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DISC PUMP WITH PERIMETER VALVE CONFIGURATION

BACKGROUND OF THE INVENTION

[0001] The present invention claims the benefit, under 35 USC § 119(e), of the filing

of U.S. Provisional Patent Application Serial Number 61/635,655, entitled "DISC PUMP

WITH PERIMETER VALVE CONFIGURATION," filed April 19, 2012, by Locke et al.,

which is incorporated herein by reference for all purposes.

Field of the Invention

[0002] The illustrative embodiments relate generally to a disc-pump valve for

managing fluid flow therethrough and, more specifically, but not by way of limitation, to a

disc pump having a perimeter valve configuration.

Description of Related Art

[0003] Conventional valves typically operate at frequencies below 500 Hz. For

example, many conventional compressors typically operate at 50 or 60 Hz. A linear resonance

compressor known in the art operates between 150 and 350 Hz. Some applications, require

valves that are capable of operating at much higher frequencies, 20 kHz and higher, for

example. Valves that operate at these high frequencies are not commonly available. For

example, many portable electronic devices, including medical devices, require pumps that are

relatively small in size to deliver a positive pressure or to provide a vacuum. Consequently,

these relatively small pumps require even smaller valves that must operate at very high

frequencies to be effective. Moreover, these valves must operate at frequencies beyond the

range of human hearing so that the valves are inaudible in operation. To operate at these high

frequencies, the valve must be responsive to a high frequency oscillating pressure that can be

rectified to create a net flow of fluid through the pump.



SUMMARY

[0004] According to an illustrative embodiment, a disc pump valve for controlling the

flow of fluid through a disc pump includes a pump base having an elliptical shape and at least

one aperture extending through the pump base. The pump base comprises a first end wall and

a sealing surface. The disc pump also includes an isolator overlying the pump base, the

isolator having an isolator valve aperture extending through the isolator at or near the

periphery of the isolator and partially overlying the cavity to form an outlet. In addition, the

disc pump includes a valve flap disposed between the pump base and the isolator. The valve

flap has one or more valve flap apertures arranged about the periphery of the valve flap

beyond the periphery of the cavity and underlying an isolator valve aperture. The valve flap

seals against the sealing surface to close the pump outlet and prevent fluid from flowing from

the pump outlet through the cavity. The valve flap also flexes away from the sealing surface

to allow fluid to pass from the cavity through the pump outlet.

[0005] According to another illustrative embodiment, a disc pump valve for

controlling the flow of fluid through a disc pump comprises a pump base having an elliptical

shape and at least one aperture extending through the pump base, the pump base comprising a

first end wall and a sealing surface. An isolator overlies the pump base and has an isolator

valve aperture extending through the isolator at or near the periphery of the isolator and

partially overlying the cavity to form an outlet. A valve flap is disposed between the pump

base and the isolator. The valve flap has one or more valve flap apertures that are arranged

about the periphery of the valve flap beyond the periphery of the cavity and underlying an

isolator valve aperture. The disc pump valve also includes a plurality of isolator valve

apertures, each of the isolator valve apertures extending through the isolator at or near the

periphery of the isolator and partially overlying the cavity to form a plurality of pump outlets.

In addition, the disc pump valve includes a plurality of valve flap apertures. Each of the valve

flap apertures are arranged about the periphery of the valve flap beyond the periphery of the

cavity, and underlying an isolator valve aperture. Each of the isolator valve apertures overlies

a plurality of valve flap apertures. The valve flap seals against the sealing surface to close the

pump outlet and prevent fluid from flowing from the pump outlet through the cavity. The

valve flap flexes away from the sealing surface to allow fluid to pass from the cavity through

the pump outlet.



[0006] Other objects, features, and advantages of the illustrative embodiments are

disclosed herein and will become apparent with reference to the drawings and detailed

description that follow.



BRIEF DESCRIPTION OF THE DRAWINGS

[0007] Figure 1 shows a perspective view of an illustrative embodiment of a disc pump

having a perimeter valve configuration;

[0008] Figure 2 shows a top view of the disc pump of Figure 1;

[0009] Figure 3 shows an exploded, perspective view of the disc pump of Figure 1;

[0010] Figure 4 shows a cross-section view of the disc pump of Figure 1;

[0011] Figure 4A shows a detail, cross-section view of the disc pump of Figure 1,

showing the valve portion of the disc pump indicated in Figure 4, where the valve portion is in

a closed position;

[0012] Figure 4B shows a detail, cross-section view of the disc pump of Figure 1,

showing the valve portion of the disc pump indicated in Figure 4, where the valve portion is in

an open position;

[0013] Figure 5A is a detail, top view of the portion of the isolator indicated in Figure

3;

[0014] Figure 5B is a detail, top view of the portion of the valve flap indicated in

Figure 3;

[0015] Figure 5C is a detail, top view of the portion of the pump base indicated in

Figure 3;

[0016] Figure 6 shows a cross-section view of the disc pump of Figure 1;

[0017] Figure 6A shows a graph of pressure oscillations of fluid within the pump of

Figure 6 at a first time;

[0018] Figure 6B shows a graph of pressure oscillations of fluid within the pump of

Figure 6 a half cycle later than the graph of Figure 6A;

[0019] Figure 7 shows a detail, section view of the valve portion of the pump in the

open position as fluid is motivated through the valve;

[0020] Figure 8 shows a detail, section view of the valve portion of the pump as it

begins to transition from the open position to the closed position;

[0021] Figure 9 shows a detail, section view of the valve portion of the pump after it

has transitioned to the closed position;

[0022] Figure 10 shows a pressure graph of an oscillating differential pressure applied

across the valve flap of the disc pump of Figure 1;



[0023] Figure 10A shows a graph of the position of the valve flap of the disc pump of

Figure 1 through an operating cycle of the valve; and

[0024] Figure 10B shows a fluid-flow graph of an operating cycle of the disc pump of

Figure 1 as the valve flap transitions between an open and closed position.



DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0025] In the following detailed description of illustrative embodiments, reference is

made to the accompanying drawings that form a part hereof. By way of illustration, the

drawings show specific preferred embodiments in which the invention may be practiced.

These embodiments are described in sufficient detail to enable those skilled in the art to

practice the invention, and it is understood that other embodiments may be utilized and that

logical structural, mechanical, electrical, and chemical changes may be made without

departing from the spirit or scope of the invention. To avoid detail not necessary to enable

those skilled in the art to practice the embodiments described herein, the description may omit

certain information known to those skilled in the art. The following detailed description is,

therefore, not to be taken in a limiting sense, and the scope of the illustrative embodiments is

defined only by the appended claims.

[0026] A micropump, such as a disc pump, is a suitable application for a valve that

operates at a high frequency, e.g., beyond the range of human hearing. At such frequencies,

the pump may be extremely small in size and suitable for integration into a wide range of

portable electronic devices where pressure or vacuum delivery is required. The disc pump

may include an actuator, such as a piezoelectric actuator, to cause oscillatory motion and

displacement oscillations of a driven end wall within the disc pump. When the actuator

generates an oscillatory motion of the end wall, the displacement oscillations may generate

radial oscillations of the fluid pressure within the pump. These radial oscillation of fluid

pressure may cause fluid to flow through apertures in the pump base and apertures in the end

wall, which may be inlet apertures and outlet apertures, respectively. To generate a pressure

differential, the pump includes one or more valves that allow fluid to flow through the disc

pump in only one direction. For the valves to operate at the high frequencies generated by the

actuator, the valves may have an extremely fast response time such that the valves are able to

open and close on a time scale that is shorter than the time scale of the pressure variations.

[0027] Referring now to Figures 1-5C and more specifically to the assembled,

perspective view of Figure 1, an illustrative embodiment of a disc pump 100 is shown. The

disc pump 100 comprises a pump base 110, a valve flap 130, and an actuator 140 as shown in

the exploded, perspective view of Figure 3. The actuator 140 further comprises a piezoelectric

disc 145 and an isolator 150 mechanically coupled to the piezoelectric disc 145. The pump

base 110 comprises a generally cylindrical sidewall 1 1 1 closed at one end by a first end wall



113 to form a cavity 115 within the pump base 110. The first end wall 113 may be generally

planar or frusto-conical in shape as will be discussed in more detail below. The frusto-conical

shape of the first end wall 113 may be, for example, deeper in the central portion of the pump

base 110 and tapering upwardly toward the side wall 111. The pump base 110 further

comprises a base 116, an external sidewall 117, and an upper surface 119 having a ring-like

shape extending between the sidewall 1 1 1 and the external sidewall 117. The upper surface

119 of the pump base 110 includes a sealing surface 121 adjacent the periphery of the side

wall 11 1 and a plurality of indentations 123 extending radially from the sealing surface 121

below the upper surface 119. The pump base 110 further comprises apertures 125 extending

from the first end wall 113 and out of the base 116. The apertures 125 may be positioned

circumferentially around the base 116 at a predetermined radius (a) from the center of the first

end wall 113.

[0028] The valve flap 130 is generally circular in shape having a cavity- facing surface

and an isolator- facing surface 132. The cavity- facing surface has a central portion that forms a

second end wall 131 that closes the cavity 115 of the pump base 110 and a peripheral portion

133 extending from the side wall 111 to cover the upper surface 119 of the pump base 110 on

which the valve flap 130 is mounted. The valve flap 130 comprises perforations 135

positioned along the peripheral portion 133 of the valve flap 130, each one of which is aligned

over the indentations 123 in the upper surface 119 of the pump base 110. The perforations

135 may include a plurality of the valve-flap apertures 531-535 (see, for example, Figure 5B)

extending through the valve flap 130 to a single indentation 123 to provide a path for fluid

flow. The valve-flap apertures 531-535 may be arranged in a pattern to accommodate the

geometry of the indentations 123 in the upper surface 119. For example, valve-flap apertures

531-535 may be arranged in an arcuate pattern to be adjacent the outer periphery of the

indentation 123. The pattern and quantity of valve flap apertures 531-535 may be varied to

control the total flow of fluid through the disc pump 100 as desired. For example, the number

of valve flap apertures 53 1-535 may be increased to increase the flow of fluid through the disc

pump 100. Similarly, the number of valve flap apertures 531-535 may be decreased to

decrease the flow of fluid through the disc ump 100.

[0029] About the periphery of the disc pump 100, the valve flap 130 is sandwiched

between the isolator 150 and the pump base 110 so that the periphery is immobilized in a

direction that is substantially perpendicular the surface of the valve flap 130. Yet the valve

flap 130 is sufficiently flexible to allow the unconstrained portion of the valve flap 130 to



deform, thereby opening a fluid flow path from the cavity 115 to isolator valve apertures 155,

as described in more detail below.

[0030] The isolator 150 is also generally circular in shape and has a central portion and

a peripheral portion 151. The piezoelectric disc 145 is mechanically coupled to a first side of

the isolator 150 at the central portion. At the peripheral portion 151, the opposing side of the

isolator 150 is mounted to the valve flap 130 over the upper surface 119 of the pump base 110.

The peripheral portion 151 of the isolator 150 covers the isolator- facing surface 132 of the

valve flap 130 which is sandwiched between the isolator 150 and the upper surface 119 of the

pump base 110. The isolator 150 comprises relief apertures 153 through the peripheral portion

151 extending radially outwardly from the periphery of the piezoelectric disc 145 to provide

additional flexibility when the piezoelectric disc 145 is energized and vibrates. The isolator

150 further comprises isolator valve apertures 155 positioned between the relief apertures 153

and the edge of the peripheral portion 151 of the isolator 150, each one of which is aligned to

provide an opening for the perforations 135 of the valve flap 130. The isolator valve apertures

155 extend radially inwardly from the perforations 135 and the side wall 1 1 1 to overlap a

peripheral portion 157 of the cavity 115 with the valve flap 130 still separating the isolator

valve apertures 155 from the cavity 115.

[0031] Referring more specifically to Figures 4A and 4B, the valve flap 130 is

sufficiently flexible and resilient to deform to form a fluid flow path and to return to its

original shape to create a seal. Figure 4B shows the valve flap 130 in the deformed, or open

position in which the valve flap 130 deforms within the isolator valve aperture 155 to form a

path for fluid flow as shown by arrow 137. Figure 4A shows the valve flap 130 in the sealed

or closed position, in which the valve flap 130 has returned to its original shape to close the

fluid flow path illustrated in Figure 4B. When there is no pressure differential across the valve

flap 130, the valve flap 130 is biased by the configuration of the pump elements and the

resiliency of the material of the valve flap 130 in the normally closed, or "close biased"

position. In another embodiment, a spacer or shim may be included between the pump base

110 and the valve flap 130 so that the valve will be biased in an open position. Inserting a

spacer or shim may increase flow through the pump 100 by enlarging the fluid flow path

between the valve flap 130 and the pump base 110 when the valve is in the neutral position.

[0032] When the pressure in the isolator valve aperture 155 equals or exceeds the

pressure in the cavity 115 to create a differential pressure as indicated by arrow 138, the

peripheral portion 133 of the valve flap 130 remains seated on the upper surface 119 of the



pump base 110 to block fluid flow to the cavity 115. Since this is the original shape of the

valve flap 130, the valve flap 130 is the to be normally biased in a "closed position" in which

the valve flap 130 is substantially flat and seated on the sealing surface 121 of the pump base

110. When the pressure in the cavity 115 exceeds the pressure in the isolator valve aperture

155 to create a differential pressure in the opposite direction, the resultant force and fluid flow

motivates the valve flap 130 away from the closed position to overcome the bias of the valve

flap 130 and break the seal with the sealing surface 121 of the pump base 110. When the

valve flap 130 is in this deformed state, the fluid flow path is formed by the valve flap 130 and

the upper surface 119 of the pump base 110. As shown in Figure 4B, the fluid flow path

extends from the opening created by the peripheral portion 157 of the cavity 115 to the

indentations 123 where the fluid flow path exits through the valve-flap apertures 531-535 as

shown in Figure 4B.

[0033] Figures 5A, 5B, and 5C illustrate the features of the isolator 150, the valve flap

130, and the pump base 110, respectively, that form the valves of the disc pump 100. For

example, Figure 5A shows the isolator valve apertures 155 that allow fluid to escape the cavity

115 of the pump base 110 when the valve flap 130 is in the open position. In the assembled

pump, the isolator valve apertures 155 generally overlie the valve flap apertures 531-535

shown in Figure 5B. The valve flap apertures 531-535 also allow fluid to escape the cavity

115 when the valve flap 130 is in the open position. The valve flap apertures 531-535

generally overlie the indentations 123 of the pump base 110, shown in Figure 5C. Figure 5C

also shows the sealing surfaces 121 of the pump base 110 that provide a reduced contact area

adjacent the indentations 123. The valve flap 130 is motivated to the closed position by

pressure and flow from the isolator valve aperture 155, and the surfaces of the pump base 110

that underlie the isolator valve aperture 155 support the valve flap 130. The indentations 123

serve to reduce the contact area between the valve flap 130 and the pump base 110 so that

when the valve flap 130 is forced into the closed position, the force is applied over a smaller

area of the pump base 110, which serves as the sealing surface 121.

[0034] Turning now to Figure 6, the valve(s) defined by the pump base 110, the valve

flap 130, and the isolator 150 may be used in a pump that operates at extremely high

frequencies, beyond the range of human hearing, for example. At such frequencies, the pump

may be extremely small in size and suitable for integration into a wide range of portable

electronic devices where pressure or vacuum delivery is required. The disc pump 100

comprises the pump base 110 having the substantially cylindrical shape cavity 115 formed by
C)



the side wall 1 1 1 and closed at both ends by the substantially circular end walls 113, 131 for

containing a fluid. The disc pump 100 further comprises the actuator 140 operatively

associated with the central portion of the end wall 131 to cause an oscillatory motion of the

end wall 131 in a direction substantially perpendicular thereto with maximum amplitudes at

about the center and periphery of the end wall 131, thereby generating displacement

oscillations of the end wall 131 when in use. The disc pump 100 further comprises the isolator

150 operatively associated with the peripheral portion of the end wall 131 to reduce damping

of displacement oscillations caused by the end wall's connection to the side wall 1 1 1 of the

cavity 115. The pump base 110 further comprises the apertures 125 disposed in the end wall

113. When the actuator 140 generates an oscillatory motion of the end wall 131, the

displacement oscillations generate radial oscillations of the fluid pressure within the cavity

115 of the pump base 110 and cause fluid to flow through the apertures 125 and the isolator

valve apertures 155, as indicated by the arrows 126 and 128, respectively.

[0035] As noted above, the disc pump 100 also comprises a plurality of valves formed

by the arrangement of the pump base 110, the valve flap 130 and the isolator 150. The

plurality of valves are disposed about the periphery of the disc pump 100 and allow fluid to

flow through the disc pump 100 in only one direction, as described above. For the valves to

operate at the high frequencies generated by the actuator 140, the valves must have an

extremely fast response time such that the valves are able to open and close on a time scale

significantly shorter than the time scale of the pressure variations. The valves are disposed

about the periphery of the cavity 115 so that fluid is drawn into the cavity 115 only through

the inlet apertures 125. The fluid is expelled from the cavity 115 through pump outlets formed

by the isolator valve apertures 155 as indicated by the solid arrows 128, thereby providing a

source of reduced pressure at the inlet apertures 125. The term "reduced pressure" as used

herein generally refers to a pressure less than the ambient pressure where the disc pump 100 is

located. Although the term "vacuum" and "negative pressure" may be used to describe the

reduced pressure, the actual pressure reduction may be significantly less than the pressure

reduction normally associated with a complete vacuum. The pressure is "negative" in the

sense that it is a gauge pressure, i.e., the pressure is reduced below ambient atmospheric

pressure. Unless otherwise indicated, values of pressure stated herein are gauge pressures.

References to increases in reduced pressure typically refer to a decrease in absolute pressure,

while decreases in reduced pressure typically refer to an increase in absolute pressure.



[0036] Figure 6A shows one possible pressure oscillation profile illustrating the

pressure oscillation within the cavity 115 resulting from the axial displacement oscillations of

the end wall 131 described above. The solid curved line and arrows represent the pressure at

one point in time, and the dashed curved line represents the pressure one half-cycle later. In

this mode and higher-order modes, the amplitude of the pressure oscillations has a center

pressure anti-node 210' around the center of the cavity 115 and a peripheral pressure anti-node

212 near the side wall 1 1 1 of the cavity 115 corresponding to the center displacement

oscillations and the peripheral displacement oscillations (not shown) of the end wall 131. The

amplitude of the pressure oscillations is substantially zero at an annular pressure node 214

between the center pressure anti-node 210' and the peripheral pressure anti-node 212. In an

embodiment, the inlet apertures 125 of the pump base 110 are located at the same radial

distance from the center of the cavity as the annular pressure node 214. The radial dependence

of the pressure oscillations in the cavity 115 may be approximated by a Bessel function of the

first kind. The radial change of the pressure is referred to as the "radial oscillations" of the

fluid within the cavity 115 as distinguished from the axial pressure oscillations of the fluid

within the cavity 115.

[0037] The pressure profile graphs of Figures 6A and 6B illustrate that the greatest

change in pressure is exhibited at the central pressure anti-node 210' and peripheral pressure

anti-node 212 of Figure 6A and the central pressure anti-node 210 and peripheral pressure

anti-node 212' of Figure 6B. To maximize flow through the pump, it may be advantageous to

locate the valve(s) that enable flow at the peripheral pressure anti-node 212, where the greatest

combination of pressure differential and surface area may be available to provide a flow path

for fluid through the disc pump 100.

[0038] Returning to Figure 6, the fluid flow through the inlet apertures 125 as

indicated by the solid arrows 126 corresponds to the fluid flow through the isolator valve

apertures 155, as indicated by the solid arrows 128. As indicated above, the operation of the

valves and the movement of the valve flap 130 between the open and closed positions is a

function of the change in direction of the differential pressure (∆Ρ) of the fluid at the periphery

of the cavity 115 for this embodiment of a disc pump. The differential pressure (∆Ρ) is

assumed to be substantially uniform about the periphery of the cavity 115 because the side

wall 11 1 location corresponds to the peripheral pressure anti-node 212 that is generated by the

displacement oscillations of the end wall 131. Placing a large number of valve apertures 155

about the perimeter of the cavity 115 may enhance flow through the pump 100. Where a



single valve at the center of a cavity places a valve at a singular high pressure area, the single

valve is limited because the area of high pressure, the central pressure anti-node, is localized at

the center of the cavity 115. Conversely, a multitude of valve apertures 155 about the

perimeter of the cavity 115 may facilitate enhanced flow because the valve apertures 155 are

spaced about an area of the cavity 115 that spans the cavity perimeter (i.e., the peripheral

pressure anti-node).

[0039] Figures 7-9 illustrate the operation of the valve flap 130 in response to the

radial pressure oscillations. In Figure 7, the valve flap 130 is motivated away from the sealing

surface 121 into the open position when the differential pressure across the valve flap 130 is a

positive differential pressure (+∆Ρ) . Thus, when the differential pressure results in a higher

pressure in the cavity 115 than in the isolator valve aperture 155, the resultant flow of fluid

motivates the valve flap 130 away from the sealing surface 121 of the pump base 110 into the

open position. The movement of the valve flap 130 unblocks a fluid flow path between the

sealing surface 121 and the valve flap 130 so that fluid is permitted to flow from the cavity

115 through the valve flap apertures 531-535 and isolator valve apertures 155, as indicated by

the arrow 137.

[0040] Figure 8 illustrates that in the absence of a pressure differential and the related

fluid flow from the cavity 115, the valve flap 130 begins to move to the closed position. Thus,

when the differential pressure changes back to the negative differential pressure (-∆Ρ), fluid

begins to flow in the opposite direction as indicated by the arrow 139. The arrow 139

indicates the path of a small amount of fluid back flow, i.e., flow back through the isolator

valve aperture 155. The backflow and pressure differential exert a force on the valve flap 130

that motivates the valve flap 130 to the closed position.

[0041] In the closed position illustrated in Figure 9, valve flap 130 contacts the sealing

surface 121, thereby blocking the fluid flow path illustrated by the arrow 137 of Figure 7. As

such, the valve flap 130 may act as a check valve that allows fluid to flow from the cavity 115

to the isolator valve aperture 155 in the open position before quickly returning to the closed

position to block fluid from flowing in the opposite direction from the isolator valve aperture

155 to the cavity 115. In this manner, the pressure oscillations in the cavity 115 cycle the

valve flap 130 between the closed and open positions, and the disc pump 100 provides a

reduced pressure every half cycle when the valve flap 130 is in the open position.

[0042] In steady-state operation, pressure is applied against valve flap 130 by fluid in

the cavity 115, which motivates the valve flap 130 away from the sealing surface 121, as



shown in Figure 7. As a result, the valve flap moves from the closed position to an open

position over a period of time, i.e., an opening time delay (T0), allowing fluid to flow in the

direction indicated by the arrow 137. When the pressure is reversed, the valve flap 130

springs back against the sealing surface 121 to the closed position. When the pressure changes

direction, fluid will flow in the reverse direction for a very short time period, a closing time

delay (T ), as indicated by the arrows 139 shown in Figure 8. The differential pressure causes

the valve flap 130 to block the flow path by sealing against the sealing surface 121, as shown

in Figure 9.

[0043] The opening and closing of the valve flap 130 is a function of the change in

direction of the differential pressure (∆Ρ) of the fluid across the valve flap 130. In Figure 8,

the differential pressure has been assigned a negative value (-∆Ρ) as indicated by the

downward pointing arrow. In this embodiment, when the differential pressure has a negative

value (-∆Ρ), the fluid pressure in the isolator valve aperture 155 is greater than the fluid

pressure in the cavity 115. This negative differential pressure (-∆Ρ) drives the valve flap 130

into the fully closed position as described above, wherein the valve flap 130 is pressed against

the sealing surface 121 to block the flow path between the valve flap 130 and the sealing

surface 121 and prevent the flow of fluid through the disc pump 100. When the differential

pressure across the valve flap 130 reverses to become a positive differential pressure (+∆Ρ) as

indicated by the upward pointing arrow 137 in Figure 7, the valve flap 130 is again motivated

away from the sealing surface 121 and against the isolator 150 into the open position. In this

embodiment, when the differential pressure has a positive value (+∆Ρ), the fluid pressure in

the cavity 115 is greater than the fluid pressure in the isolator valve aperture 155.

[0044] When the differential pressure changes back to a negative differential pressure

(-∆Ρ) as indicated by the downward pointing arrow in Figure 8, fluid begins flowing in the

opposite direction as indicated by the arrow 139, which forces the valve flap 130 back toward

the closed position shown in Figure 9. In Figure 9, the fluid pressure applied to the cavity side

of the valve flap 130 is less than the fluid pressure applied to the isolator side of the valve flap

130. Thus, the valve flap 130 experiences a net force, represented by arrow 138, which

accelerates the valve flap 130 toward the sealing surface 121 to close a valve formed by the

arrangement of the valve flap 130, pump base 110, and isolator 150. In this manner, the

changing differential pressure cycles the valve flap 130 between closed and open positions

based on the direction (i.e., positive or negative) of the differential pressure across the valve

flap 130.



[0045] The differential pressure (∆Ρ) is assumed to be substantially uniform at the

locations of the valves because the valve locations correspond to the peripheral pressure anti-

node 212, as described above. Consequently, the cycling of the differential pressure (∆Ρ)

between the positive differential pressure (+∆Ρ) and negative differential pressure (-∆Ρ) values

can be represented by a square wave over the positive pressure time period (tP+) and the

negative pressure time period (tP_), respectively, as shown in Figure 10. As differential

pressure (∆Ρ) cycles the valve flap 130 between the closed and open positions, the disc pump

100 provides a reduced pressure every half cycle when the valve flap 130 is in the open

position subject to the opening time delay (T0) and the closing time delay (T ) as also

described above and as shown in Figure 10A. When the differential pressure across the valve

flap is initially negative with the valve flap 130 closed (see Figure 9) and reverses to become a

positive differential pressure (+∆Ρ), the valve flap 130 is motivated away from the sealing

surface 121 into the open position (see Figure 7) after the opening time delay (T0) . In this

position, the movement of the valve flap 130 unblocks the flow path between the sealing

surface 121 and the valve flap 130 so that fluid is permitted to flow through the valve flap

apertures 531-535 and overlying isolator valve apertures 155 of the isolator 150, thereby

providing a source of reduced pressure outside the inlet apertures 125 of the disc pump 100

over an open time period (t0), as shown in Figure 10B. When the differential pressure changes

back to the negative differential pressure (-∆ Ρ), fluid begins to flow in the opposite direction

through the valve (see Figure 8) which forces the valve flap 130 back toward the closed

position after the closing time delay (T ) . The valve flap 130 remains closed for the remainder

of the half cycle or closed time period (t ) .

[0046] Regarding material selection, the isolator 150 should be rigid enough to

withstand the fluid pressure oscillations to which it is subjected without significant mechanical

deformation relative to the valve flap 130 at the periphery of the cavity 115. As such, the

isolator 150 may be formed from a polymer sheet material of uniform thickness such as, for

example, PET or Kapton. In one embodiment, the isolator 150 may be made from Kapton

sheeting having a thickness of less than about 200 microns. The isolator 150 may also be

made from a thin metal sheet of uniform thickness such as, for example, steel or brass, or

another suitable flexible material. In another embodiment, the isolator 150 may be made from

steel sheeting having a thickness of less than about 20 microns. The isolator 150 may be made

of another flexible material suitable to facilitate vibration of the actuator 140 as described

above. The isolator 150 may be glued, welded, clamped, soldered, or otherwise attached to



the actuator 140 depending on the material used, and either the same process or a different

process may be used to attach the isolator 150 to the pump base 110.

[0047] The valve flap 130 may be formed from a lightweight material, such as a metal

or polymer film. In one embodiment, when fluid pressure oscillations of about 20 kHz or

greater are present, the valve flap 130 may be formed from a thin polymer sheet between about

1 micron and about 20 microns in thickness. For example, the valve flap 130 may be formed

from polyethylene terephthalate (PET) or a liquid crystal polymer film approximately 3

microns in thickness. As shown in Figure, 8, the illustrative valve flap 130 merely flexes

under the influence of a differential pressure and does not experience significant accelerations

as would, for example, a valve flap being disposed a greater distance from the isolator 150.

Nonetheless, the valve flap material should be robust enough to withstand the repeated flexing

resulting from the oscillating differential pressure described above. In addition, minimizing

the pressure drop incurred as air flows through the valve is important to maximizing valve

performance as the pressure drop affects both the maximum flow rate and the maximum

differential pressure that is achievable. Reducing the size of the valve flap apertures 531-535

increases the flow resistance and the pressure drop through the valve. According to an

embodiment, analysis employing computational models and steady-state flow equations to

approximate flow resistance through the valves may be used to improve the operation of the

valves.

[0048] To estimate the pressure drop for flow through the apertures, a computational

model may be applied that considers the fluid dynamic viscosity, the flow rate through the

apertures, and the thickness of the valve flap 130. When the valve flap 130 is in the open

position shown in Figure 7, the flow of fluid through the gap between the valve flap 130 and

the sealing surface 121 and the valve flap apertures 531-535 will propagate generally radially

after exiting the valve flap apertures 531-535. Thus, the total pressure drop across the valve

may be very sensitive to changes in the size of the valve flap apertures 531-535 as well as the

gap dgap between the valve flap 130 and the sealing surface 121 when the valve flap 130 is in

the open position. It should be noted that a smaller gap dgap , which can be desirable in order to

minimize the opening time delay (T0) and the closing time delay (T ) of the valve flap 130,

may increase the pressure loss. For example, reducing the flap gap dgap from about 25 microns

to about 20 microns may double the pressure loss.

[0049] Consideration also should be given to maintaining the stress experienced by the

valve flap 130 within acceptable limits during operation of the valve, which typically requires
ζ



a larger sealing surface 121. In one embodiment, the gap dgap value may be selected such that

the gap pressure drop is equal to the hole pressure drop. In one embodiment, the size of the

gap dgap falls within an approximate range between about 5 microns and about 150 microns,

although more preferably within a range between about 15 and about 50 microns.

[0050] Figure 7 illustrates a valve portion of the disc pump of Figure 1 in the open

position. In this position, the valve flap 130 is subjected to stress as the valve flap 130 opens

the gap that serves as the flow path between the valve flap 130 and the sealing surface 121.

The opening of the valve causes the valve flap 130 to deform toward the isolator 150 to allow

fluid to flow through the valve flap aperture 531-535 as illustrated. The level of stress on the

valve flap 130 in this configuration increases with the diameter of the isolator valve aperture

155 in the isolator 150. The material of the valve flap 130 will tend to fracture more easily if

the diameter of the isolator valve aperture 155 is too large, thus leading to failure of the disc

pump 100. In order to reduce the likelihood that the material of the valve flap 130 fractures,

the size of the isolator valve apertures 155 may be reduced to limit the stress experienced by

the valve flap 130 to a level which is below the fatigue stress of the material of the valve flap

130.

[0051] The maximum stress experienced by the material of the valve flap 130 in

operation may be estimated using computational models. In one embodiment of the invention,

the valve flap 130 is formed from a thin polymer sheet, such as Mylar having a Poisson ratio

of 0.3, and is clamped to the sealing surface 121 about the perimeter of the pump base 110.

Considering the high number of stress cycles applied to the valve flap 130 during the operation

of the valve, the maximum stress per cycle tolerated by the valve flap 130 should be

significantly lower than the yield stress of the material of the valve flap 130. Limiting the

maximum stress per cycle to be significantly less than the yield stress of the material of the

valve flap 130 in order to reduce the possibility that the valve flap 130 suffers a fatigue

fracture, especially at the portion of the valve flap 130 that flexes upward to allow fluid flow.

Based on fatigue data compiled for a high number of cycles with respect to similar valve

structures, it has been determined that the actual yield stress of the material of the valve flap

130 should be at least about four times greater than the stress applied to the material of the

valve flap 130 (e.g., 16, 34, and 43 MPa as calculated above). Thus, the valve flap material

should have a yield stress as high as 150 MPa to minimize the likelihood of such fractures for

a maximum equivalent diameter of the isolator valve apertures 155 in this case of

approximately 200 microns.



[0052] Reducing the equivalent diameter of the isolator valve apertures 155 beyond the

maximum equivalent diameter of the isolator valve apertures 155 may be desirable as it further

reduces valve flap 130 stress and has no significant effect on valve flow resistance until the

diameter of the equivalent isolator valve apertures 155 approaches the same size as the gap

dgap. Further, reduction in the size of the isolator valve apertures 155 permits the inclusion of

an increased number of isolator valve apertures 155 per unit area of the isolator surface for a

given sealing length (s). However, the size of the isolator valve apertures 155 may be limited,

at least in part, by the manner in which the isolator 150 is fabricated. For example, chemical

etching limits the size of the isolator valve apertures 155 to be equal to or greater than the

thickness of the isolator 150 in order to achieve repeatable and controllable results. In one

embodiment, the isolator valve apertures 155 in the isolator 150 are between about 20 microns

and about 500 microns in diameter. In other embodiments the isolator valve apertures 155 in

the isolator 150 are between about 100 and about 200 microns in diameter depending on the

other factors described above.

[0053] Within the disc pump 100, the thickness of the material of the valve flap 130

(e.g., 3 µιη Mylar) is a factor in the speed of the valve operation and therefore a contributor to

the performance of the disc pump 100. As a result, pumps assembled with about a 1.5 µιη

valve flap 130 with about a 20 µιη gap may yield increased performance over valves having

about a 3 µιη valve flap with about a 20 µιη gap. A wider valve gap may also increase

performance, such that about a 60 µιη gap may yield improved performance over about a 20

µιη gap with about a 3 µιη valve flap 130. It is possible to increase performance by creating a

valve having, for example, a thinner valve flap 130 of about a 1.5 µιη thickness and about a 60

µιη gap. Yet to create such a valve, material concerns must be overcome to address the

additional strain place on a thinner material. This concern is mitigated by biasing the valve

flap 130 toward the center of the valve cavity 115. The individual valve flap apertures 531-

535 may be formed partially by precision injection molding the valve flap 130, and partly by

laser drilling or a similar process. To form the pump 100 and integrated valves, the valve flap

130 can be directly mounted to the isolator 150. The isolator 150 and valve flap 130 may then

be fastened to the pump base 110 by a suitable joining process, such as heat staking.

[0054] The inlet apertures 125 are shown in, e.g., Figure 6, as being located at the

annular pressure node 214. Yet in another embodiment the inlet apertures 125 may instead be

located near the center of the of the pump base 110 at the central pressure anti-node 210. In

such an embodiment, a ring-like isolator structure and a valve flap structure may be installed
\ J



adjacent the inlet apertures 125, thereby creating an inlet valve. In such an embodiment, the

valve structure discussed above would function as an outlet valve, or exhaust valve.

Alternatively, a peripheral valve arrangement discussed above may be installed at the pump

base 110, thereby utilizing the center pressure anti-node to increase the pressure in the cavity

of the pump before further increasing the pressure at the exhaust valve, e.g., the isolator valve

aperture 155, as discussed above.

[0055] Together, the illustrative embodiments provide a method for forming valves

around the periphery of a pump cavity 115 at the location of the peripheral pressure anti-node

212. By providing an increased area for including valves in the pump cavity 115, the disc

pump 100 of the illustrative embodiments may provide greater flow than a similar pump

having a centrally mounted valve. By isolating incorporating a multitude of small valves into

the structure of the disc pump 100, manufacturing may be simplified. Moreover, the multitude

of valves provides a degree of redundancy, such that if one of the valve flap apertures is

blocked or is fractured, the remaining valves will remain functional.

[0056] It should be apparent from the foregoing that embodiments having significant

advantages have been provided. While the embodiments are shown in only a few of its forms,

it is not just limited but is susceptible to various changes and modifications without departing

from the spirit thereof.
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CLAIMS

We claim:

1. A disc pump comprising:

a pump base having an elliptical sidewall closed at one end by a first end wall to form a

cavity and an upper surface extending radially outwardly from the sidewall, the

upper surface including a sealing surface and at least one indentation;

at least one aperture extending through the pump base into the cavity;

an actuator including a piezoelectric disc and an isolator extending radially outwardly

between the piezoelectric disc and the sidewall, the isolator having at least one

isolator valve aperture extending through the isolator and having an opening

proximate the upper surface of the pump base and a peripheral portion of the

cavity; and

a valve flap disposed between the opening of the isolator valve aperture on one side and

the upper surface of the pump base and the peripheral portion of the cavity on the

other side, the valve flap having at least one valve flap aperture extending between

the opening of the isolator valve aperture and the indentation;

wherein the valve flap prevents the flow of fluids through the isolator valve aperture when

seated against the sealing surface and permits the flow of fluids through the

indentation and the isolator valve aperture when not seated against the sealing

surface.

2. The disc pump of claim 1, wherein the at least one aperture comprises a plurality of

apertures circumferentially disposed about a center of the first end wall.

3. The disc pump of claim 1, wherein the at least one aperture comprises a plurality of

apertures circumferentially disposed about a center of the first end wall at a predetermined

distance from the center of the first end wall.

4. The disc pump of claim 1, wherein the at least one aperture comprises a plurality of

apertures circumferentially disposed about a center of the first end wall at a predetermined

distance from the center of the first end wall corresponding to the radial distance of an

annular pressure node from the center of the first end wall.
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5. The disc pump of claim 1, wherein the at least one indentation comprises a plurality of

indentations circumferentially disposed in the upper surface proximate to a periphery of

the cavity.

6. The disc pump of claim 1, wherein the at least one isolator valve aperture comprises a

plurality of isolator valve apertures circumferentially disposed around a periphery of the

isolator.

7. The disc pump of claim 1, wherein the at least one valve flap aperture comprises a

plurality of valve flap apertures circumferentially disposed around a periphery of the valve

flap.

8. The disc pump of claim 1, wherein the at least one indentation comprises a plurality of

indentations circumferentially disposed in the upper surface proximate to a periphery of

the cavity, the at least one isolator valve aperture comprises a plurality of isolator valve

apertures circumferentially disposed around a periphery of the isolator, and the at least one

valve flap aperture comprises a plurality of valve flap apertures, and wherein the

indentations, the isolator valve apertures, and the valve flap apertures are substantially

aligned.

9. The disc pump of claim 1, wherein the at least one indentation comprises a plurality of

indentations circumferentially disposed in the upper surface proximate to a periphery of

the cavity, the at least one isolator valve aperture comprises a plurality of isolator valve

apertures circumferentially disposed around a periphery of the isolator, and the at least one

valve flap aperture comprises a plurality of valve flap apertures, and wherein the

indentations and the isolator valve apertures are substantially aligned and each respective

indentation and isolator valve aperture is aligned with a respective plurality of valve flap

apertures.

10. The disc pump of claim 1, wherein the valve flap includes at least one perforation disposed

on the peripheral portion of the valve flap and adjacent the at least one indentation.

11. The disc pump of claim 1, wherein the valve flap includes a plurality of perforations

disposed on the peripheral portion of the valve flap, the at least one indentation comprises
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a plurality of indentations, and the plurality of perforations are adjacent the plurality of

indentations.

12. The disc pump of claim 1, wherein the valve flap includes at least one perforation disposed

on the peripheral portion of the valve flap and adjacent the at least one indentation, the at

least one valve flap aperture comprises a plurality of valve flap apertures, and the at least

one perforation includes the plurality of valve flap apertures.

13. The disc pump of claim 1, wherein the valve flap includes at least one perforation disposed

on the peripheral portion of the valve flap and adjacent the at least one indentation, the at

least one valve flap aperture comprises a plurality of valve flap apertures, and the at least

one perforation includes the plurality of valve flap apertures arranged in an arcuate pattern

adjacent the outer periphery of the indentation.

14. The disc pump of claim 1, wherein the isolator valve aperture extends generally

perpendicularly through the isolator.

15. The disc pump of claim 1, wherein:

the valve flap is motivated away from the sealing surface when the pressure in the cavity

exceeds the pressure on an opposing side of the isolator;

the valve flap is motivated against the sealing surface when the pressure on the opposing

side of the isolator exceeds the pressure in the cavity.

16. The disc pump of claim 1, wherein the valve flap is formed from a polymer having a

thickness of about 1.5 microns.

17. The disc pump of claim 1, wherein the valve flap comprises a light-weight material

selected from the group consisting of a polymer and a metal.

18. The disc pump of claim 17, wherein the light-weight material is a polymer having a

thickness of less than about 20 microns.

19. The disc pump of claim 18, wherein the polymer is polyethylene terephthalate having a

thickness of about 1.5 microns.
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20. The disc pump of claim 18, wherein the polymer is a liquid crystal film having a thickness

of about 1.5 microns.

21. The disc pump of claim 18, wherein the polymer is a Mylar film having a thickness of

about 1.5 microns.

22. The disc pump of claim 1, wherein the isolator valve aperture is less than about 500

microns in diameter.

23. The disc pump of claim 22, wherein the valve flap is formed from a polymer having a

thickness of about 1.5 microns, and the isolator valve aperture is less than about 500

microns in diameter.

24. The disc pump of claim 1, wherein the isolator is heat staked to the pump base.

25. The disc pump of claim 1, wherein the valve flap seats to the sealing surface and flexes

away from the sealing surface in response to a change in direction of the differential

pressure.

26. The disc pump valve of claim 25, wherein the valve flap has a response time delay less

than about twenty-five percent of a time period of the differential pressure oscillations.

27. The disc pump valve of claim 25, wherein the change in direction of the differential

pressure oscillates at a frequency of greater than about 20 kHz.
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28. A method for providing a flow of a fluid, the method comprising:

providing a disc pump having:

a pump base having an elliptical sidewall closed at one end by a first end wall to form

a cavity and an upper surface extending radially outwardly from the sidewall,

the upper surface including a sealing surface and at least one indentation,

at least one aperture extending through the pump base into the cavity,

an actuator including a piezoelectric disc and an isolator extending radially outwardly

between the piezoelectric disc and the sidewall, the isolator having at least one

isolator valve aperture extending through the isolator and having an opening

proximate the upper surface of the pump base and a peripheral portion of the

cavity, and

a valve flap disposed between the opening of the isolator valve aperture on one side

and the upper surface of the pump base and the peripheral portion of the cavity

on the other side, the valve flap having at least one valve flap aperture

extending between the opening of the isolator valve aperture and the

indentation;

generating radial oscillations of the fluid pressure by energizing the piezoelectric disc to

cause displacement oscillations of the actuator;

if the radial oscillations of the fluid pressure generate a higher pressure in the cavity than

an ambient pressure adjacent the isolator valve aperture, deforming the valve flap

into the isolator valve aperture and away from the sealing surface to permit fluid to

flow through the indentations, the valve flap apertures, and the isolator valve

apertures; and

if the radial oscillations of the fluid pressure do not generate a higher pressure in the cavity

than the ambient pressure adjacent the isolator valve aperture, motivating the valve

flap against the sealing surface to prevent fluid from flowing through the

indentations, the valve flap apertures, and the isolator valve apertures.

29. The method of claim 28, wherein the valve flap has a response time delay less than about

twenty-five percent of a time period of the radial oscillations of the fluid pressure.

30. The method of claim 28, wherein the radial oscillations of the fluid pressure oscillate at a

frequency of greater than about 20 kHz.
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