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(57) ABSTRACT

A cooling device (1) using pulsating fluid for cooling of an
object, comprising: a transducer (2) having a membrane
adapted to generate pressure waves at a working frequency
(f,.), and a cavity (4) enclosing a first side of the membrane.
The cavity (4) has at least one opening (5) adapted to emit a
pulsating net output fluid flow towards the object, wherein the
opening (5) is in communication with a second side of the
membrane. The cavity (4) is sufficiently small to prevent fluid
in the cavity (4) from acting as a spring in a resonating
mass-spring system in the working range. This is advanta-
geous as a volume velocity (u,) at the opening is essentially
equal to a volume velocity (u,') at the second side of the
membrane, apart from a minus sign. Thus, at the working
frequency the pulsating net output fluid can be largely can-
celled due to the counter phase with the pressure waves on the
second side of the membrane resulting in a close to zero
far-field volume velocity. Thus a low sound level is achieved,
at a low cost, without requiring mechanical symmetry.

8 Claims, 4 Drawing Sheets




U.S. Patent

50

40

30

20

10

Jul. 10, 2012 Sheet 1 of 4 US 8,218,318 B2

Vy
{
Lp
_ 5
U1<— f—>U1
2 6
4

FIG. 1

IMPEDANCE(magn) vs FREQUENCY (Hz)

Re——\/ \ }
/
_____/)______ T T—— _/___\_ ) N—
10 Mc;dZi 100 1.103 1.10*



U.S. Patent Jul. 10, 2012 Sheet 2 of 4 US 8,218,318 B2

SPL(total)
———— SPL(rear)
ceevenemmaerens SPL(opening)

SPL (dB, 2 - pi Field) vs FREQUENCY (Hz)

100

80

60

Sea223383828080000

40

20

10 100 1.103 1.10%

FIG. 3



U.S. Patent Jul. 10, 2012 Sheet 3 of 4 US 8,218,318 B2

4

FIG. 4




U.S. Patent Jul. 10, 2012 Sheet 4 of 4 US 8,218,318 B2




US 8,218,318 B2

1
LOW NOISE COOLING DEVICE

TECHNICAL FIELD

The present invention relates to a cooling device using
pulsating fluid for cooling of an object, comprising: a trans-
ducer having a membrane adapted to generate pressure waves
ataworking frequency (f,,), and a cavity enclosing a first side
of the membrane, the cavity having at least one opening
adapted to emit a pulsating net output fluid flow towards the
object, wherein the opening is in communication with a sec-
ond side of the membrane.

The present invention further relates to an electronic device
and an illumination device comprising such a cooling device.

BACKGROUND OF THE INVENTION

The need for cooling has increased in various applications
due to higher heat flux densities resulting from newly devel-
oped electronic devices, being, for example, more compact
and/or higher power than traditional devices. Examples of
such improved devices include, for example, higher power
semiconductor light-sources, such as lasers or light-emitting
diodes, RF power devices and higher performance micro-
processors, hard disk drives, optical drives like CDR, DVD
and Blue ray drives, and large-area devices such as flat TVs
and luminaires.

As an alternative to cooling by fans, document US 2006/
0237171 discloses a jet generating device comprising a
vibrating member and a housing having a nozzle and a first
chamber containing the gas. The jet generating device dis-
charges the gas through the nozzle as a result of driving the
vibrating member thereby enabling cooling of a heat sink.
The housing may also comprise a second chamber also hav-
ing a nozzle. In this case, when air is discharged from the
nozzles, sound is generated independently from the nozzle
associated with the first chamber and the nozzle associated
with the second chamber. Since the sound waves that are
generated at the nozzles have opposite phases, the sound
waves weaken each other. This makes it possible to further
reduce noise. It is desirable that the volumes of the first and
second chambers are the same. This causes the amount of air
that is discharged to be the same, so that noise is further
reduced.

However, a drawback with previously proposed systems,
e.g. as disclosed in US 2006/0237171, is that they require
subsonic frequencies or mechanical symmetry to achieve sat-
isfactory noise reduction. This limits the range of applications
as there often are inherent mechanical.

SUMMARY OF THE INVENTION

In view of the above, an object of the invention is to solve
or at least reduce the problems discussed above. In particular,
an object is to extend the range of applications for these
cooling devices by providing a way to reduce the sound level
in a pulsating cooling system also for systems where
mechanical symmetry is not practical while maintaining a
low cost.

According to an aspect of the invention, there is provided a
cooling device using pulsating fluid for cooling of an object,
comprising a transducer having a membrane adapted to gen-
erate pressure waves at a working frequency (f,,), and a cavity
enclosing a first side of the membrane, the cavity having at
least one opening adapted to emit a pulsating net output fluid
flow towards the object, wherein the opening is in communi-
cation with a second side of the membrane. The cavity is
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sufficiently small to prevent fluid in the cavity from acting as
a spring in a resonating mass-spring system in the working
range. This is advantageous as a volume velocity (u,) of the
membrane is essentially equal to a volume velocity at the
opening. Furthermore, a volume velocity (u,) at the opening
is essentially equal to a volume velocity (u,') at the second
side of the membrane, apart from a minus sign. Thus, at the
working frequency the pulsating net output fluid can be
largely cancelled due to the counter phase with the pressure
waves on the second side of the membrane resulting in a close
to zero far-field volume velocity. Thus a low sound level is
achieved, at a low cost, without requiring mechanical sym-
metry.

A “transducer” is here a device capable of converting an
input signal to a corresponding pressure wave output by actu-
ating a membrane. This input signal may be electric, magnetic
or mechanical. For instance, a suitable dimensioned electro-
dynamic loudspeaker may be used as a transducer. The work-
ing frequency refers to the frequency of the signal fed to the
transducer. Furthermore, a “membrane”, here includes any
type of flexible or rigid membrane, diaphragm, piston, etc. As
an example a loudspeaker membrane could be used.

The cooling device according to the present invention may
beused for cooling a large variety of objects. The fluid may be
air or any other gaseous fluid.

The invention is based on the idea that by having the
volume of the cavity sufficiently small, the fluid therein can
be considered as essentially incompressible and is prevented
from acting as a spring in a resonating mass-spring system.
An example of such a resonating system, which is prevented
by the invention, is a Helmholtz resonator. As the fluid is
essentially incompressible the volume velocity at the opening
and the rear of the transducer will be essentially equal (apart
from the sign). Thereby, at the working frequency the pulsat-
ing net output fluid can be largely cancelled due to the counter
phase with the pressure waves on the second side of the
membrane resulting in a close to zero far-field volume veloc-
ity. Thus a lower sound level is achieved, at a low cost, without
requiring mechanical symmetry.

The opening can be connected to the cavity via a channel,
allowing more design freedom, as the channel can be formed
to direct the fluid stream towards a desired location and in a
desired direction. To prevent the channel from acting as a
transmission line, the channel preferably has a length (L,)
which is less than A/20, where A is the wave length in the fluid
corresponding to f=f,,.

The Helmholtz frequency, 1;,, of the cavity in combination
with any channel is preferably larger than the working fre-
quency, f,, and more preferably f>4-f .

The working frequency is preferably such that the fluid
velocity and fluid displacement through the opening have a
local maximum, and typically this occurs in a neighborhood
of a resonance frequency of the device, i.e. a frequency cor-
responding to a local maximum of the electric input imped-
ance of the device (the transducer in combination with the
cavity, opening, and any channels). Typically the lowest such
frequency is chosen. The working frequency (f,,) is prefer-
ably less than 1.2-f;, where | is the first low resonance peak
in the impedance curve, and more preferably f, =f;.

The working frequency (f,,) is preferably below 60 Hz, and
more preferably below 30 Hz.

Moreover, the electrical impedance of the device at f| is
preferably designed to be 1.5-5 times greater, and most pref-
erably around two times greater, than a DC-impedance of the
transducer. This relationship between drive frequency imped-
ance and DC-impedance has been found to result in espe-
cially advantageous results.
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The area of the membrane, S, is preferably larger than the
area of the opening, S,, i.e. S,/S,>1, or more preferably
S,/S,>>1. This results in that the volume velocity on both
sides remains equal, whereas the velocity at the opening
increases in order to promote vortex shedding. In other words
it enables to reach a low f; while f, can be relatively high as is
usual for small loudspeakers. Through the arrangement, a jet
may form despite a modest excursion as the jet formation
criterion reads: T,,,,..>1,'S,/S,, where

T,, o 18 the stroke of the transducer,

t,, is the radius of the opening,

S, is the area of the opening, and

S, is the area of the membrane.

Since the jet length is approximately 10 times the opening
diameter, the preferable distance between opening and the
cooled object is 2 to 10 times the opening diameter

The cooling device according to the present invention may,
furthermore, advantageously be comprised in an electronic
device including electronic circuitry or in an illumination
device.

Other objectives, features and advantages will appear from
the following detailed disclosure, from the attached depen-
dent claims as well as from the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The above, as well as additional objects, features and
advantages of the present invention, will be better understood
through the following illustrative and non-limiting detailed
description of preferred embodiments of the present inven-
tion, with reference to the appended drawings, where the
same reference numerals will be used for similar elements,
wherein:

FIG. 1 illustrates a cooling device according to a first
embodiment of the invention.

FIG. 2 illustrates the system electrical impedance.

FIG. 3 illustrates the Sound Pressure Level (SPL) for the
system.

FIG. 4 illustrates a cooling device according to a second
embodiment of the invention.

FIG. 5 illustrates a cooling device according to a third
embodiment of the invention.

FIG. 6 illustrates a cooling device according to a fourth
embodiment of the invention.

DETAILED DESCRIPTION

The cooling device 1 in FIG. 1 comprises a transducer 2
having a membrane adapted to generate pressure waves at a
working frequency (f,,). The transducer 2 is here illustrated as
a loudspeaker, but is not limited thereto. On the contrary any
transducer capable of generating a pressure wave could be
used. A cavity 4 is arranged in front of the transducer 2,
thereby enclosing a first side of the transducer membrane.
The fluid in the cavity 4 is here air. The cavity 4 is in com-
munication with the environment outside the cavity through
an opening 5. Furthermore, the opening is in communication
with the rear of the transducer (i.e. the side of the membrane
facing away from the cavity). The opening 5 is connected to
the cavity 4 via a channel 6, having a uniform shape and size
throughout its extension, here in the form of a cylindrical tube
6. However, the channel may be in a variety of shapes. For
example, the channel may have a rectangular cross-section.
Also, the cross-section may vary in shape and/or size along
the extension of the channel.

To prevent the tube 6 from acting as a transmission line, the
length (L,) thereof is less than A/20, where A is the wave

4

length in the fluid corresponding to f=f,,. Furthermore, to
avoid Helmholtz resonance, the dimensions of the cavity 4
and the associated tube 6 is selected so that the Helmholtz
frequency, f;,, of the cavity 4 together with the tube 6 exceeds

5 fourtimes the working frequency f, ofthe transducer 2. If end
effects are disregarded, the undamped Helmholtz frequency
can be expressed as:

o [ 5
L,V; ’

fu =

where

S, 1s the cross-sectional area of the tube

L, is the length of the tube

V, is the volume of the cavity, and

c, is the speed of sound in the gas.

The device is typically designed so that the first low reso-
nance peak in the impedance curve, f;, coincides with the
working frequency of the transducer, f, i.e.

20

25

where

f, is the resonance frequency of the loudspeaker without the
volume of the cavity and the tube,

Po is density of air,

S, is the area of the transducer membrane,

m, is the moving mass of the loudspeaker,

L,, is the length of the tube, and

S, is the cross-sectional area of the tube.

According to an exemplifying embodiment, the following
parameters were used:

Loudspeaker data:

R=5.6Q(DC resistance)

R,,~0.56 Ns/m (mechanical resistance of loudspeaker sus-
pension)

BI 5.5 N/A (motor force factor)

S,=0.00126 m?* (radiating surface of loudspeaker)

D,=0.04 m (eff. diameter of loudspeaker)

f =84 Hz (free resonance frequency of loudspeaker)

m,=0.0044 kg (moving mass of loudspeaker)

Other data:

V,=5 cm® (cavity volume)

L,=15 cm (tube length)

S,=0.00001964 m* (internal tube area)

D,=5 mm (internal tube diameter)

R,=0.00021 Ns/m (mechanical resistance of the tube)

In FIG. 2, the system electrical impedance is illustrated as
a function of frequency for the exemplifying embodiment.
The first peak at 40 Hz is |, and at 250 Hz is the Helmholtz
frequency. The electrical impedance at f; is preferably equal
to twice that of the voice coil impedance at DC.

In operation the transducer 2 actuates the membrane at the
working frequency f,. The membrane generates pressure
waves in the cavity 4 resulting in a pulsating net output fluid
flow at the opening 5, which can be used to cool an object such
as, for example, an electric circuit or an integrated circuit.
Other examples would be hotspot cooling of power devices
such as Light Emitting Diode (LED) lamps and large-area
cooling of LED luminaires or backlights in flat TVs.
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The volume velocity u, of the net output fluid flow at the
opening 5 is essentially equal to the volume velocity u," at the
rear of the loudspeaker 2 apart from a minus sign. The rear of
the loudspeaker here refers to the side of the membrane facing
away from the cavity. The opening 5 is in communication
with the rear of the loudspeaker. Thus, at the working fre-
quency, the pulsating net output fluid is largely cancelled due
to the counter phase with the pressure waves at the rear of the
loudspeaker resulting in a close to zero far-field volume
velocity. The result is a reduced sound level.

An example ofthe Sound Pressure Level (SPL) and imped-
ance of the system is illustrated in FIG. 3. The solid line is the
total SPL (opening+rear) which is the sum of the thick dotted
line (which is the rear SPL) and the thin dotted line (which is
the opening SPL). Since the rear SPL. and the opening SPL. are
substantially, at least in the working range, of similar magni-
tude but opposite phase they cancel each other substantially.

Another embodiment of the present invention is illustrated
in FIG. 4. Here five planar walls form a rectangular cavity 4
leaving one side open. The open side here forms the opening
5 of the cavity. A transducer actuates a membrane 8 arranged
in one of the walls as illustrated in FIG. 4. The membrane 8
could alternatively be arranged in any of the other walls.
Further, in an alternative embodiment, more than one side of
the rectangular cavity could be left open.

According to another embodiment, the channel 6 is wider
at the opening 5 than it is at the cavity 4, resulting in a
funnel-shaped channel as illustrated in FIG. 5. The area of the
cross-section of the funnel-shaped channel may vary along its
extension, but preferably the cross-sectional area is the same
at any point of the channel, so that the opening is narrow in
one dimension an relative wide in the other dimension. This
enables cooling of a wider area while maintaining a high
velocity, and thus efficient cooling.

According to yet another embodiment, the cavity has a
plurality of openings. Each opening may be connected to the
cavity viaa tube 6 as exemplified in FIG. 6. The openings may
be directed in essentially the same direction or in different
directions in order to simultaneously cool several objects.
Furthermore, the openings may be in substantially the same
plane or in different planes.

Itis recognized that the figures relating to the embodiments
described above are merely illustrative. Thus, the illustrated
proportions may not accurately reflect the proportions in a
real application. For example, the area of the loudspeaker
membrane may have to be larger compared to the area of the
cross-section of the tube than indicated by the figures to meet
the jet formation criterion in a real application.

The invention has been described above with reference to a
few embodiments. However, as is readily appreciated by a
person skilled in the art, other embodiments than the ones
disclosed above are equally possible within the scope of the
invention, as defined by the appended claims. For instance, it
is noted that the principle is not limited to any particular fluid,
even though the present description mainly has been based on
adevice operated in air, i.e. a device that generates oscillating
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air streams. Further, although the cavity in the illustrated
examples has been arranged in front of the transducer, the
direction of the transducer is of minor importance and might
be reversed. Furthermore, the shape of the cavity and chan-
nels are merely exemplifying, and may take arbitrary shape.
For example, even though the channel of the exemplifying
embodiments are essentially straight, the tube may also be
substantially coil shaped, or have some other arrangement,
such as a labyrinth, more compact than a straight tube,
enabling a space-saving cooling device to be realized. Also,
the described embodiments may be combined.

The invention claimed is:

1. A cooling device using pulsating fluid for cooling of an
object, the device comprising:

a transducer having a membrane adapted to generate pres-

sure waves at a working frequency (f,,), and

a cavity enclosing a first side of said membrane, said cavity

enclosing the first side of said membrane having at least
one opening adapted to emit a pulsating net output fluid
flow towards said object, the at least one opening of
cavity enclosing the first side of said membrane con-
nected to the cavity via a channel, said channel having a
length (L) less than A/20, where A is the wavelength in
the fluid corresponding to =f, , wherein the at least one
opening of the cavity enclosing the first side of said
membrane is in gaseous fluid communication with a
second side of said membrane, and

wherein said cavity is sufficiently small to prevent fluid in

said cavity from acting as a spring in a resonating mass-
spring system in the working range, such that a volume
velocity (ul) at the at least one opening of the cavity
enclosing the first side of said membrane is substantially
equal to a volume velocity (ul') at the second side of the
membrane.

2. A cooling device according to claim 1, wherein a Helm-
holtz frequency (f;) of the cavity in combination with any
channel is larger than the working frequency (f,,).

3. A cooling device according to claim 1, wherein the
working frequency (f,) is less than 1.2-f,, where f, is a first
low resonance peak in an impedance curve.

4. A cooling device according to claim 1, wherein said
working frequency (f,,) is below 60 Hz.

5. A cooling device according to claim 1, wherein a sys-
tems electrical impedance at | is about two times greater than
a DC-impedance of the transducer.

6. A cooling device according to claim 1, wherein the area
of the membrane (S, ) is larger than the area of the opening
(S,).

}‘77. A cooling device according to claim 1, wherein a Helm-
holtz frequency (f;) of the cavity in combination with any
channel is at least four times larger than the working fre-
quency (f,,).

8. A cooling device according to claim 1, wherein the
working frequency (f,) substantially equals a first low reso-
nance peak in an impedance curve.
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