2 7 SEP 2006 1 VALVELESS M CROPUMP BACKGROUND OF THE | NVENTI ON The
invention relates generally to apparatus and nethods for controlling the
flow of fluids. More particularly, the invention provides a 5 valvel ess
punp of sinple construction, and which may be nade quite small ust 8Ep 206
m cromachi ni ng techni ques. A punp according to the invention may use
internal elenments such as airfoil-shaped structures as direction-sensitive
el enents for producing different drag forces as fluid flows through the
micropunp in different directions. 10lConventional punp designs typically
use valves as flow directing elenments. These valves allow fluid to flow
fromthe |low pressure end to the high pressure end of the punp, and to
prohibit flow of the fluid back fromthe high pressure end to the | ow

pressure end. Several types_of..valyVv ar d.in practice. Passive valves
may enpl oy an object such SQA&EE&%}ﬁgi\H%ﬁQLﬁfMPaS a direction-checking
conponent. The plate opens due to a pressure difference when fluid is

punped forward, and th?@&@ﬁ%&ﬁb @Feﬁ@ﬁtll\f\hﬁ\]ﬁé wi ng backward when the
uc

pressure is reversed. passive Vval ves ‘are popular in many engi neering

applications,, Certain.drawbacks Iimt_the application of such valves in
PP The invention relates generally to Fz’;t‘;japaratus and met%o& I%r

controlling the flow of fluids. More particularly, the invention provides a

S5 valveless pump of simple construction, and which may be made quite
small using micromachining techniques. A pump according to the
invention may use internal elements such as airfoil-shaped structures as
direction-sensitive elements for producing different drag forces as fluid
flows through the micropump in different directions.

10 Conventional pump designs typically use valves as flow directing
elements. These valves allow fluid to flow from the low pressure end to
the high pressure end of the pump, and to préhibit flow of the fluid back
from the high pressure end to the low pressure end. Several types of
valves are used in practice. Passive valves may employ an object such as

15 a movable plate as a direction-checking component. The plate opens due
to a pressure difference when fluid is pumped forward, and then closes to
prevent fluid flowing backward when the pressure is reversed. Such
passive valves are popular in many engineering applications.

Certain drawbacks limit the application of such valves in

20 micropump designs. To begin with, it is not easy to micromachine the




20 m cropunp designs. To begin with, it is not easy to mcronmachine the 2 7
S E P 2006 2 mcro-dinensioned noving parts that such valves require.
Secondly, the actions of the noving parts, such as the opening agPSE#?®hng
of the plate, may damage cells within bio-fluids or other fragi

substances. Thirdly, when the working fluid includes particles, the valve
may becone bl ocked 5 by a collection of those particles between the noving
el enents. Finally, the continuous opening and closing action may lead to
fatigue in the valves and failure of2the micropunp. Active val ves have
simlar drawbacks, but provide greater freedom for control of the fluid
delivery, and | ess backflow Active valves are even 10 nore difficult to
fabricate, though, because of the greater conplexity of the nobving parts
and ot hBHCFeHineasinnak MeEsg palttedhedssudle v seq@iire i x@econalye the

m cropunps have been devised and are finding increasing application,

especi aations dfitheangivitee pants, Apfil asateonsenitigeafdariessryef the pla@)t ages
in val vel ess micropunps. 15 Firstly, the val veless m cropunps are nuch
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S by a collection of those particles between the moving elements. Finally,
the continuous opening and closing action may lead to fatigue in the
valves and failure of the micropump.

Active valves have similar drawbacks, but provide greater freedom
for control of the fluid delivery, and less backflow. Active valves are even

10 more difficult to fabricate, though, because of the greater complexity of the
moving parts and other related structures.

Valveless micropumps or fixed valve micropumps have been devised
and are finding increasing application, especially in bio-engineering
applications. There are several advantages in valveless micropumps.

15 Firstly, the valveless micropumps are much easier to fabricate using
standard micro-machining techniques. Secondly, valveless micropﬁmps
are more reliable because there are no moving elements in the inlet and
outlet channels. Thirdly, the valveless micropumps, unlike other pump
designs, do not have any moving components in the inlet and outlet

20 channels, and therefore will not cause much damage to bio-molecules.

Also malfunctions due to blockages are minimized.




desi gns, do not have any noving conponents in the inlet and outlet 20
channel s, and therefore will not cause nuch danage to bi o-nol ecules. Also
mal functi ons due to bl ockages are mnimzed. 2 7 SEP 2006 3 It is known in
the art to provide a fixed valve conduit in which the design o% §Epzm
conduit is flowdirection sensitive. Alower drag force is pro L d mﬂen
fluid flows in a forward direction than when the fluidis flowing in a
backward direction. Such designs nmay be based on the 5 concept of non-unit
drag ratio of the backward flowto tH® forward flow. The efficiency of the
one-directional flow conduit can be neasured by such ratio. The larger the
ratio, the nore effective the valving action of the conduit. It is also
known in the art to provide a mcropunp having fixed 10 valves fabricated
usi ng m cr orthdfiknoewntisc g quedo prypwide at fizedasilyn condaieoi whichbehdased on
the concept of differentiated drag between the forward and backward fl ows.

Qther vdgsighast beercahideitt igd floandn@ctida aehepwamig 10%@@1@&%9&“61&36 ¢§ of
airfoils. Lift and drag forces have been neasured for 15 different angles

o 2 itlect il BAAOIBE', ko W € R3O 10
flowing in a backward direction. Such designs may be based on the
5 concept of non-unit drag ratio of the backward flow to the forward flow.
The efficiency of the one-directional flow conduit can be measured by such
ratio. The larger the ratio, the more effective the valving action of the
conduit.
It is also known in the art to provide a micropump having fixed
10 valves fabricated using micromachining techniques. Again, the design
thereof can be based on the concept of differentiated drag between the
forward and backward flows.
Other work has been directed toward the aerodynamic
characteristics of airfoils. Lift and drag forces have been measured for
15 different angles of attack of airfoils from zero to 180 degrees. Airfoils have
been shown to have different drag values for fluid flows arriving from

different directions. The following table lists measured drag coefficients

Cd for various angles of attack a:




different directions. The followng table |Iists neasured drag coefficients
Cd for various angles of attack a: 27 SEP 2006 4 Table 1 a 510 15 ..
165 170 175 180 C 0.010 0.014 0.018 0.190 ... 0.230 0.140 0 055 gﬁgéﬁ d 3
0800000 Cdis defined by: 5 Cd = Drag '12 pg Eq. -1 wherk bs
the drag force caused by the flow, pis the density of the working fluid;
gis the gravitational force and Vis the flow velocity. 10 From Tabl e 1,
the drag ratios between the forward and backward flow may be obtai ned
(fromopposite directions). This rati‘, rl, is also known as the drag
efficiency and is defined by: Cdl18o-a fl = 15 Cda Eq. 2 Table 2 gives the
ri ratios for a ranging fromO degrees to 15 degrees,

Table 1
a 0 5 10 15 ... 165 170 175 180
C |0.010 0.014 0.018 0.190 ... 0.230 0.140 0.055 0.025
d 3 0 8 0 0 0 0 0
Cd is defined by:
5 Cd = _Drag
12 pgV2

Eq. 1
where Drag is the drag force caused by the flow; p is the density of the
working fluid; g is the gravitational force and Vis the flow velocity.
10 From Table 1, the drag ratios between the forward and backward
flow may be obtained (from opposite directions). This ratio, 1, is also

known as the drag efficiency and is defined by:

Cd, 30

15 : Cd, Eqg. 2
Table 2 gives the 1 ratios for a ranging from O degrees to 15 degrees,

based on Table 1 and Equation 2.




based on Table 1 and Equation 2. 2 7 SEP 2006 5 Table 2. Drag efficiency

at Reynol ds number 160,000 a 0 5 10 15 ... n 2.4272 3.9286 7.4468 1.6842
From Table 2, it can be clearly observed that airfoils Cﬁg ggpﬁ@gte

very high drag efficiency. This beconmes obvious when it is { t the

5 airfoil exhibits its streamine-body characteristic property when the

flow direction is fromits leading edge to its trailing edge. In the

reverse flow direction when the flowis fromthe trailing edge to the

| eadi ng edge, the airflow no |onger Presents itself as a "streanline body"

and shows non- streanmline characteristics. 10 It would be desirable if an

I mproved m cropunp could be devised to take advantage of advances in

know edge regardi ng the_behavior of airfoils in noving fluids. Such a

ni cropunp shoul dakde Ze| Papgefliciencriasmeyneldsqiwmber J®000ct i on, and

feasible to fabricate using known mcromachining techniques. These and

ot her advant ages are provg ded by 1pothe novel 1gpparatus and net hods

descri bed herein. SUMVARY OF THE | NVENTI ON The present invention provides a

val vel ey TeCEBpEmP WEEh g 74468 1.6842

From Table 2, it can be clearly observed that airfoils can generate very
high drag efficiency. This becomes obvious when it is noted that the

5 airfoil exhibits its streamline-body characteristic property when the flow
direction is from its leading edge to its trailing edge. In the reverse flow
direction when the flow is from the trailing edge to the leading edge, the
airflow no longer presents itself as a “streamline body” and shows non-
streamline characteristics.

10 It would be desirable if an improved micropump could be devised to
take advantage of advances in knowledge regarding the behavior of airfoils
in moving fluids. Such a micropump should be reliable, efficient, of

~simple construction, and feasible to fabricate wusing known
micromachining techniques. These and other advantages are provided by

15 the novel apparatus and methods described herein.

SUMMARY OF THE INVENTION
The present invention provides a valveless micropump which

includes a hollow pump chamber having a driving element coupled




I ncl udes a hol |l ow punp chanber having a driving el enment coupled 2 7 SEP
2006 6 thereto, an inlet channel coupled to the holl ow punp chanber and an
opposite outl et channel coupled to the holl ow punp chanber. The zd'n§ 2006

ow

channel , the holl ow chanber and the outlet channel define a flu
path through the inlet channel, the hollow punp chanber, and the outlet 5
channel . At | east one direction-sensitive elenent is disposed in the flow
path within one of the inlet and outlet channels. The direction-sensitive
el ement may conprise an airfoil instadled in the fluid flow path at an
angl e which produces a drag ratio greater than unity on the fluid in the
flow path. The driving el enent nay conprise an el ectrostatic/piezoelectric
10 nmenber. The airfoil elenment preferably has an angle of attack of O

degr eestiyetipganeltlesahasigd t enypleds to tthenhypllpw prsep cethmbenraadgie of 0
degrees or 10 degrees or at sone val ue therebetween. In accordance with

vari ousoppiite renlet ciathel tonpid es.the ﬁ@ﬂ@ﬂdpuﬁiff fchiamieé e NEHe Mt be
nounted 1 n one of the inlet and outlet channels 5 together with the first

o SR ThEIbY et SrEnhelslaul SRSTRD Y Uy Mot o
fﬁl 2,[ f gﬁ%ﬁﬁiﬁlﬁﬁé‘r‘ trtl_ﬁtgllég Oﬁgg%llgﬁi:lrp zﬁlpakilcglflgx;vlpugpeé%gltnb@y a?led e’ 8'1[.1%fjeti n the
5 channel. At least one direction-sensitive element is disposed in the flow
path within one of the inlet and outlet channels. The direction-sensitive
element may comprise an airfoil installed in the fluid flow path at an angle
which produces a drag ratio greater than unity on the fluid in the flow
path. The driving element may comprise an electrostatic/piezoelectric
10 member. The airfoil element preferably has an angle of attack of O
degrees-10 degrees. Satisfactory results may be produced at an angle of 0
degrees or 10 degrees or at some value therebetween.
In accordance with various embodiments of the invention, a second
airfoil element may be mounted in one of the inlet and outlet channels
15 together with the first airfoil element. The first and second airfoil
elements may both be mounted in the inlet channel,. or they may both be
mounted in the outlet channel. As a further alternative, the first airfoil
element may be mounted in the inlet channel and the second airfoil
element may be mounted in the outlet channel. Still further, a first
20 plurality of airfoil elements may be mounted in the inlet channel and a

second plurality of airfoil elements may be mounted in the outlet channel.




el ement may be nounted in the outlet channel. Still further, a first 20
plurality of airfoil elenments may be nounted in the inlet channel and a
second plurality of airfoil elements may be nounted in the outlet channel.
7 S EP 2006 7 Each of the first and second pluralities of air%?GEpzmﬁ

el ements may conprise a single cascade of such elenments or each may
conprise a plurality of cascades of such elenents. In accordance wth the
invention, the airfoil elenments are arranged 5 so that they produce
different drag forces on the fluid as/it flows in different directions.
The airfoil elenents function as flowrectifying elenents, allow ng the
fluid to flow nore easily in one direction as conpared with the opposite
directign. The drag ratio of the backward flow against the forward flow of
the ni ckapaml the firidrandsscradgeluralitios ofiaigfoil dlemantsimayatompsaisgra in
accordance with the invention is the ability of the valveless m cropunps

i n accositgie easbadewdf such plemeers | omesadtomay deofipeived magplarality ofier
backward flow drag, so that a high flowrate is produced when conpared

W th ot fiedcdRs ANSucH BRrARSFLOPUNMP structure s an integrated structure and
can be fabricated using standard 15 m cromachining techni ques. BRI EF

DESCR PTI ON lg:a-(I:_cl_!!)Erci:al1’1t c‘vt\ay \[\NIT%‘I the invention, the airfoil elements are arranged

5 so that they produce different drag forces on the fluid as it flows in
different directions. The airfoil elements function as flow rectifying
elements, allowing the fluid to flow more easily in one direction as
compared with the opposite direction. The drag ratio of the backward flow
against the forward flow of the micropump is therefore larger than unity.

10 A principal feature in accordance with the invention is the ability of the
valveless micropumps in accordance therewith to produce lower forward
flow drag and higher backward flow drag, so that a high flow rate is
produced when compéred with other designs. The micropump structure
is an integrated structure and can be fabricated using standard

15 micromachining techniques.

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1A is a top view of a first embodiment of a micropump in
accordance with the invention, which has a plurality of airfoil elements.

20 'Fig. 1B is a front view of the micropump of Fig. 1A.




Fig. 1Ais a top viewof a first enbodinent of a m cropunp in accordance
with the invention, which has a plurality of airfoil elenments. 20 Fig. 1B
is afront view of the micropunp of Fig. IA 7 SEP 2006 8 Fig.7?2SEB 7888

di agrammatic plot of drag coefficient of an airfoil elenent for various
angles of attack. Fig. 3 is a diagranmatic plot showing the relationship
between the angle of attack and the drag efficiency. 5 Fig. 4Ais the top
vi ew of anot her enbodi ment of a micropunp in accordance with the invention
having a single airfoil elenent at anrPangle of attack of 10 degrees in
each of the inlet and outlet channels. Fig. 4Bis a front view of the

m cropunp of Fig. 4A. Fig. 5Ais a top viewof a still further embodi ment
of a mcrop 10 accordance with _the invention, havin mJI tiple
airfoil el e@&@ Woarfliagramargtic plekef dipgtcosHigient of aer abfoil elgnen i s a
top view of a still further enbodiment of a mcropunp in accordance with
t he i nviemtviegioumangtesnof aitatk. ai rfoil el ements nounted ‘only in the outlet
channel ‘thereof. 15 Fig. 6Ais a top view of a still further enbodi nent of

an‘ gL ﬂog{m Fig. 366 daganihblict PRt SHAMHLOME RedsEp BetHedent nl et
angle of attack and the drag efficiency.

5 Fig. 4A is the top view of another embodiment of a micropump in
accordance with the invention having a single airfoil element at an angle of
attack of 10 degrees in each of the inlet and outlet channels.

Fig. 4B is a front view of the micropump of Fig. 4A.

Fig. 5A is a top view of a still further embodiment of a micropump in

10  accordance with the invention, having multiple airfoil elements mounted
only in the inlet channel thereof.

Fig. 5B is a top view of a still further embodiment of a micropump in
accordance with the invention having multiple airfoil elements mounted
only in the outlet channel thereof.

15 Fig. 6A is a top view of a still further embodiment of a micropump in
accordance with the invention in which each of the inlet and outlet
channels contains a single airflow element at an angle of attack of O

degrees.

Fig. 6B is a front view of the micropump pump of Fig. 6A.




channel s contains a single airflow el enment at an angle of attack of O

degr ees.
2006 9 Fig. 7Ais a top view of yet another enbodi nent of a m ?Sgp
accordance with the invention having nultiple cascades of airfo

Fig. 6Bis a front view of the mcropunp punp of Fig. 6A 7 SEP

I’ltS

in each of the inlet and outlet channels. Fig. 7B is a front view of the
m cropunp of Fig. 7A. 5 Fig. 8Ais a top view of yet another enbodi nent of
a mcropunp in accordance with the invention in which a single cascade of

airfoil

elements is located in each 9f the inlet and outlet channels. Fi g.

8B is a front view of the mcropunp of Fig. 8A. 10 DESCRI PTI ON OF THE
PREFERRED EMBODI MENTS Fi gs 1A and 1B are top and front views,

respectively

first nbodi ment of a val vel ess m cropunp 10. The

i cr opunp 10&%’1&‘%&%? ipp FHQW Ui apelihserempogimgng pica saicreRpvER énor

pi ezoel ectric nenbrane 14 nounted thereon. Qpposite inlet and outl et
channel gcagdamg¢egithrthe Fendigl hdving nheltiple raguages lofirieoil emantshown in
Fig. 1A, the valveless micropunp 10 has two airfoil- shaped el ements 20

mount ediri Baela @i thk ihha drid sutRAGHUIRAE, channel s 16

10

15

20

Fig. 7B is a front view of the micropump of Fig. 7A.

Fig. 8A is a top view of yet another embodiment of a micropump in
accordance with the invention in which a single cascade of airfoil elements
is located in each of the inlet and outlet channels.

Fig. 8B is a front view of the micropump of Fig. 8A.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Figs. 1A and 1B are top and front views, respectively, of a first
embodiment of a valveless micropump 10. The micropump 10 includes a
micropump chamber 12 with an electrostatic or piezoelectric membrane
14 mounted thereon. Opposite inlet and outlet channels 16 and 18 are
coupled to the micropump chamber 12.

As shown in Fig. 1A, the valveless micropump 10 has two airfoil-
shaped elements 20 mounted in each of the inlet and outlet channels 16
and 18. The airfoil-shaped elements 20 present a predetermined angle of
attack relative to a central axis or axis of elongation 22 extending through
the micropump 10. One such angle 24 is shown in Fig. 1A. Though these

elements are described herein mainly as “airfoils,” it should be appreciated




and 18. The airfoil -shaped el enents 20 present a predeterm ned angl e of
attack relative to a central axis or axis of elongation 22 extending
t hrough 20 the m cropunp 10. One such angle 24 is shown in Fig. I A Though

-these elenents are described herein mainly as "airfoils,"” it slzqugf._q: &
appreci ated 27 SEP 2006 10 that the punped fluid my be either "a gas or a
liquid, and is by no neans limted to air. The m cropunp chanber 12 is of

generally cylindrical configuration so as to have a circular top 26, an
opposite circular bottom 28, and a wd® 5 30 of circular configuration
extendi ng between the top 26 and the bottom 28. An el ectrostatic or

pi ezoel ectric nmenbrane 14 serves as the driving nenber for the m cropunp
10. The nenbrane 14 is of generally circular configuration and is nounted
on t he thes the pampes Hnidimeay be. emgpro@@as pniacicqaitd and lisbyohemedss 16 and
18 are coupled to the m cropunp 10 chanber 12 through openings 32 and 34

r espectliméled tonairhe circular wall 30 of the m cropunp chanber 12. The
inlet and outlet channels 16 and 18 and the m cropunp chanber 12 are

2796 50 ARt Rt 120, Sl HBEN, St 1 ou
the m {888 }%a{]\?engecrircégr ]t%p 26, an opposite circular bottom 28, and a wall
5 30 of circular configuration extending between the top 26 and the bottom
28. An electrostatic or piezoelectric membrane 14 serves as the driving
member for the micropump 10. The membrane 14 is of generally circular
conﬁgtlration and is mounted on the top 26 of the chamber 12. Opposed
inlet and outlet channels 16 and 18 are coupled to the micropump
10 chamber 12 through openings 32 and 34 respectively in the circular wall
30 of the micropump chamber 12. The inlet and outlet channels 16 and
18 and the micropump chamber 12 are arranged so that the central axis-
or axis of elongation 22 extends through each of the inlet and outlet
channels 16 and 18 and through the center of the micropump chamber

15 12.

The inlet channel 16 has opposed, generally parallel sidewalls 38
and 40 extending between a top 42 and a bottom 44. The top 42 and
bottom 44 are generally planar and continuous with the top 26 and
bottom 28, respectively, of the micropump chamber 12. Similarly, the

20 outlet channel 18 includes opposed, generally parallel sidewalls 46 and 48

extending between a top 50 and a bottom 52. The top 50 and the bottom




The-inl et channel 16 has opposed, generally parallel sidewalls 38 and 40
extendi ng between a top 42 and a bottom 44. The top 42 and bottom 44 are
general ly planar and continuous with the top 26 and bottom 28,
respectively, of the mcropunp chanber 12. Simlarly, the 20 oytl channel
18 includes opposed, generally parallel sidewalls 46 and 48 e teridi
between a top 50 and a bottom 52. The top 50 and the bottom 2 7 SEP 2006
11 52 are generally planar and continuous with the top 26 and bottom 28,
respectively, of the mcropunp chanberl 12. As shown in Fig. 1B, the
airfoil-shaped elements 20 within the inlet channel 16 extend upwardly
fromthe bottom44 to the top 42 thereof. 5 Simlarly, the airfoil-shaped
elenments 20 within the outlet channel 18 extend upwardly fromthe bottom 52
to the P3pamogencrally planar agkhaaatinugis with Hheviap @bessdnbeitepu®$,10 of
Figs. 1A and 1B, each of the inlet and outlet channels 16 and 18 has two

of the eispentivebhapatieaniompiamphafibepu®.ed therein. As will becone
apparent fromthe discussion to follow, however, other arrangenents of

airfoil -shapgg s&}icﬁﬁﬁ%ﬁ%@ ]]Tf,etl'féoéﬁ;&'l-%ha' dp.iflgggcﬁftt%;@% ]Swittl&f?{ &?é%ﬁfét& to

nmount a single one of t el enents 20 or e enents 20 in

one or }:ﬂgn?l%f'el% te):y{ entd tulc?\?rglhdlgff fI'tOr]?I? t'hrt]el tot’tom 44 to the top 42 thereof.

5 Similarly, the airfoil-shaped elements 20 within the outlet channel 18
extend upwardly from the bottom 52 to the top 50 of the outlet channel
18.
In the valveless micropump 10 of Figs. 1A and 1B, each of the inlet
and outlet channels 16 and 18 has two of the airfoil-shaped elements 20
10 mounted therein. As will become apparent from the discussion to follow,
however, other arrangements of airfoil-shaped elements 20 are possible. It
is possible, for example, to mount a single one of the elements 20 or a
plurality of the elements 20 in one or the other but not both of the inlet
and outlet channels 16 and 18. It is also possible to provide each of the
15 inlet and outlet channels 16 and 18 with a single cascade or a plurality of
cascades of airfoil elements 20.
As shown in Fig. 1A, each of the airfoil-shaped elements 20 has a
‘leading edge 54 and a trailing edge 56. Fluid flows through the inlet
channel 16, the micropump chamber 12 and the outlet channel 18 in a
20  direction shown by arrows 58 and 60 at the inlet channel 16 and the

outlet channel 18 respectively. The airfoil-shaped elements 20 are




and outlet channels 16 and 18. It is also possible to provide each of the
15 inlet and outlet channels 16 and 18 with a single cascade or a plurality
of cascades of airfoil elenents 20. As shown in Fig. 1A, each of the
airfoil-shaped elements 20 has a |eading edge 54 and a trailin Fgg @@.
Fluid flows through the inlet channel 16, the m cropunp chanber t he
outlet channel 18 in a 20 direction shown by arrows 58 and 60 at the .inlet
channel 16 and the outlet channel 18 respectively. The airfoil-shaped

el ements 20 are 2 7 SEP 2006 12 nourdtled so that the |eading edge 54 of
each faces in an upstream direction relative to the flow. As previously
noted, each airfoil-shaped elenment 20 is nounted so as to be at a desired
angle of attack relative to the central axis 36. As previously noted, one
such angiadupsgd; soskban the Isading edge Bidgof 2each afadieagiranamt upstﬂealmof drag
coefficient as a function of angle of attack for an airfoil el enment of

par ti cudlirectionf rejutigti 8N thenfloWe A& rpriesithadly exarge, eeéél?%rfo‘l@ﬁ@aﬁé@ angl e
of attack is |ess than 11 degrees, the drag is very small. 10 As descri bed

above, AcHidt HANEEUABE LAl Qsdb@%ttepgegﬁ-fgaoaﬁgl%%%ﬁa&ﬂere?é@\% ggner at ed

when t he oW IS e |leading edge

the central axis 36. As previously noted, one such angle 24 is shown in
5 Fig 1A.

Fig. 2 is a diagrammatic plot of drag coefficient as a function of
angle of attack for an airfoil element of particular configuration. In the
particular example shown, when the angle of attack is less than 11
degrees, the drag is very small.

10 As described above, a drag ratio can be defined as the ratio between
the drag generated when the flow is from the leading edge to the trailing
edge of the airfoil, and the drag generated when the flow is from the
trailing edge to the leading edge. This ratio provides a relative measure of
flow resistance through the micropump from the two opposing flow

15 directions and is useful to define or quantify the efficiencies of valveless. .
pumps. If the ratio is larger than unity, the drag generated when the
working fluid flows from the leading edge to the trailing edge is lower than
that generated when the flow is in the opposite direction. In other words,
if the airfoil element is mounted in a channel of a miéropump, and an

20  alternating-flow fluid passes through, fluid will flow more easily and thus

preferentially in a direction from the leading edge to the trailing edge of




edge of the airfoil, and the drag generated when the flowis fromthe
trailing edge to the |leading edge. This ratio provides a relative neasure
of flow resistance through the mcropunp fromthe two opposi nngjlwﬂigﬁ
directions and is useful to define or quantify the efficiencies. o

val vel ess punps. If the ratio is larger than unity, the drag generated
when the working fluid flows fromthe | eading edge to the trailing edge is
| ower than that generated when the flowis in the opposite direction. In
other words, if the airfoil elenentl1Bs nounted in a channel of a

m cropunp, and an 20 alternating-flow fluid passes through, fluid will flow
nore easily and thus preferentially in a direction fromthe |eading edge
to the trailing edge of 2 7 SEP 2006 13 the airfoil elenent. Over tine, a
net f| otheofaiffbili dlema¢mt.ocOweri tintd)i a ndt ridowi of.fluikd twil obatiup irs théss t han
unity, a net flowfromthe trailing edge to the |eading edge results, and

if the digkétlons Bahel rdi® Widss tHAEhity) & B8 169 B8k ftﬂlé’%aﬂ_ilih%t dhgher the
ratio, the higher will be the net flow, and thus 5 the higher "the

ffici ' . [ d.2 b . b
ised ool L BT FIRRE MR nf e ARGt vl O 4RGSR o
configurations. Fig. 1’:}‘,is adiaagramrati,c plot of the relationship between
angl e dfo é’celtgfq{” -aﬁtgled ighegrtiiecratinytheshighgrovilhbe dhespetgilewuanidodyus and 2.

The dr a& ratio increases steadily from
5 e higher the efficiency of the valveless micropump.

Equations 1 and 2, above, can be used to calculate drag coefficients -
and drag ratios for a given airfoil configurations. Fig. 3 is a diagrammatic'
plot of the relationship between angle of attack and drag efficiency as
calculated using equations 1 and 2. The drag ratio increases steadily from

10 2.4272 at o = 0.0 to a maximum of 7.4468 at a = 10.0. This maximum is
several times unity, which suggests that airfoil elements of this type can
find effective use as direction sensitive flow control elements in valveless.
pump configurations of the type described in this document.

As previously noted, there is no special limitation on the number of

15  airfoil-shaped elements 20 that can be mounted in the inlet and outlet
channels 16 and 18. Figs. 4A and 4B are top and front views of a second
embodiment of a valveless micropump 70. In this embodiment, a single
airfoil-element 20 is mounted in each of the inlet and outlet channels 16
and 18. Like reference numerals are used to identify parts of the valveless

20  micropump 70 similar to those of the valveless micropump 10 of Figs. 1A




10 2.4272 at a = 0.0 to a maxi mumof 7.4468 at a = 10.0. This maxi numis
several tinmes unity, which suggests that airfoil elenents of this type can
find effective use as direction sensitive flow control el enment ﬂﬂ% 5

val vel ess punp configurations of the type described in this Cc H@. As
previously noted, there is no special |imtation on the nunber of 15
airfoil-shaped elenents 20 that can be nounted in the inlet and outl et
channels 16 and 18. Figs. 4A and 4B are top and front views of a second
enbodi nent of a valveless micropunp 28. In this enbodinent, a single
airfoil-element 20 is nmounted in each of the inlet and outlet channels 16
and 18. Like reference nunerals are used to identify parts of the val vel ess
20 m cropunp 70 simlar to those of the valveless mcropunp 10 of Figs. 1A
2 7 SERRdOB. 1Agaiy ¢dch ofgdien pideidtstepadelanents 20s impedunteshattas 20 s
nounted at a desired angle of attack relative to the central axis 22. In

desi gni dgsited bARIETES af@eR #laEvd fo tAE denvailtd-as 2xaref ul  considerati on
shoul d be givento the nunber of airfoil elements used, the 5 flowrate,

ond, e Poucty BBEMBHLCRct B APk, ] STET RGO o0
oot s LALTLaNer, over onsunpt L on 1L 15,100 DERSPIRNAR TRUL dhle
5 flow-rate, and the power consumption. Additional airfoil elements
increase the drag ratio and thus the directional efficiency and flow-rate,
but this also results in higher power consumption.
It is not necessary to mount the airfoil-shaped elements 20 in both
the inlet channel 16 and the outlet channel 18. Alternative arrangements
10 are shown in Figs. 5A and 5B. In the embodiment of Fig. 5A, a valveless
micropump 72 has two of the airfoil-shaped elements 20 mounted in the
inlet channel 16 and no airfoil-shaped elements mounted in the outlet
channel 18. Conversely, the embodiment of Fig. 5B shows a valveless
micropump 74 in which two of the airfoil-shaped elements 20 are
15 mounted in the outlet channel 18, with none . in the inlet channel 16.
Again, like or similar components in Figs. 5A and 5B are identified by the
same reference numerals as those used in the embodiment of Figs. 1A and
1B.
The angle of attack of the airfoil-shaped elements 20 can be of any

20 value as long as the airfoil produces a drag ratio larger than unity. It has




the inlet channel 16 and the outlet channel 18. Alternative arrangenents
10 are shown in Figs. 5A and 5B. In the enbodi nent of Fig. 5A, a val vel ess
m cropunp 72 has two of the airfoil-shaped el enents 20 nounted in tgﬁ
inl et channel 16 and no airfoil-shaped el enents nounted in t hd TobkH &6
channel 18. Conversely, the enbodi nent of Fig. 5B shows a val vel ess

m cropunp 74 in which two of the airfoil-shaped el enents 20 are 15 nount ed
in the outlet channel 18, with none in the inlet channel 16. Again, like
or simlar conponents in Figs. 5A and%B are identified by the sane
reference nunerals as those used in the enbodinent of Figs. A and 113.
The angle of attack of the airfoil-shaped el enents 20 can be of any 20
value as long as the airfoil produces a drag ratio larger than unity. It
has 2 7osEPiPENg, hewewsenthasuam angosf attackh betweemrgre acid d0tdedrebst ween
zero and 10 degrees provides superior results. Figs. 6A and 6B are top and
front vpswicdes espeeiorwekyltsof a further enbodi nent of a val vel ess

m cropunp 76, in which each of the inlet and 5 outlet channels 16 and 18

cont el . sFAL 008,k Boc bl Shi BORRCA FLETEBLEL AT g anl
angl e Oef:m toh?x?llén%ho%vgl viaTvetlggs ?‘nnljgz(r)gf)lqglr]ﬁ 7%f, in which each of the inlet and
5 outlet channels 16 and 18 contains a single one of the airfoil-shaped
elements 20 mounted at an angle of attack of O degrees. This differs from
the approximately 10 degrees angle of attack shown in the embodiment of

Figs. 1A and 1B, but still provides a reasonable flow-rate.

To increase the flow rafe, cascades of airfoil elements 20 can be
10 used. This is illustrated in Figs. 7A and 7B, which are top and front views
of yet another embodiment of a valveless mi'cropump 78. Unlike the
valveless micropumps. of the prior embodiments, the micropump 78 of
Figs. 7A and 7B includes a micropump chamber 80 of generally
rectangular configuration, with a rectangular electrostatic/piezoelectric
15 membrane 82 mounted on a top 84 of the micropump chamber 80. The.
top 84 and an opposite bottom 86 of the micropump chamber 80 are of
rectangular configuration and are generally continuous with an opposite
top 88 and bottom 90 of an inlet channel 92, respectively, and an opposite
top 94 and bottom 96 of an outlet channel 98. A central axis 160 extends

20 through the inlet channel 92, the micropump chamber 80 and the outlet

channel 98, and fluid flows in directions shown by arrows 102 and 104 at




Figs. 1A and 1B, but still provides a reasonable flowrate. To increase the
flowrate, cascades of airfoil elements 20 can be 10 used. This is
illustrated in Figs. 7A and 7B, which are top and front views of yet

anot her embodi ment of a val vel ess micropunp 78. Unlike the vafEPa8i
m cropunps of the prior enbodinents, the mcropunp 78 of Figs. 7A and 7B

I ncl udes a m cropunp chanber 80 of generally rectangular configuration,
with a rectangul ar el ectrostatic /piezoelectric 15 nenbrane 82 nounted on a
top 84 of the mcropunp chanber 80. Tfe top 84 and an opposite bottom 86
of the m cropunp chanber 80 are of rectangul ar configuration and are
generally continuous with an opposite top 88 and bottom 90 of an inlet
channel _92, respectivelg, and an opposite top 94 and bottom 96 of an

out | et WieatHet togtheainlehiohanngli 92 10nd dheeoatet of ttheovgtict ivhainmedt9& hannel

92, the mcropunp chanber 80 and the outlet channel 98, and fluid flows in
di r ect irespestiosty. by arrows 102 and 104 at 2 7 SEP 2006 16 the inlet to the
inlet channel 92 and the outlet of the outlet channel 98 respectively. In

e v vl o NG ARMIRhob A 0T 1 shACPEOLAL i) dlelcer
shaped G\&Hie: 2RaBhef Y Al BY 14 RSl with (3323488 Jfie E05031
5 shaped elements 20 arranged in multiple rows or cascades 106, 108 aﬁd
110. The cascades 106, 108 and 110 of the airfoil-shaped elements 20
within each of the inlet and outlet channels 92 and 98 increase the
directional efficiency of the valveless micropump 78.
In valveless micropumps utilizing cascades of airfoil-shaped
10  elements 20, such as the valveless micropump 78 of Figs. 7A and 7B,
there need not be any particular number of cascades. Figs. 8A and 8B, for
example, are top and front views of yet another embodiment of a valveless
micropump 112 in which a single cascade 114 of the airfoil-shaped
elements 20 is used in each of inlet and outlet channels 116 and 118.
15 Like the valveless micropump 78 of Figs. 7A and 7B, the micropump 112
of Figs. 8A and 8B has a rectangular micropump chamber 80 and a
rectangular electrostatic/piezoelectric membrane 82 in the manner of the
embodiment of Figs. 7A and 7B. The inlet and outlet channels 116 and
118 of Figs. SA and 8B are similar to the inlet and outlet channels 92 and

20 98 of the embodiment of Figs. 7A and 7B, but are shorter in length. A

central axis 120 extends through the inlet channel 116, the micropump




110. The cascades 106, 108 and 110 of the airfoil-shaped el enents 20

Wi thin each of the inlet and outlet channels 92 and 98 increase the
directional efficiency of the valveless mcropunp 78. In val vel ess

mi cropunps utilizing cascades of airfoil-shaped 10 el ements 2077 SEE#0hs

t he val vel ess m cropunp 78 of Figs. 7A and 713, there need not be any
particul ar nunber of cascades. Figs. 8A and 813, for exanple, are top and
front views of yet another enbodi ment of a valveless mcropunp 112 in
which a single cascade 114 of the airlffoil-shaped elenents 20 is used in
each of inlet and outlet channels 116 and 118. 15 Li ke the val vel ess

m cropunp 78 of Figs. 7A and 7B, the mcropunp 112 of Figs. 8A and 8B has
a rectangul ar m cropunp chanber 80 and a rectangular electrostatic/

pi ezoel ebanibermSfbeade the ortichechannel Lf8.t h&lushbibativaeit wfdiFeg8on7A and
7B. The inlet and outlet channels 116 and 118 of Figs. 8A and 8B are

si m | arilhostidied b Qin@ﬁrﬁbwumwatwwnﬁlsﬁ e2d 8Nehenft cHahihel erBoghaent of

Figs. 7A and 7B ut are shorter in length. A central axis 120 extends

thr ougha bl £ha chape %&étﬁ?fﬁgee?ghg{eﬁme?ﬁsSEP 2006 17 charber 80

and the out o anne na direction illustrated by an
arrow 122 at hhe inlet en the i et channel., 116 and .an arrqQw 124 at
t he outl et ]l‘ £ hEALIOMS bR H‘H@Ptﬁ v alveless micropumps in accordance

5 with the invention are shown and described herein in terms of direction-
sensitive drag-producing elements which are airfoil-shaped elements such
as the elements 20. However, the invention is not limited to airfoils. The
drag-producing elements can assume any appropria’_ce shape as long as
the resulting drag ratio is larger than unity.

10




The various enbodi nents of val vel ess m cropunps in accordance 5 with the
invention are shown and described herein in terns of direction- sensitive
dr ag- produci ng el enents which are airfoil-shaped el enents such as the

el ements 20. However, the invention is not limted to airfoils.?THEP 2005

dr ag- produci ng el ements can assune any appropriate shape as long as the
resulting drag ratio is larger than unity. 10 2 7 S E P 2006 18 CLAI M5-
What is clainmed is: 1. A valvel ess m cropunp conprising: a hollow punp
chanber having a driving el ement coupBed thereto; an inlet channel coupled
to the holl ow punp chanber; an outlet channel coupled to the holl ow punp
chanber; the inlet channel, the hollow punp chanber and the outlet channel
defining a fluid flow path through the inlet channel, the hollow punp
chanber, and the outlet channel; andCRAIME&st one direction-sensitive

el ement disposed in the flow path wthin one of the inlet and outl et
channel s having a substantially uniform w dth.

What is claimed is:

1. A valveless micropump comprising:

a hollow pump chamber having a ciriving element coupled thereto;

an inlet channel coupled to the hollow pump chamber;

an outlet channel cpupled to the hollow pump chamber;

the inlet channel, the hollow pump chamber and the outlet channel
deﬁping a fluid flow path through the inlet channel, the hollow pump
chambf_:r, and the outlet channel; and

at least one direction-sensitive element disposed in the flow path

within one of the inlet and outlet channels having a substantially uniform

width.

2. A valveless micropump according to claim 1, wherein the at

least one direction-sensitive element comprises an airfoil.

3. A valveless micropump according to claim 2, wherein the
airfoil is installed in the fluid flow path at an angle which produces a drag

ratio greater than unity on fluid in the flow path,




2. A valveless mcropunp according to claim1l, wherein the at |[|east one
direction-sensitive el ement conprises an airfoil. 3. A valvel ess m cropunp
according to claim?2, wherein the airfoil is installed in the fluid flow
path at an angl e which produces a drag ratio greater than unitd7 6bP #06i d
in the flow path. 27 SEP 2006 19 4. A valveless punp conprising: a punp
chanber; an el ectrostatic/piezoelectric nenber disposed at the punp
chanber; an inlet channel coupled to_ the punp chanber; an outlet channel
coupled to the punp chanber; and an dPrfoil element nounted in one of the
inlet and outlet channels having a substantially uniformw dth, the
airfoil elenent producing a drag ratio greater than unity. 5. A valvel ess
punp according to claim4, wherein the punp is a mcropunp. 6. A valvel ess
punp according to claim4, wherein the airfoil elenent has an angle of
attack of 0 degrees to 10 degrees. 7. A valveless punp according to claim
4, wherein the aiAk ¥alveless pump comprising:

a pump chamber;

an electrostatic/piezoelectric member disposed at the pump
chamber;

an inlet channel coupled to the pump chamber;

an outlet channel coupled to the pump chamber; and

an airfoil element mounted in one of the inlet and outlet channels

having a substantially uniform width, the airfoil element producing a drag

ratio greater than unity.

S. A valveless pump according to claim 4, wherein the pump is a
micropump.
6. A valveless pump according to claim 4, wherein the airfoil

element has an angle of attack of 0 degrees to 10 degrees.

7. A valveless pump according to claim 4, wherein the airfoil

element has an angle of attack of approximately O degrees.




el ement has an angle of attack of approximtely O degrees. 2 7 SEP 2006 20
8. A valveless punp according to claim4, wherein the airfoil elenent has
an angle of attack of approxinmately 10 degrees. 9. A val vel ess punp
according to claim4, further conprising a second airfoil elengntsirggyt ed
in the one of the inlet and outlet channels together with the
first-nmentioned airfoil elenment. 10. A val vel ess punp according to claim®,
wherein the first- nentioned airfoil _elenent and the second airfoil el enent
are both mounted in the inlet channd®. 11. A valvel ess punp according to
claim6, wherein the first- nentioned airfoil elenment and the second
airfoil elenment are both nounted in the outlet channel. 12. A val vel ess
punp according tq claim4, wherein the first- nmentioned airfoil elenent is
mounted in ©he i é’@f @fth dumgn @ceordingr to i glaimditngvhessnotite aiirfodi |

el ement nounted in the outlet channel. 27SEP2006 21 13. A val vel ess punp
accor dielgment biesian angboopatisickgobappratimartly abidegreés.ai rfoil el enents

mounted in the inlet channel and a second
9. A valveless pump according to claim 4, further comprising a
second airfoil element mounted in the one of the inlet and outlet channels

together with the first-mentioned airfoil element.

10. A valveless pump according to claim 6, wherein the first-
mentioned airfoil element and the second airfoil element are both mounted

in the inlet channel.

11. A valveless pump according to claim 6, wherein the first-

mentioned airfoil element and the second airfoil element are both mounted

in the outlet channel.

12. A valveless pump according to claim 4, wherein the first-
mentioned airfoil element is mounted in the inlet channel, and further

‘including a second airfoil element mounted in the outlet channel.




plurality of airfoil elenments nmounted in the outlet channel. 14. A

val vel ess punp according to claim 13, wherein each of the first and second
pluralities of airfoil elements conprise a single cascade of such

el ements. 15. A valvel ess punp according to claim13, wherein eAtBEPTIIEhe
first and second pluralities of airfoil elenments conprise a plurality of
cascades of such elenents. 16. A valvel ess punp conprising: a punp chanber
of generally cylindrical configurat&gn havi ng opposite upper and | ower
wal I s of generally circular configufation and a sidewall of generally
circul ar shape extendi ng between the opposite upper and |ower walls; an

el ectrostatic/piezoelectric nmenbrane of generally circular configuration
di sposed on he uggﬁr wal | _opposite the lower wall; an el ongated inlet
channel coupl'ed ‘t HFEESP JBUER | 2G0TEHE donslaiah hb epmprisimeogediraty t her ei n
and haYin .opposi.te upper and lower walls 2 7 SEP 2006 22 which are joined
to and®'gEMEYaPf vty alemenis mowetadhper than dnlebveamadl sndof &de D
chanber; an el ongated outlet channel coupled to the side wall of the punp

plurality of airfoil elements mounted in the outlet channel.

14. A valveless pump according to claim 13, wherein each of the -
first and second pluralities of airfoil elements comprise a single cascade of

such elements.

15. A valveless pump according to claim 13, wherein each of the
first and second pluralities of airfoil elements comprise a plurality of

. cascades of such elements.

16. A valveless pump comprising:

a pump chamber of generally cylindrical configuration having
opposite upper and lower walls of generally circular configuration and a
sidewall of generally circular shape extending between the épposite upper
and lower walls; |

an electrostatic/piezoelectric membrane of generally circular
configuration disposed on the upper wall opposite the lower wall;

an elongated inlet channel coupled to the side wall of the pump

chamber at an opgning therein and having opposite upper and lower walls




chanber at an opening therein opposite the opening therein at which the

el ongated i nput channel is coupled and havi ng opposite upper and | ower

wal I's which are joined to and generally coplanar with the uppgréﬁgﬁlbower
wal I s of the punp chanber; and an airfoil elenment nounted in A f“ﬁhe
inlet and outlet chanbers having a substantially uniformw dth and

ext endi ng between the opposite upper and lower walls thereof. 17. A

val vel ess punp according to claiml1l6powherein the elongated inlet channel

and the elongated outlet channel lie along a comon axis of el ongation
extendi ng through the punp chanber. 18. A valvel ess punp according to claim
17, wherein the airfoil elenment forns an angle of 0 degrees to 10 degrees

with tvehichnmmnjcined toQin@|g%ﬁ9?élﬁ)ﬁgog?arrz%ﬁsﬁﬁé‘1299@rﬂp%§;rla%d iz?]x‘n’rg{]‘éfeagl%ss punp

according to claim 18, wherein t ene ormns of

appr oxigyratgl dgggg with the conmon axis { of elongation. 20. A
Lﬁ‘r'lp&gccor ?)%r

val vel ess p ng’to claim 18, wherein the airfoil elenent forns an

angl e of approx'i matel(yi 10 degrees with the conmon axis of elongation.
an clongated outlet channel coupled to the side wall of the pump

chamber at an opening therein opposite the opening therein at which the
elongated input channel is coupled and having opposite upper and lower -
walls which are joined to and generally coplanar with the upper and lower
walls of the pump chamber; and

an airfoil element mounted in one of the inlet and outlet chambers

having a substantially uniform width and extending between the opposite

upper and lower walls thereof.

17. A valveless pump according to claim 16, wherein the
elongated inlet channel and the elongated outlet channel lie along a

common axis of elongation extending through the pump chamber.

18. A valveless pump according to claim 17, wherein the airfoil

element forms an angle of 0 degrees to 10 degrees with the common axis

of elongation.




21. A val vel ess m cropunp conprising: a hollow punp chanber having a
driving elenment coupled thereto: an inlet channel coupled to the holl ow
punp chanber; an outlet channel coupled to the holl ow punp chanber; the

i nl et channel, the hollow punp chanber and the outlet channel dgfiSePigta
fluid flow path through the inlet channel, the hollow punp chanber, and
the outl et channel; and at |east one direction-sensitive el enment di sposed
in the flow path within one of the inlet and outlet chanbers; wherein the
at |east one direction-sensitive el &ent conprises an airfoil. 22. A

val vel ess mi cropunp according to claim?21l, wherein the airfoil is
installed in the fluid flow path at an angl e which produces a drag ratio

t th unjty .on fluid in the f]ow path,
greater £8 Uy ‘}lalvgless pump according tg claim- 18, wherein the airfoil

element forms an angle of approximately 0 degrees with the common axis

of elongation.

20. A valveless pump according to claim 18, wherein the airfoil

element forms an angle of approximately 10 degrees with the commeon axis

of elongation.

21. A valveless micropump comprising:

a hollow pump chamber having a driving element coupled thereto:

an intet channel coupled to the hollow pump chamber;

an outlet channel coupled to the hollow pump chamber;

the inlet channel, the holiow pump chamber and the outlet channel
defining a fluid flow path through the inlet channel, the hollow pump chamber,
and the outlet channel; and

at least one direction-sensitive element disposed in the flow path within
one of the inlet and outlet chambers;

wherein the at least one direction-sensitive element comprises an airfoil.

22.  Avalveless micropump according to claim 21, wherein the airfoil is
installed in the fluid flow path at an angle which produces a drag ratio greater

than .unity on fluid in the flow path.




