratio being largely decided by the relative
cross-sectional areas of the microchannels.

[0010] A second way in which two liquids flowing in a
microchannel may be combined is by simply increasing
the flow rale through the microchannels until the Rey-
nolds numbers are greater than approximately 2300.
For such high Reynolds numbers there is turbulent flow
and consequent mixing of the liquids. For pressure driv-
en flow, in order to obtain sufficiently high flow rates for
Reynolds numbers greater than 2300, pressures in ex-
cess of 1 million Pa may be required. This will necessi-
tate the use of relatively robust microchannel devices,
which in practice may be difficult to fabricate.

[0011] The following prior art is considered to be rel-
evant to the present invention GB 2355414 A describes
a micro-mixer having opposed nozzles. DE 196 11 270
A1 describes a micro-mixer for very small volumes of
liquid. US 6,150,119 describes the serial introduction of
multiple different samples into a microfluidic channel
network.

[0012] Further relevant prior art was presented, by A.
Deshmukh, at the Solid State Sensors and Actuator
Workshop. June 4-8, 2000, Crowne Plaza Resort, Hilton
Head, South Carolina, USA.

[0013] It is an object of the present invention to pro-
vide a new microchannel device, and a new method of
mixing two or more liquids in a microchannel, that re-
duces the above mentioned problems.

[0014] According to a first aspect, the invention pro-
vides a method of mixing at least two liquids in a micro-
channel, comprising the steps: (a) introducing each lig-
uid Into the microchannel, and (b) flowing each liquid
along the microchannel; wherein the step (a) comprises
the steps of (i) introducing each liquid into the micro-
channel in the form of a plurality of pulses, and (ii) stag-
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gering said plurality of pulses, of each liquid, relative to
those of the other liquid or liquids; characterised in that
each liquid is introduced into the microchannel through
al least one inlet channel having an inlet opening in the
wall of the micro channel the depth of which inlet chan-
nel at the point of entry into the microchannel is less
than the depth of the microchannel.

[0015] For the absence of doubt, the term "liquid"
should be taken to include solutions and suspensions.
[0016] The pulses may be formed by repeatedly in-
creasing and decreasing the rate at which each liquid is
introduced into the microchannel. The pulses may be
formed by repeatedly stopping and starting the flow of
each liquid into the microchannel, For example the puls-
es may be formed by repeatedly opening and closing a
valve. Alternatively the pulses may be formed by mod-
ulation of the introduction of each liquid by means of a
controllable pump. The formation of a pulse need not
involve the complete cessation of liquid flow into the mi-
crochannel for any of the components to be mixed.
[0017] Staggering may be achieved by sequentially
opening and closing a plurality of valves. By staggering
the pulses, different liquids may be Introduced at differ-
ent times. For example only one of the liquids may be
introduced at a given time, by ensuring that one valve
is open while the other valve or valves are closed.
[0018] Staggeringthe pulses causes the liquids to mix
more efficiently in the microchannel. The efficiency of
the technique means that the utilisation of high pres-
sures and complex structures is not required. The rea-
son for this improvement in mixing is due to some de-
gree of spatial separation between the different liquids
along the length of the microchannel and normal to it. A
further factor is the non-uniform flow profile across the
width of the microchannel, the flow being fastest at the
centre of the microchannel. The combination of these
two factors results in an increased interfacial area be-
tween adjacent pulses as they proceed along the chan-
nel, and to a reduced mean diffusion path required for
mixing between the pulses by virtue of their thinning as
the interfacial area increases.

[0019] By contrast, prior art methods often tend to re-
sult in spatial separation of the different liquids across
the width of the microchannel. For this case, the non-
uniform flow profile will not promote mixing.

[0020] For the present invention it may be that the
spatial separation along the length, as opposed to the
width, of the microchannel allows flow along the micro-
channel to cause mixing of the different liquids. It should
be noted that any spatial separation between the com-
ponents, along the length of the microchannel, is likely
to be most pronounced in the region of the microchannel
at which the liquids are introduced, such spatial sepa-
ration tending to diminish as the liquids pass along the
microchannel due to the non-uniform flow across the mi-
crochannel.

[0021] Each pulse may be introduced into the micro-
channel in such a manner that it is in contact with oppo-
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site sides of the microchannel.

[0022] The duration between any one of the valves
being open and being closed may be less than 5 sec-
onds. The duration between any one of the valves being
closed and being open may be less than 0.1 seconds.
A delay may be introduced between the opening of one
valve and the closing of another, such a delay may be
less than 0.1 seconds.

[0023] Each liquid may be introduced into the micro-
channel at substantially the same position in the micro-
channel as the other liquids.

[0024] Preferably each of the liquids may be intro-
duced into a portion of the microchannel, of width w, the
portion having a length of less than 5w, measured along
the direction of flow of the liquids in the microchannel.
More preferably each of the liquids may be introduced
into a portion of the microchannel, the portion having a
length of less than 2w.

[0025] Advantageously step (a) is performed in such
a manner that the flow of each of the liquids, upon entry
into the microchannel, is substantially perpendicular to
the length of the microchannel.

[0026] The microchannel may be attached to or
formed in a substrate. For the purposes of this specifi-
cation the term "depth of the microchannel" shall be de-
fined as the cross-sectional dimension of the micro-
channel that is substantially perpendicular to the plane
ofthe substrate; and the term "depth of the inlet channel"
shall be defined as the cross-sectional dimension of the
inlet channel, at the point of entry of the inlet channel
into the microchannel, that is substantially perpendicu-
lar to the plane of the substrate.

[0027] The depth of the or at least one of the inlet
channels may be less than one half of the depth of the
microchannel.

[0028] The depth of the or at least one of the inlet
channels may be less than one tenth of the depth of the
microchannel.

[0029] The cross-sectional area of the or at least one
of the inlet channels may be less than the cross-section-
al area of the microchannel.

[0030] The cross-sectional area of the or at least one
of the inlet channels may be less than half of the cross-
sectional area of the microchannel.

[0031] The cross-sectional area of the or at least one
of the inlet channels may be less than one tenth of the
cross-sectional area of the microchannel.

[0032] Preferably the volume of the microchannel is
less than 20 pul. More preferably the volume of the mi-
crochannel is less than 5 pl.

[0033] Advantageously step (a) is performed in such
a manner that at least one of the pulses of one liquid
contacts the pulse of another liquid as it enters the mi-
crochannel.

[0034] The location, pressure, and time at which each
liquid is introduced may be such that vortices are estab-
lished in the microchannel as a result of interaction be-
tween the or at least two of the liquids.
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[0035] The formation of vortices by the introduction of
liquids into the microchannel may assist in mixing the
liquids together.

[0036] The microchannel may have at least one cross
sectional dimension less than 100 um. The mierochan-
nel may have a cross-sectional area less than 10,000
um2,

[0037] The introduction of the or at least two of the
liquids into the microchannel may be performed in such
a manner that the flow of liquid at the end of the micro-
channel, remote from the region in which the liquids are
introduced, is substantially continuous for a period
greater than 100 seconds.

[0038] Many synthetic and analytical techniques re-
quire a relatively constant flow of reactant or product, a
criterion that may be met by this invention. For example
continuous operation of valves introducing the liquids al-
lows continuous output from the microchannel.

[0039] The composition of the resulting mixture may
be altered by altering the relative duration of the pulses.
For example if a first liquid is to be mixed with a second
liquid, then the proportion of the first liquid can be in-
creased by increasing the pulse length of the first liquid
relative to that of the second.

[0040] Again this is a significant feature with regard
to many synthetic and analytical applications, which re-
quire variation in the proportion of a reactant for a given
mixture.

[0041] Inthe case in which two liquids are to be mixed,
high ratios, for example 10:1. 100:1, and 1000:1, of mix-
ing may be achieved

[0042] Preferably the formation and staggering of the
pulses is performed in such a manner that only one lig-
uid is introduced into the microchannel at any given
time. More preferably the formation and staggering of
the pulses is performed in such a manner that the liquid
being introduced into the microchannel is repeatedly al-
tered.

[0043] Advantageously the method comprises the fur-
ther step of using an electronic component to control the
duration of each pulse. More preferably the electronic
component comprises a computer.

[0044] Advantageously the dimensions of the micro-
channel and the rate at which the liquids are introduced
into the microchannel is such that the flow of liquid
through the microchannel is non-uniform across the
width of the microchannel. More advantageously the
flow of liquid through the microchannel is substantially
parabolic. In other words the velocity distribution, across
at least one line of cross-section, is substantially para-
bolic. It is believed that this parabolic flow results in
greater interaction between the different components to
be mixed, enhancing the area of interaction, reducing
spatial separation, and therefore the distance required
for diffusion to effect mixing as the pulses flow along the
microchannel.

[0045] Preferably the flow of each of the liquids
through the microchannel is caused only by introduction
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of each of the liquids into the microchannel. In other
words the flow of each of the liquids through the micro-
channel is not caused by introduction of gas into the mi-
crochannel. Gas may be used to apply pressure to the
liquids to be mixed, provided contact between the gas
and the liquid does not occur within the microchannel.
Alternatively, flow may be Induced by a microftuidic
pump or by an electrokinetic phenomenon.

[0046] Step (b) may comprise the step of electrokinet-
ically pumping at least some of the liquids in the micro-
channel. Step (b) may comprise the step of electrokinet-
ically pumping at least some of the liquids in the micro-
channel in such a manner that parabolic flow is induced.
[0047] The flow of each of the liquids through the mi-
crochannel without the use of gas in the microchannel
minimises the risk of contamination, either by dissolu-
tion of the gas in the liquid, or bubble formation.
[0048] Advantageously step (a) comprises the step of
introducing each liquid into the microchannel by means
of an electrokinetic pump.

[0049] Preferably step (a) is performed in such a man-
ner that each pulse contacts part of the microchannel
wall substantially opposite the inlet channel through
which it was introduced.

[0050] By performing step (a) in this manner, it is pos-
sible to form a pulse that is in contact with the region of
the inlet channel and in contact with the region of the
microchannel wall opposite to the inlet channel, The flow
along the channel of a pulse at the opposite points of
contact will be inhibited relative to the flow along the
channel at the points along the line joining the opposite
points of contact. It is believed that the difference in flow
rates between the middle of a pulse and the edges of a
pulse benefits the mixing process.

[0051] Step (a) may comprise the step of causing
each pulse to contact two points in said microchannel
in such a manner that a line between said contact points
is substantially perpendicular to the direction of liquid
flow through the microchannel.

[0052] Advantageously each pulse is introduced
through at least two inlet channels. More advantageous-
ly the two or two of the inlet channels, through which
each pulse is introduced, are located substantially op-
posite each other.

[0053] The liquid from the two or more inlet channels
flows together in the microchannel to form each pulse.
The formation of each pulse by the flow of liquid through
two or more inlet channels allows each pulse to contact
the microchannel at points, in the region of the inlets
through which the pulse was introduced that are spaced
from one another. Flow of each pulse is inhibited at the
points of contact, assisting the mixing process.

[0054] Step (b) may comprise the step of applying gas
pressure to the liquid in the microchannel by means of
a hydrophobic membrane.

[0055] According to a second aspect the invention
provides a microchannel device comprising a micro-
channel and liquid introduction means for introducing at
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least two liquids into the microchannel through at least
one inlet channel having an inlet opening in the wall of
the microchannel; the liquid introduction means com-
prising pulse means for introducing each liquid into the
microchannel in the form of a plurality of pulses, and for
staggering the pulses of each liquid relative to the pulses
of the other liquid(s); characterised in that the depth of
the or each said inlet channel at the point of entry into
the microchannel is less than the depth of the micro-
channel.

[0056] The oreach saidinlet channel may be substan-
tially perpendicular to the microchannel.

[0057] The liquid introduction means may comprise a
valve, associated with one of the liquids; the valve, mi-
crochannel, and liquid being arranged such that opening
and then closing the valve causes a pulse of liquid to be
released into the microchannel.

[0058] Preferably the liquid introduction means com-
prises a plurality of valves.

[0059] More preferably the control means comprises
a means for sequentially opening and closing each of
said plurality of valves. Yet more preferably the control
means comprises a means of opening only one valve at
any given time and for ensuring that the other valve or
valves are closed. Even more preferably the control
means comprises a means for repeatedly altering which
of said plurality of valves is open at any given time.
[0060] The control means may comprise a means for
forming said plurality of pulses by repeatedly stopping
and starting the flow of liquid into the microchannel.
[0061] The liquid introduction means may comprise
an electrokinetic pump, associated with one of the lig-
uids; the electrokinetic pump, microchannel, and liquid
being arranged such that the activation of the electrok-
inetic pump causes a pulse of liquid to be released into
the microchannel. The electrokinetic pump may be ar-
ranged and activated in such a manner that a non uni-
form velocity profile is generated across the microchan-
nel. The electrokinetic pump may be arranged and ac-
tivated in such a manner that a parabolic velocity profile
is generated across the microchannel.

[0062] Preferably the liquid introduction means com-
prises a plurality of electrokinetic pumps. More prefera-
bly the control means comprises a means for sequen-
tially activating and deactivating each of said electroki-
netic pumps. Yet more preferably the control means
comprises a means of activating only one electrokinetic
pump at any given time and for ensuring that the other
electrokinetic pump or pumps are inactive. Even more
preferably the control means comprises a means for re-
peatedly altering which of said plurality of electrokinetic
pumps is activated at any given time.

[0063] The means for introducing each liquid into the
microchannel in the form of a plurality of pulses may
have a construction such that each pulse is in contact
with opposite sides of the microchannel.

[0064] Each valve may be connected, by means of an
inlet channel, to the microchannel.
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[0065] Preferably the or each said inlet opening may
be formed within a portion of the microchannel having
a length less than 10 mm. More preferably the or each
said inlet opening may be formed within a portion of the
microchannel having a length less than 5 mm.

[0066] Advantageously the pulse means is construct-
ed in such a manner that the flow of each of the liquids
into the microchannel is substantially perpendicular to
the length of the microchannel.

[0067] The depth of the or each inlet channel at the
point of entry into the microchannel may be less than
half of the depth of the microchannel.

[0068] The depth of the or each inlet channel at the
point of entry into the microchannel may be less than
one tenth of the depth of the microchannel.

[0069] The cross-sectional area of the or each inlet
channel may be less than the cross-sectional area of
the microchannel.

[0070] The cross-sectional area of the or each inlet
channel may be less than one half of the cross-sectional
area of the microchannel.

[0071] The cross-sectional area of the or each inlet
channel may be less than one tenth of the cross-sec-
tional area of the microchannel.

[0072] At least part of the liquid associated with each
valve may be contained in a reservoir in such a manner
that liquid may flow from the reservoir into the valve.
[0073] Preferably the microchannel has a smallest
cross-sectional dimension between 500 um and 100
nm. More preferably the microchannel has a smallest
cross-sectional dimension between 100 um and 1 pum.
[0074] The microchannel may comprise at least two
sub-channels, each sub-channel being substantially
parallel to the microchannel, the cross-sectional area of
each sub-channel being less than that of the microchan-
nel, and each sub-channel being located within the mi-
crochannel.

[0075] Provided that each sub-channel is sufficiently
long parabolic flow may be established in each sub-
channel. The establishment of parabolic flow in each
sub-channel assists the mixing process.

[0076] Advantageously the control means comprises
a means for allowing only one of the liquids to be intro-
duced into the-microchannel at any given time. More ad-
vantageously the control means comprises a means for
repeatedly altering which of the liquids is to be intro-
duced into the microchannel.

[0077] Preferably control means comprises an elec-
tronic component. More advantageously the control
means comprises a computer. Yet more advantageous-
ly the control means comprises a computer that has
been programmed to operate in real time.

[0078] The liquid introduction means may have a con-
struction such that each pulse is introduced through one
inlet channel, and such that each pulse contacts part of
the microchannel wall substantially opposite the inlet
channel through which it was introduced.

[0079] The liquid introduction means may have a con-
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struction such that each pulse is introduced through at
least two inlet channels. More preferably the liquid in-
troduction means has a construction such that each
pulse is introduced through two inlet channels disposed
on opposite sides of the microchannel.

[0080] Advantageously the microchannel is substan-
tially closed at one end. More advantageously the mi-
crochannel is closed at the end of the microchannel that
is substantially adjacent to at the or at least one of the
inlet channels.

[0081] The invention will now be described, by way of
example only, with reference to figures 2 and 3. The fig-
ures are;

Figure 1, which shows a schematic diagram of part
of a prior art microchannel device;

Figure 2, which shows a schematic diagram of a mi-
crochannel device according to the invention;

Figure 3, which shows a schematic diagram of a mi-
crochannel device, according to the invention, com-
prising at least two sub-channels;

Figure 4, which shows a schematic diagram of a mi-
crochanel device, according to the invention, in
which each pulse of liquid is introduced through two
inlet channels;

Figure 5 shows a schematic diagram of a micro-
channel device according to the invention, in which
each inlet channel is perpendicular to the micro-
channel;

Figure 6 shows the absorption of light by a micro-
channel device, according to the invention, contain-
ing two liquids, as a function of the distance along
the microchannel; and

Figure 7 shows modelling results relating to Injec-
tion of pulses into a microchannel by a method ac-
cording to the present invention.

[0082] Figure 2 shows a schematic diagram of a mi-
crochannel device according to the invention generally
indicated by 21. First and second reservoirs 22, 23 are
connected to a microchannel 24 via first and second
valves 25, 26 and flow restrictors 27, 28, 31 and 32. The
first reservoir 22 contains a first liquid and the second
reservoir 23 contains a second liquid. For the purposes
of this example the first liquid will be taken to be an aque-
ous solution of a first water soluble dye, and the second
liquid will be taken to be an aqueous solution of a second
water soluble dye.

[0083] The mixing microchannel 24 has cross sec-
tional dimensions 1 mm x 100 microns. In other words
the microchannel 24 has a width of 1 mm and a depth
of 100 microns. The total length of the microchannel 24
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is 19 cm and it is arranged in a serpentine structure to
conserve space. The microchannel 24 is fabricated by
bonding together two laminae of polymethyl methacr-
ylate (PMMA) by applying pressure at 120C. The micro-
channel structures are formed in one of the PMMA lay-
ers by micromilling. Connection conduits are formed
through the other PMMA layer to allow connection to the
buried microchannel structure. Metal tubes are glued in-
to the connection conduits to allow easy connection of
plastic tubing.

[0084] A pressure of 40 KPa is applied to the first and
second liquids by means of compressed air. The input
of the first and second liquids into the microchannel 24
is controlled by two valves 25 and 26. Gas pressure is
therefore used to introduce the first and second liquids
into the microchannel 24, but does not itself enter the
microchannel 24.

[0085] The first and second valves 25, 26 are con-
nected to a control means (not shown in figure 2) that
controls whether the first and second valves 25, 26 are
open or closed. The control means may be programmed
so that only one of the first and second valves 25, 26 is
open at any given time. The control means may also
alternate which of the two valves 25, 26 is open so that
alternating pulses of the first and second solutions are
released into the microchannel 24. In this way the intro-
duction of the first and second liquid is staggered so that
the first liquid is not introduced at the same time as the
second liquid.

[0086] The duration of each pulse, for either the first
or the second liquids, is approximately 0.8 seconds, 1.2
pulses are released into the microchannel 24 per sec-
ond. By staggering the pulses, some degree of spatial
separation, between the first and second liquids, occurs
along the length of the microchannel 24. This spatial
separation is greatest In the region of the microchannel
24 at which the two liquids are introduced. As the two
liquids move along the microchannel 24 they become
mixed.

[0087] Valves 25 and 26 are commercially available
solenoid valves. Each valve 25 and 26 displaces liquid
when it closes, exerting a pumping action. The pumping
action can be minimised by locating flow restrictors 27,
28, 31, and 32 on both sides of each valve. Each flow
restrictor has a length of 5 mm, a depth of 40 microns
and width of 100 microns.

[0088] By having flow restrictors 27, 28, 31, and 32
placed on both sides of each valve, the effect of liquid
flow in the microchannel of the closing action of the first
and second valves 25, 26 is minimised. The closure of
the first and second valves 25, 26 tends to cause an
increase in pressure in the region of the valves 25, 26.
The arrangement of the flow restrictors results in the mi-
crochannel being shielded from the pumping effect of
the solenoid valves 25, 26.

[0089] Inthe figure 2 embodiment of the invention, the
flow restrictors 27 and 28 form the inlet channels by
which the first and second liquids are introduced into the



11 EP 1 359 998 B1 12

microchannel, In other words the dimensions of the inlet
channels, for the figure 2 embodiment are: 40 microns
(depth), 100 microns (width), and 5 mm (length).
[0090] After a mixture of the first and second liquids
has been delivered to the microchannel 24,the liquid
contained in the microchannel 24 may be delivered by
application of gas pressure to the liquid. Pressure is ap-
plied via a gas line 30, conveniently at a pressure of
10kPa, which is connected via a hydrophobic mem-
brane 29 which allows passage of gas but not aqueous
based liquids. Thus when liquid was delivered to the mi-
crochannel 24 via valves 25 and 26, flow is stopped by
the hydrophobic membrane 29. The delivery of the liquid
along the microchannel 24 in this way also causes a mix-
ing action.

[0091] In a further embodiment, not shown in the fig-
ures, a microchannel device according to the invention
may have an identical construction to that of the figure
2 device, save that it has a microchannel depth of 200
microns.

[0092] Figure 3 shows a microchannel device, gener-
ally indicated by 31, comprising a microchannel 32 and
inlet channels 35, 36. The microchannel comprises
three sub-channels 33, formed by baffles 34. Liquids
flow down the length of the microchannel 31 and under-
go mixing. If the sub channels are sufficiently long then
parabolic flow of the liquid through the sub-channel may
occur. The presence of the baffles 34 therefore increas-
es the mixing interaction between the liquids, relative to
that which would have occurred in the absence of the
baffles 34.

[0093] Figure 4 shows a microchannel device, gener-
ally indicated by 41, having first inlet channels 42, 43,
and second inlet channels 44, 45. The inlet channels 42,
43, 44, and 45 form inlet openings 42a, 43a, 44a, and
45a in the wall of the microchannel 46. A first liquid is
introduced through the first inlet channels 42 and 43,
and a second liquid is introduced through the second
inlet channels 44 and 45. The first and second liquids
are introduced in the form of a plurality of pulses. Each
pulse of the first liquid is formed by the substantially si-
multaneous flow of liquid through both the first inlet
channels 42, 43. Each pulse of the second liquid is
formed by the substantially simultaneous flow of liquid
through both the second inlet channels 44, 45. The two
firstinlet channels 42, 43 are arranged on opposite sides
of the microchannel, and the two second inlet channels
44, 45 are also arranged on opposite sides of the micro-
channel to each other. This arrangement of the inlet
channels 42, 43, 44, and 45 causes greater interaction
of the two liquids as they flow along the microchannel.
Figure 5 shows a schematic diagram of a further micro-
channel device, generally indicated by 51, according to
the invention. The microchannel device is identical to
that shown in figure 3, save that it does not comprise
sub channels. The cross sectional dimensions of the mi-
crochannel 52 are 1mm (width) by 200 microns (depth).
The inlet channels 53 have cross sectional dimensions
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100 microns (width) by 40 microns (depth). The inlet
channels 53 are arranged so that they are perpendicular
to the microchannel 52 , and the end of the microchan-
nel 52 adjacent to the inlet channel 53 is closed. The
walls of the figure 5 microchannel 52 are constructed
from a transparent material.

[0094] Figure 6 shows the results of an experiment-
conducted using the figure 5 apparatus. Pulses of water
and an aqueous solution of red dye are introduced into
the figure 5 microchannel by a method according to the
invention. The figure 6 plot shows the concentration, in
the centre or the channel, of red dye in the microchannel
versus distance along the microchannel. The concen-
tration of the red dye in the microchannel is determined
by measuring the absorption of light by the liquid in the
channel. The concentration being determined by the
Beer Lambert law. Figure 6 illustrates the mixing effec-
tiveness of the methods and devices of the invention.
[0095] CFD (Flume CAD (RTM) (Conventor)) was
used to investigate mixing of two liquids by a method
according to the invention. The results of a 2D calcula-
tion are shown in figure 7(a). Figure 7(a) shows the In-
jection of a pulse through one of the inlet channels 71.
As can be seen from the figure 7(a) results, the pulse
does not reach the opposite wall of the microchannel 72.
[0096] Figure 7(b) shows the results for the same mi-
crochannel device, as for figure 7(a). However, the fig-
ure 7(b) calculation was performed for a 3D simulation.
The reason for the difference between the figure 7(a)
and 7(b) results is that the figure 7(b) calculation takes
account of the difference of the depths of the inlet chan-
nel 71 and microchannel 72. Because the figure 7(a) re-
sults are for a 2D calculation, the depth of the injection
channel is treated as being effectively the same as the
depth of the microchannel for these results. The figure
7 results therefore show that it is advantageous that the
depth of each of the inlet channels should be less than
the depth of the microchannel.

Claims

1. A method of mixing at least two liquids in a micro-
channel, comprising the steps: (a) introducing each
liquid into the microchannel (24,32,46,52,72), and
(b) flowing each liquid along the microchannel
(24,32,46,52,72); wherein the step (a) comprises
the steps of (i) introducing each liquid into the mi-
crochannel (24,32,46,52,72) in the form of a plural-
ity of pulses, and (ii) staggering said plurality of puls-
es, of each liquid, relative to those of the other liquid
or liquids; characterised in that each liquid is in-
troduced into the microchannel (24,32,46,52,72)
through at least one inlet  channel
(27,28,35,36,42,43,44,45,53,71) having an inlet
opening In the wall of the microchannel
(24,32,46,52,72) the depth of which inlet channel
(27,28,35,36,42,43,44,45,53,71) at the point of en-
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try into the microchannel (24,32,46,52,72) is less
than the depth of the microchannel
(24,32,46,52,72).

A method according to claim 1 wherein step (a) is
performed in such manner that each pulse contacts
part of the microchannel wall substantially opposite
the inlet channel (27,28,35,36,42,43,44,45,53,71)
through which it was introduced.

A method according to claim 1 or claim 2 wherein
step (a) is performed in such a manner that each
liquid is introduced into the microchannel
(24,32,52,72) at substantially the same position in
the microchannel (24,32,52,72) as the other liquids.

A method according to any preceding claim wherein
the location, pressure, and time at which each liquid
is introduced is such that vortices are established
in the microchannel (24,32,46,52,72) as a result of
interaction between the or at least two of the liquids.

A method according to any preceding claim wherein
step (a) is performed in such a manner that the flow
of liquid at the end of the microchannel
(24,32,46,52,72), remote from the region in which
the liquids are introduced, is substantially continu-
ous for a period greater than 100 seconds.

A method according to any preceding claim wherein
the rate at which the liquids are introduced into the
microchannel (24,32,46,52,72) is so chosen in re-
lation to the dimensions of the microchannel
(24,32,46,52,72) that the flow of liquid through the
microchannel (24,32,46,52,72) is substantially par-
abolic.

A microchannel device comprising a microchannel
(24,32,46,52,72) and liquid introduction means
(22,23,25,26) for introducing at least two liquids into
the microchannel (24,32,46,52,72) through at least
one inlet channel (27,28,35,36,42,43,44,45,53,71)
having an inlet opening in the wall of the microchan-
nel (24,32,46,52,72); the liquid introduction means
(22,23,25,26) comprising pulse means for introduc-
ing each liquid into the mlcrochannel
(24,32,48,52,72) in the form of a plurality of pulses,
and for staggering the pulses of each liquid relative
to the pulses of the other liquid or liquids; charac-
terised in that the depth of the or each said inlet
channel (27,28,35,36,42,43,44,45,53,71) at the
point of entry into the microchannel
(24,32,46,52,72) is less than the depth of the micro-
channel (24,32,46,52,72).

A microchannel device according to claim 7 wherein
the or each said inlet channel
(35,36,42,43,44,45,53,71) is substantially perpen-
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dicular to the microchannel (32,46,52,72).

A microchannel device according to claim 7 or claim
8 wherein the liquid introduction means comprises
a valve (25,26), associated with one of the liquids;
the valve (25,26), microchannel (24,32,46,52,72),
and liquid being arranged such that opening and
then closing the valve (25,26) causes a pulse of lig-
uid to be released into the microchannel
(24,32,46,52,72).

A microchannel device according to claim 9 wherein
the liquid introduction means comprises a plurality
of valves (25,26).

A microchannel device according to any one of
claims 7 to 10 wherein the or each said inlet opening
is formed within a portion of the microchannel
(24,32,46,52,72) having a length less than 10 mm.

A microchannel device according to any one of
claims 7 to 11 wherein the microchannel
(24,32,46,52,72) has a smallest cross-sectional di-
mension between 1 mm and 100 nm.

A micrbchannel device according to any one of
claims 7 to 12 wherein the depth of the or each inlet
channel (27,28,35,36,42,43,44,45,53,71) at the
point of entry into the microchannel
(24,32,46,52,72) is less than half of the depth of the
microchannel (24,32,46,52,72).

A microchannel device according to any one of
claims 7 to 13 wherein the microchannel (32) com-
prises at least two sub-channels (33). each sub-
channel (33) being substantially parallel to the mi-
crochannel (32), the cross-sectional area of each
sub-channel (33) being less than that of the micro-
channel (32), and each sub-channel (33) being lo-
cated within the microchannel (32).

Patentanspriiche

1.

Verfahren zum Vermischen von mindestens zwei
Flissigkeiten in einem Mikrokanal, das die Stufen
(a) Einleiten jeder der Flissigkeiten in den Mikroka-
nal (24, 32, 46, 52, 72) und (b) Strémen jeder der
Flissigkeiten durch den Mikrokanal (24, 32, 46, 52,
72) umfasst, wobei die Stufe (a) die Schritte (i) Ein-
leiten jeder der Fliissigkeiten in den Mikrokanal (24,
32, 46, 52, 72) in Form einer Vielzahl von Pulsen,
und (ii) zeitliches Versetzen der Vielzahl von Pulsen
jeder Flussigkeit relativ zu denjenigen der anderen
Flissigkeit(en) umfasst, dadurch gekennzeich-
net, dass jede Flissigkeit in den Mikrokanal (24,
32, 46, 52, 72) durch mindestens einen Zuflusska-
nal (27, 28, 35, 36, 42, 43, 44, 45, 53, 71) mit einer
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Eintritts6ffnung in der Wand des Mikrokanals (24,
32, 46, 52, 72) geleitet wird, wobei die Hohe des
Zuflusskanals (27, 28, 35, 36, 42, 43, 44, 45, 53,
71) an der Stelle des Eintritts in den Mikrokanal (24,
32,46, 52, 72) kleiner als die Hohe des Mikrokanals
(24, 32, 46, 52, 72) ist.

Verfahren nach Anspruch 1, wobei Stufe (a) derart
durchgefiihrt wird, dass jeder Puls mit einem Be-
reich der Mikrokanalwand in Beriihrung kommt, der
sich im Wesentlichen gegeniiber dem Zuflusskanal
(27, 28, 35, 36, 42, 43, 44, 45, 53, 71) befindet,
durch welchen er eingeleitet worden ist.

Verfahren nach Anspruch 1 oder Anspruch 2, wobei
Stufe (a) derart durchgefiihrt wird, dass jede Flis-
sigkeit an im Wesentlichen derselben Stelle in den
Mikrokanal (24, 32, 52, 72) wie die anderen Flis-
sigkeiten in den Mikrokanal (24, 32, 52, 72) einge-
leitet wird.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei Ort, Druck und Zeit, mit welchen jede
Flussigkeit eingeleitet wird, derart sind, dass als Er-
gebnis der Wechselwirkung zwischen den oder
mindestens zwei der Flissigkeiten sich im Mikroka-
nal (24, 32, 46, 52, 72) Wirbel bilden.

Verfahren nach einem der vorhergehenden Anspri-
che, wobei Stufe (a) derart durchgefiihrt wird, dass
der Flissigkeitsstrom am Ende des Mikrokanals
(24, 32, 46, 52, 72), das von dem Bereich entfernt
ist, in welchem die Flissigkeiten eingeleitet wer-
den, Uber einen Zeitraum von langer als 100 Sekun-
den im Wesentlichen kontinuierlich ist.

Verfahren nach einem der vorhergehenden Ansprii-
che, wobei die Geschwindigkeit, mit welcher die
Flissigkeiten in den Mikrokanal (24, 32, 46, 52, 72)
eingeleitet werden, in Bezug auf die Abmessungen
des Mikrokanals (24, 32, 46, 52, 72) derart gewahlt
wird, dass der Flussigkeitsstrom durch den Mikro-
kanal (24, 32, 46, 52, 72) ein im Wesentlichen pa-
rabolischer ist.

Mikrokanalvorrichtung, die einen Mikrokanal (24,
32,46, 52, 72) und Mittel fur die Einleitung von Flis-
sigkeiten (22, 23, 25, 26) zum Einleiten von minde-
stens zwei Flussigkeiten in den Mikrokanal (24, 32,
46, 52, 72) durch mindestens einen Zuflusskanal
(27, 28, 35, 36, 42, 43, 44, 45, 53, 71) mit einer Ein-
tritts6ffnung in der Wand des Mikrokanals (24, 32,
46, 52, 72) umfasst, wobei die Mittel fur die Einlei-
tung von Flussigkeiten (22, 23, 25, 26) Pulsmittel
fur die Einleitung jeder Flussigkeit in den Mikroka-
nal (24, 32, 46, 52, 72) in Form einer Vielzahl von
Pulsen und um die Pulse jeder Flissigkeit relativ zu
den Pulsen der anderen Flissigkeit(en) zeitlich zu
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versetzen, umfassen, dadurch gekennzeichnet,
dass die Hohe des oder jedes Zuflusskanals (27,
28, 35, 36, 42, 43, 44, 45, 53, 71) am Eintrittspunkt
in den Mikrokanal (24, 32, 46, 52, 72) kleiner als die
Hohe des Mikrokanals (24, 32, 46, 52, 72) ist.

Mikrokanalvorrichtung nach Anspruch 7, wobei der
oder jeder Zuflusskanal (35, 36, 42, 43, 44, 45, 53,
71) zum Mikrokanal (32, 46, 52, 72) im Wesentli-
chen senkrecht verlauft.

Mikrokanalvorrichtung nach Anspruch 7 oder An-
spruch 8, wobei das Mittel fiir die Einleitung einer
Flussigkeit ein Ventil (25, 26), das mit einer der
Flissigkeiten verbunden ist, umfasst, wobei Ventil
(25, 26), Mikrokanal (24, 32, 46, 52, 72) und Flis-
sigkeit derart angeordnet sind, dass das Offnen und
anschlieBende Schliefen des Ventils (25, 26) einen
Flussigkeitspuls erzeugt, der in den Mikrokanal (24,
32, 46, 52, 72) abgegeben wird.

Mikrokanalvorrichtung nach Anspruch 9, wobei das
Mittel fur die Einleitung einer Flussigkeit eine Viel-
zahl von Ventilen (25, 26) umfasst.

Mikrokanalvorrichtung nach einem der Anspriiche
7 bis 10, worin die oder jede Eintrittséffnung in ei-
nem Bereich des Mikrokanals (24, 32, 46, 52, 72)
mit einer Lange von weniger als 10 mm gebildet ist.

Mikrokanalvorrichtung nach einem der Anspriche
7 bis 11, worin die kleinste Abmessung des Quer-
schnitts des Mikrokanals (24, 32, 46, 52, 72) zwi-
schen 1 mm und 100 nm betragt.

Mikrokanalvorrichtung nach einem der Anspriiche
7 bis 12, worin die Hohe des oder jedes Zuflusska-
nals (27,28, 35, 36, 42, 43, 44, 45, 53, 71) am Punkt
des Eintritts in den Mikrokanal (24, 32, 46, 52, 72)
weniger als die Halfte der Héhe des Mikrokanals
(24, 32, 46, 52, 72) betragt.

Mikrokanalvorrichtung nach einem der Anspriche
7 bis 13, wobei der Mikrokanal (32) mindestens
zwei Unterkanale (33) umfasst, wobei jeder Unter-
kanal (33) im Wesentlichen parallel zum Mikrokanal
(32) verlauft, der Querschnitt jedes Unterkanals
(33) kleiner als derjenige des Mikrokanals (32) ist
und jeder Unterkanal (33) sich im Mikrokanal (32)
befindet.

Revendications

1.

Procédé de mélange d'au moins deux liquides dans
un microcanal comprenant les étapes consistanta :
(a) introduire chaque liquide dans le microcanal (24,
32, 46, 52, 72), et (b) faire s'écouler chaque liquide
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le long du microcanal (24, 32, 46, 52, 72) ; dans le-
quel I'étape (a) comprend les étapes consistant a
(i) introduire chaque liquide dans le microcanal (24,
32, 46, 52, 72) sous la forme d'une pluralité d'im-
pulsions, et (ii) espacer ladite pluralité d'impulsions,
de chaque liquide, par rapport a celles du ou des
autres liquides ; caractérisé en ce que chaque li-
quide est introduit dans le microcanal (24, 32, 46,
52, 72) a travers au moins un canal d'entrée (27,
28, 35, 36, 42, 43, 44, 45, 53, 71) ayant une ouver-
ture d'entrée dans la paroi du microcanal (24, 32,
46, 52, 72), la profondeur dudit canal d'entrée (27,
28, 35, 36, 42, 43, 44, 45, 53, 71) au point d'entrée
dans le microcanal (24, 32, 46, 52, 72) étant infé-
rieure a la profondeur du microcanal (24, 32, 46, 52,
72).

Procédé selon la revendication 1, dans lequel I'éta-
pe (a) est réalisée d'une maniere telle que chaque
impulsion entre en contact avec une partie de la pa-
roi du microcanal sensiblement opposée au canal
d'entrée (27, 28, 35, 36, 42, 43, 44, 45, 53, 71) a
travers lequel elle a été introduite.

Procédé selon la revendication 1 ou la revendica-
tion 2, dans lequel I'étape (a) est réalisée d'une ma-
niére telle que chaque liquide est introduit dans le
microcanal (24, 32, 52, 72) a sensiblementla méme
position dans le microcanal (24, 32, 52, 72) que les
autres liquides.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel I'emplacement, la pres-
sion et le moment auxquels chaque liquide est in-
troduit sont tels que des tourbillons sont créés dans
le microcanal (24, 32, 46, 52, 72) en conséquence
de l'interaction entre le ou les au moins deux liqui-
des.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel I'étape (a) est réalisée
d'une maniére telle que I'écoulement de liquide a
I'extrémité du microcanal (24, 32, 46, 52, 72); a dis-
tance de la région dans laquelle les liquides sont
introduits, est sensiblement continu pendant une
période supérieure a 100 secondes.

Procédé selon I'une quelconque des revendications
précédentes, dans lequel le débit auquel les liqui-
des sont introduits dans le microcanal (24, 32, 46,
52, 72) est ainsi choisi en fonction des dimensions
du microcanal (24, 32, 46, 52, 72) afin que I'écou-
lement de liquide a travers le microcanal (24, 32,
46, 52, 72) soit sensiblement parabolique.

Dispositif a microcanal comprenant un microcanal
(24, 32, 46, 52, 72) et des moyens d'introduction de
liquide (22, 23, 25, 26) pour introduire au moins
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deux liquides dans le microcanal (24, 32, 46, 52,
72) a travers au moins un canal d'entrée (27, 28,
35, 36, 42, 43, 44, 45, 53, 71) ayant une ouverture
d'entrée dans la paroi du microcanal (24, 32, 46, 52,
72) ; les moyens d'introduction de liquide (22, 23,
25, 26) comprenant des moyens d'impulsion pour
introduire chaque liquide dans le microcanal (24,
32, 46, 52, 72) sous la forme d'une pluralité d'im-
pulsions, et pour espacer les impulsions de chaque
liquide par rapport aux impulsions du ou des autres
liquides ; caractérisé en ce que la profondeur dudit
ou de chacun desdits canaux d'entrée (27, 28, 35,
36,42, 43,44, 45,53, 71) au point d'entrée dans le
microcanal (24, 32, 46, 52, 72) est inférieure a la
profondeur du microcanal (24, 32, 46, 52, 72).

Dispositif a microcanal selon la revendication 7,
dans lequel le ou chacun desdits canaux d'entrée
(35,36,42,43,44,45,53, 71) est sensiblement per-
pendiculaire au microcanal (32, 46, 52, 72).

Dispositif a microcanal selon la revendication 7 ou
la revendication 8, dans lequel les moyens d'intro-
duction de liquide comprennent une vanne (25, 26),
associée a l'un des liquides ; la vanne (25, 26), le
microcanal (24, 32, 46, 52, 72), et le liquide étant
agenceés afin que I'ouverture puis la fermeture de la
vanne (25, 26) entrainent une impulsion du liquide
devant étre libéré dans le microcanal (24, 32, 46,
52,72).

Dispositif a microcanal selon la revendication 9,
dans lequel les moyens d'introduction de liquide
comprennent une pluralité de vannes (25, 26).

Dispositif a microcanal selon I'une quelconque des
revendications 7 a 10, dans lequel ladite ou chacu-
ne desdites ouvertures d'entrée est formée a l'inté-
rieur d'une partie du microcanal (24, 32, 46, 52, 72)
ayant une longueur inférieure a 10 mm.

Dispositif a microcanal selon I'une quelconque des
revendications 7 a 11, dans lequel le microcanal
(24, 32, 46, 52, 72) a une dimension transversale
minimale entre 1 mm et 100 nm.

Dispositif a microcanal selon I'une quelconque des
revendications 7 a 12, dans lequel la profondeur du
ou de chaque canal d'entrée (27, 28, 35, 36, 42, 43,
44,45, 53, 71) au point d'entrée dans le microcanal
(24, 32, 46, 52, 72) est inférieure a la moitié de la
profondeur du microcanal (24, 32, 46, 52, 72).

Dispositif a microcanal selon I'une quelconque des
revendications 7 a 13, dans lequel le microcanal
(32) comprend au moins deux canaux secondaires
(33), chaque canal secondaire (33) étant sensible-
ment paralléle au microcanal (32), la section trans-
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versale de chaque canal secondaire (33) étant in-
férieure a celle du microcanal (32), et chaque canal
secondaire (33) étant situé a l'intérieur du microca-
nal (32).
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