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OPTICS SYSTEM FOR SOLID STATE LIGHTING APPARATUS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to, and the benefit of, Provisional Patent
Application Serial Number 61/643,056 filed on May 4, 2012, the disclosure of which is

incorporated herein by reference in its entirety.

[0002] This application also claims priority to, and the benefit of, Non-Provisional Patent
Application Serial No. 13/706,798, filed on December 12, 2012, the disclosure of which is

incorporated herein by reference in its entirety.

BACKGROUND
Field
[0003] The aspects of the present disclosure relate generally to lighting apparatus, and

more particularly, to an optical system for a solid state lighting apparatus.

Description of Related Art
[0004] Electronic devices such as a lighting apparatus based on solid state light emitting
sources typically require operation at relatively low temperatures for device performance and
operational reliability. For example, the junction temperature for a typical light emitting diode
(“LED”) device should be below about one-hundred and fifty degrees Celsius (150°C) or, more
preferably, below about one-hundred degrees Celsius (100°C). At these low operating
temperatures, the radiant heat transfer is relatively low, hence conductive and convective heat

transfer must be relied upon to properly dissipate heat for maintaining performance. To
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augment heat transfer, such LED light sources are typically equipped with a thermally-efficient

heat sink.

[0005] A heat sink is a component providing a large surface area for radiating and
convecting heat away from an electronic device. In a typical LED lamp, the heat sink is a
relatively large metal component having a large surface area, for example, by the inclusion of
thin fins or other heat dissipating structures along the exterior surface of the heat sink. The large
mass of the heat sink efficiently conducts heat away from the LED device to the fins, and the
large surface area of the fins provides efficient heat dissipation by radiation and convection. As
the power requirements for LED lamps increase, the heat transfer requirements become more
challenging. Thus, there is a continuous need to devise systems for efficient removal of heat

from electronic devices such as high power LED lamps.

[0006] To augment heat dissipation, it is known to employ active cooling systems which
incorporate fans, heat pipes, or fluid coolants, to provide a flow of cooling fluid or air across the
heat sink of an LED lamp. In this way, heat is removed by convective heat transfer. While such
active cooling systems are viable for electronic systems which are not space-constrained,
difficulties arise when attempting to integrate such systems with a conventional household flood
lamp/bulb employing a solid-state LED light source. That is, there are presently no satisfactory
active cooling devices which integrate together with supporting subsystems, e.g., conduits,

wiring harnesses, actuation mechanisms etc., of a conventional LED lamp.

[0007] There is also a need to improve optical efficiency of LED lamps. In this regard,

to achieve a desired light intensity distribution, such as omnidirectional light, some existing LED
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lamps use a diffusing dome that encloses a light engine and a reflector. The reflector is spaced
from the light engine and redirects some of the emitted light in one or more desired directions.
While such reflectors provide the desired re-distribution of light, reflectors can have the adverse

effect of absorbing light energy which increases the heat transfer requirements.

[0008] Alternatively, to achieve a desired intensity distribution, some existing lamps
surround the emitter with a total internal reflection (“TIR”) lens. Examples of such lenses are
disclosed in US Patent Publications US2010/0123397 to Tian et al. and US2011/0170299 to
Takase et al. However, such lenses surrounding the emitter are thick and expensive to mold.

Further, they often have high light loss and occupy substantial volume in the diffusing dome.

[0009] Moreover, the total lumens of light exiting the diffusing dome of such LED lamps
is always less than the total lumens of light emitted from the bare LED light engine. This loss of
lumens is believed to be due to the absorption and/or diffusion of light by subsystems of the

lamp.

[0010] Finally, it is difficult to achieve an aesthetically pleasing lamp profile, whether or
not the lamp is illuminated or unpowered. In lamps of the prior art, the reflector or lens is

frequently visible through the diffusing dome.

[0011] A need, therefore, exists for a LED lighting apparatus which distributes light

uniformly while being optically efficient, economical, and aesthetically pleasing.
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SUMMARY
[0012] As described herein, the exemplary embodiments overcome one or more of the

above or other disadvantages known in the art.

[0013] One aspect of the present disclosure relates to an optical element for the
transmission of light produced by a solid state emitter. In one embodiment, the optical element
includes at least one diffuser element, and a reflector supported by the at least one diffuser
element and spaced-apart from the emitter. The reflector defines an annular lip having an
aperture therein and an axis normal to a plane defined by the aperture. The reflector further
includes a first frustoconical surface coupled with the annular lip and angling outwardly in a first
direction at a first angle relative to the axis, a second frustoconical surface coupled to the first
frustoconical surface and angled outwardly at a second angle in a second direction opposite to
the first direction, and a third surface coupled with the second frustoconical surface and angling

outwardly at a third angle.

[0014] Another aspect of the present disclosure relates to a lighting apparatus. In one
embodiment, the lighting apparatus includes an optical element, an emitter for producing a
source of light for transmission by the optical element and a heat sink in thermal communication
with the emitter. In one embodiment, the optical element includes a reflector spaced-apart from
the emitter, the reflector defining an annular lip having an aperture therein and an axis normal to
a plane of the aperture, a first frustoconical surface coupled with the annular lip and angling
outwardly in a first direction at a first angle relative to the axis, a second frustoconical surface

coupled to the first frustoconical surface and angled outwardly at a second angle in a second
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direction opposite to the first direction, and a third surface coupled with the second frustoconical

surface and angling outwardly at a third angle.

[0015] These and other aspects and advantages of the exemplary embodiments will
become apparent from the following detailed description considered in conjunction with the
accompanying drawings. It is to be understood, however, that the drawings are designed solely
for purposes of illustration and not as a definition of the limits of the invention, for which
reference should be made to the appended claims. Additional aspects and advantages of the
invention will be set forth in the description that follows, and in part will be obvious from the
description, or may be learned by practice of the invention. Moreover, the aspects and
advantages of the invention may be realized and obtained by means of the instrumentalities and

combinations particularly pointed out in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] In the drawings:

[0017] FIG. 1 is a perspective view of an exemplary electronically-operated device

according to the teachings of the present disclosure;

[0018] FIG. 2 is a cross-sectional view taken substantially along line 2-2 of FIG. 1
including the relevant internal details of an exemplary electronically-operated device according

to one aspect of the present disclosure;



WO 2013/166384 PCT/US2013/039464

[0019] FIG. 3 is sectional view taken substantially along line 3 - 3 of Fig. 1 depicting one
embodiment of a housing including a plurality of airflow nozzles, a heat sink, and a synthetic jet

actuator;

[0020] FIG. 4A is an isolated perspective view of one embodiment of a heat sink

incorporating aspects of the present disclosure;

[0021] FIG. 4B is a cross-sectional view of one embodiment of a heat sink with a

synthetic jet actuator, incorporating aspects of the present disclosure;

[0022] FIG. 4C is a cross-sectional view of one embodiment of a heat sink incorporating

aspects of the present disclosure;

[0023] FIG. 5 is an isolated perspective view of one embodiment of a synthetic jet

actuator incorporating aspects of the present disclosure;

[0024] FIG. 6 is a broken-away schematic view of one embodiment of a synthetic jet
actuator incorporating aspects of the present disclosure illustrating a first portion of an

exemplary air movement cycle;

[0025] Fig. 7 is a broken-away schematic view of the example shown in Fig. 6

illustrating a second portion of an exemplary air movement cycle;

[0026] FIG. 8 is a top plan view of the embodiment of the synthetic jet actuator shown in
Fig. 5;
[0027] Fig. 9 is a cross-sectional view of the synthetic jet actuator of Fig. 8, taken

substantially along line 9 - 9 of Fig. §;
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[0028] Fig. 10. is a cross-sectional view of the synthetic jet actuator of Fig. 8, taken

substantially along line 10-10 of Fig. 8;

[0029] Fig. 11 is a side profile view of the embodiment of the synthetic jet actuator

shown in Fig. 5 depicting exemplary sealing structures;

[0030] FIG. 12 is an broken-away sectional view of one embodiment of a heat sink and

driver housing assembled in combination with the synthetic jet actuator;

[0031] FIG 13 depicts an enlarged broken-way view of one embodiment of a labyrinth

seal for an actively-cooled lighting apparatus incorporating aspects of the present disclosure;

[0032] FIG. 14 is a perspective view of another embodiment of an actively-cooled

lighting apparatus incorporating aspects of the present disclosure;

[0033] FIG. 15 is an enlarged broken-away sectional view of one embodiment of an

optical element incorporating aspects of the present disclosure.

[0034] Fig. 16 is an exploded perspective view of one embodiment of an assembly the

optical element and a fitting for securing an emitter in combination with the optical element;

[0035] FIG. 17 is an enlarged cross-sectional view of the annular reflector of the optical

element.

DETAILED DESCRIPTION OF THE DISCLOSED EMBODIMENTS

[0036] FIG. 1 provides a perspective view of an exemplary embodiment of an
electronically-operated device according to an aspect of the present disclosure described in the
context of an actively-cooled lamp 100. Fig. 2 is a sectional view of the lamp 100 taken

7
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substantially along line 2-2 of Fig. 1. In the embodiment shown in Figs. 1 and 2, the lamp 100
includes an optical element 102 and a solid state emitter 103 (Fig. 2) for producing visible light.
As used herein, the term "lamp" may be taken as being equivalent to any of the following
alternative phraseology: "lighting device"; "lighting apparatus"; "light-emitting apparatus";
illumination device". As used herein, the term "optical element” may generally refer to a
combination of diffuser(s), reflector(s), and any associated light management components (e.g.,

lenses).

[0037] While producing visible light, the solid state emitter 103 generates large quantities
of heat which is dissipated by a thermal management system 101 (see Fig. 2). In the exemplary
embodiment shown in Fig. 1, the thermal management system 101, whether for a lamp 100 or
other electronically-operated device, includes a heat sink 104, a driver housing 106 defining a
plurality of nozzles 105 configured to direct a flow of air across the heat sink 104, and an active
cooler 200 for providing a propulsive force to ingest and expel air, along arrows 1 and E,
respectively, through the nozzles 105. For the purposes of the description herein, the active
cooler 200 will generally be referred to as a synthetic jet actuator (SJ). In one embodiment, and
as will be discussed in greater detail below, the synthetic jet actuator 200 produces a flow of air
with each movement, or stroke, of the synthetic jet actuator 200. As such, the synthetic jet
actuator 200 provides a highly efficient propulsive system for moving air. Further, the

propulsive air flow entrains a large quantity of air which further improves thermal efficiency.

[0038] Referring to Figs. 1 and 2, in one embodiment, the synthetic jet actuator 200 is
disposed within the assembly of the heat sink 104. For example, referring to Fig.2, in one

embodiment, the synthetic jet actuator 200 is disposed within a cavity 116 of the heat sink 104.
8
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In alternate embodiments, the synthetic jet actuator 200 can be disposed at any suitable location
of the heat sink 104. For example, in one embodiment, an upper portion of the synthetic jet
actuator 200 may be partially disposed within an upper portion of a cavity 116 (shown in Fig. 2)
defined by the heat sink 104 while a lower portion of the synthetic jet actuator 200 may be
partially disposed within a lower portion of the cavity 116, or a cavity defined by the driver
housing 106. While, in the illustrated embodiment, the synthetic jet actuator 200 is disposed in a
cavity 116 of the heat sink 104, it should be appreciated that the synthetic jet actuator 200 may
be disposed within any structure of the lamp 100 or electronically operated device.  Each
clement of the thermal management system 101 will now be discussed in greater detail in the
context of a lamp that conforms to certain lamp design form factors. These criteria include, inter
alia, conforming to an A19 volumetric profile, optical efficiency and distribution, the
requirements of heat transfer, the cost of manufacture, appearance, etc. It should be appreciated,
however, that the thermal management system 101 may take different forms depending upon the
various design requirements. For example, in one embodiment, the synthetic jet actuator 200
may integrate differently depending upon the shape of the heat sink 104 and/or the arrangement

of the nozzles 105.

[0039] In the embodiments shown in Figs. 2, 3 and 4, the heat sink 104 includes a main
body 115 and a plurality of heat radiating, surface-area enhancing structures, such as fins 114T.
As shown in Fig. 2, the fins 114T project vertically upward and radially outboard from the main
body 115 and surround the optical element 102. In one embodiment, the thermal fins 114T are
equiangular about a longitudinal axis 100A (Fig. 3), i.e., spaced-apart in a circumferential

direction C. In the described embodiment, the heat sink 104 includes between eight (8) to ten
9
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(10) vertical fins 114T. In alternate embodiments, any suitable number of fins 114T may be
employed. The isolated perspective view of the heat sink 104 shown in Fig. 4, depicts an
alternate embodiment comprising alternating tall and small fins, 114T, 114S projecting from
main body 115 of the heat sink 104. The small fins, or “finlets” 114S augment heat transfer
without inhibiting the distribution of light from the optical element 102 (discussed in greater
detail when describing the optical element in a second portion of the detailed description). The
main body 115, which in one embodiment has a “cup-shaped” form, generally forms cavity 116
defined by a substantially cylindrical side wall 115W and an upper substantially horizontal wall
115U. Fig. 4B illustrates a cross-sectional view of the heat sink 104 illustrating a configuration
that includes the synthetic jet actuator 200 substantially enclosed in cavity 116. Fig. 4C is
similar to the view of Fig. 4B except that the synthetic jet actuator 200 is hidden, to illustrate the
cavity 116. In one embodiment, a divider plate 115D separates and electrically insulates the

synthetic jet actuator 200 from the driver housing 107.

[0040] In one embodiment, the cavity 116 is adapted to accept at least a portion of the
synthetic jet actuator 200 and create an upper chamber UC1 (shown in Figs. 6 and 7) for
ingesting and expelling air. In the example shown, the upper wall 115U of the central area main
body 115 also defines a mounting surface or shelf 116S between the tall and/or tall and short fins
114T, 114S. The mounting surface 116S accepts and supports the emitter 103 and/or the printed

circuit (PC) board or electronics, also referred to as “light engine”.

[0041] In various embodiments, the heat sink 104 and/or heat dissipating structures (e.g.,
fins 114T, 144S) may comprise one or more highly conductive materials. A highly conductive

material facilitates the transfer of a thermal load (produced by the emitter 103) to the
10
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surrounding ambient air. Exemplary materials include, but are not limited to, metallic materials
such as alloy steel, cast aluminum, extruded aluminum, copper, etc. Other materials may include
engineered composite materials such as thermally-conductive polymers as well as plastics,
plastic composites, ceramics, ceramic composites, nano-materials, such as carbon nanotubes

(CNT) or CNT composites.

[0042] Other configurations may include a plastic body having a thermally conductive
(e.g., copper) layer deposited or plated thereupon, such as disclosed in US Patent Publication
2011/0242816, hereby incorporated by reference. In order to maximize light output, the heat
sink 104 and/or a tall or small fin/finlet 114T, 114S may comprise a reflective material or layer
having reflectivity for visible light of greater than about 90%. Reflective heat sinks which may
be employed are those described and enabled in US Patent Publication 2012/0080699, hereby

incorporated by reference in its entirety.

[0043] In the embodiment shown in Fig. 1, the heat sink 104 is in thermal
communication with the optical element 102 and the emitter 103 inasmuch as heat energy from
cach is transferred to the heat sink 104 during operation of the lamp 100. The phrase "thermal
communication" generally refers to heat transfer that occurs between (or among) the two (or
more) items capable of effecting molecular excitation regardless of how the heat is transferred
between or among the items (e.g., conduction, convection, radiation, or a combinations thereof,
directly or indirectly). In the described embodiment, a primary source of heat transfer from the
emitter 103 to the heat sink 104 is by way of conduction. However, with the integration of a
synthetic jet actuator 200, a majority of heat transferred from the heat sink 104 to the

surrounding ambient air is by way of convection.
11
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[0044] In the embodiment shown in Figs. 1 and 2, the lamp 100 includes the driver
housing 106. In one embodiment, the driver housing 106 defines or includes a plurality of air
flow nozzles 105 which are in fluid communication with the synthetic jet actuator 200. By “fluid
communication” is meant any air passageway or conduit which permits airflow between the
synthetic jet actuator 200 and the nozzles 105. In the example of Fig. 1, the nozzles 105 direct a
flow of cooling air along one or both sides, of each vertical fin 114T. Air may be ingested, along
arrows | in Figs. 1 and 2, by some of the nozzles 105A (see Fig. 3) while, at the same instant, air
may be expelled, along arrows E in the same Figs. 1 and 2, by other nozzles 105B. This will

become clear hereinafter upon describing the operation of the synthetic jet actuator 200.

[0045] The driver housing 106 defines the passageways for directing air out one of the
first and second plurality of nozzles 105A, 105B. In one embodiment, as shown in Figs. 1 and 2,
the driver housing 106 may form a cone-shaped housing defining an internal cavity 126 for
accepting and supporting a lower portion of the synthetic jet actuator 200. The internal cavity
126 may also defines a lower chamber LC1 (seen in Figs. 6 and 7) which cooperates with the
upper chamber UC1 to cyclically ingest and expel air through the nozzles 105A, 105B. The
import of the upper and lower chambers UC1, LC1 will become apparent when discussing the

operation of the synthetic jet actuator 200 in greater detail below.

[0046] As is illustrated in the exemplary embodiments of Figs 1 and 2, the driver
housing 106 is affixed to a base 100B which includes threads 110 for connection into, for
example, a conventional electric socket. The threaded base 100B is merely exemplary and other

embodiments for powering the emitter 103 and/or the synthetic jet 200 are contemplated.

12
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[0047] The synthetic jet actuator 200 has a dimensional envelope which essentially
conforms to the volumetric profile and form factor of an American National Standards Institute
(ANSI) A19 lighting apparatus. Accordingly, in one embodiment, the general structure of the
electronically-operated device/lamp 100 conforms in size and shape to the A19 volumetric

profile.

[0048] In the embodiments illustrated in Figs. 5, 6 and 7, the synthetic jet actuator 200 is
a substantially cylindrically shaped device. In the described embodiment, the synthetic jet
actuator 200 is disposed partially within the cavities 116, 126 of the heat sink 104 and the driver
body 106. In Figs 6 and 7, the synthetic jet actuator 200 provides for a cyclic air flow through
the nozzles 105A, 105B to ingest and expel air such that the air is forced across the vertical fins
114T of the heat sink 104. In a first portion of the cycle, as shown in FIG. 6, air is ingested
through nozzles 105A located along one side of driver body 106, as shown by arrows I, and
expelled through nozzles 105B located along another side of the driver body 106, as shown by
arrows E. In a second portion of the cycle shown in FIG. 7, the air flow is reversed. In this
portion of the cycle, air is ingested through nozzles 105B as shown by arrows I, and expelled
through nozzles 105A as shown by arrow E, in a manner opposite to that shown in FIG. 6. Figs.
6 and 7 are provided by way of example; other air flows including different cycles may be used.
For example, the synthetic jet actuator 200 and driver body 106 may be adapted to direct a flow
of air out of a different arrangement of nozzles 105A, 105B in each portion of the cycle, ¢.g., an
alternating arrangement of nozzles 105A, 105B, around the circumference of the driver body

106.

13
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[0049] For this exemplary embodiment, each of the nozzles 105A, 105B is positioned
adjacent to an end or terminal portion 118, of a vertical fin 114T and is oriented so as to direct
the exiting air flow in the vertical direction along fin 114T. As such, air flow produced by the
synthetic jet actuator 200 exits the nozzles 105A, 105B and acrodynamically scrubs the side
surfaces of the vertical fins 114T. Furthermore, the airflow E expelled by the nozzles 105A,
105B entrains a quantity of air along arrows EA which significantly enhances the convective
cooling provided by the synthetic jet actuator 200. While the amount of entrainment cannot be
adequately depicted, empirical data shows that the additional airflow can increase by a factor of
between five (5) and ten times (10), or between five hundred to one-thousand percent (500%

to 1000%).

[0050] The synthetic jet actuator 200 depicted in Figs. 5-11 of the present disclosure may
be used with the exemplary lighting apparatus or lamp 100 shown in Figs. 1 and 2. For this
exemplary embodiment, the synthetic actuator 200 has been configured such that the lamp 100
has an A19 form factor. However, design configurations having different form factors could be
used as well. As previously discussed, the synthetic jet actuator 200 is a propulsive device which
produces pulses or jets of air I that are ultimately directed to nozzles 105A, 105B of the driver
housing 106. The jets of air I travel alongside the vertical fins 114T to enhance heat transfer
from the heat sink 104, actively cooling the emitter 103 and associated electronics. To this end,
in one embodiment, the synthetic jet actuator 200 includes a pair of diaphragms 206 and 208
(Figs. 6 and 7), which travel in opposition to force high-momentum air through the nozzles

105A, 105B (see Fig. 3) of the driver housing 106.

14
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[0051] In the described embodiment, the diaphragms 206 and 208 enclose the ends of the
synthetic jet actuator 200 and are sealed to structural/rigid annular rims 250, 252 (See Figs. 9 and
10) which are, in turn, supported and spaced-apart by a central annular ring 226. In the context
used herein, any structure, ¢.g., annular rims 250, 252, annular ring 226, which supports an
active element of the synthetic jet actuator 200, e.g., a diaphragm 206, 208, a permanent magnet
(described below), etc., may be referred hereinafter as part of the “annular housing” of the

synthetic jet actuator 200.

[0052] Using a controlled, oscillating wave of electrical current provided through power
supply wires 202 (Fig. 11), an electro-magnetic device oscillates the diaphragms 206 in a cyclic
manner to create the actuator movements and the flow of air shown in Figs. 6 and 7. More
specifically, in one embodiment, the synthetic jet actuator 200 includes a plurality of permanent
magnets 210, 212 (Figs. 9 and 10) which are each connected to a back iron core 218 which, in
turn, is attached to the interior of the annular housing 226. The back iron core 218 is constructed
from, for example, mild steel and provides a conduit for the magnetic flux created by the
magnets 210 and 212. The magnets 210 and 212 are each capped by flux plates 220 and 222,

respectively.

[0053] Annular receivers 228, 230 (Figs. 9 and 10) circumscribe and are spaced-apart
from the permanent magnets 210, 212 and include copper coils 214, 216 wound about the
periphery of the receivers 228, 230. The annular receivers 228, 230 each include a circular
flange 229, 231 which centrally mounts to each of the diaphragms 206, 208, i.e., through a
central aperture 232 (See Fig. 8). While flexible to accommodate motion, the diaphragms 206,

208 are sufficiently stiff to spatially suspend and/or center the annular receivers 228, 230 relative
15



WO 2013/166384 PCT/US2013/039464

to the permanent magnets 210, 212. By passing an electrical current through the copper coils
214, 216, the receivers 228, 230 are moved away from or toward the permanent magnets 210,

212, which, in turn, move the diaphragms 206 and 208.

[0054] In the example of Fig. 6, the coils 214, 216 are repelled by the magnets 210, 212
causing the annular receivers 228, 230 to spread thereby causing the diaphragms 206, 208 to
compress the air in the upper and lower chambers UC1, LC1. The upper chamber UCI is
generally defined by the upper diaphragm 206 and the interior surface 104S of the heat sink 104.
The lower chamber LC1 is generally defined by the lower diaphragm 208 and the interior surface
106S of the driver housing 106. The opposing movement of the diaphragms 206, 208
simultaneously causes a vacuum to form in the intermediate chamber 1C2 which is generally
defined by and between the diaphragms 206, 208, in combination with the annular housing 226.

This movement causes air to fill the intermediate chamber IC2 through the nozzles 105A.

[0055] Fig. 7 shows the coils 214, 216 being attracted by the magnets 210, 212 causing
the annular receivers 228, 230 to move together and the diaphragms 206, 208 to compress the air
in the central or intermediate chamber IC2. The movement of the diaphragms 206, 208 toward

one another simultancously causes a vacuum 100B to form in the upper and lower chambers

UC2, LClI, and air to fill the chambers UC1, LC1 through the nozzles 105B.

[0056] A controller 280 produces an oscillating wave of electric current to the copper
coils 214, 216 to move the respective diaphragms 206 and 208 toward or away from the
permanents magnets 210, 212. The frequency, amplitude, and/or other characteristics of such

movements are determined by the properties of the electrical current provided to coils 214, 216.

16
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To minimize the cost of the permanent magnets 210, 212 and iron core 218, in one embodiment,
additional coils/windings may be employed. In one embodiment, a decrease in the size, number,
and consequently, the cost of the permanent magnets 210 212, may be achieved by the use of
additional coils 214, 216 or windings to operate in the reduced magnetic flux field produced by a

less powerful array of permanent magnets 210, 212.

[0057] In the described embodiment, the synthetic jet actuator 200 of the present
disclosure operates at less than about six cubic feet per minute (CFM) per watt. The term "watts
of input power" generally refers to the power consumption of the synthetic jet actuator 200 and
not necessarily the power required for operating the lamp 100. By configuring a synthetic jet
actuator 200 for such efficiency values, lower cost may be achieved by using fewer, smaller
and/or less expensive permanent magnet(s). In one embodiment, the emitter 103 and synthetic
jet actuator 200 are configured to consume a quantity of electrical power that is greater than
about 15 watts of input power. In one embodiment, the amount of power consumed is greater

than about 20 watts of input power.

[0058] In the described embodiment, and referring to Fig. 11, the synthetic jet actuator
200 includes actuator electronics (“AE”) disposed at an external or remote location. More
specifically, in one embodiment, the actuator electronics AE may include an Application
Specific Integrated Circuit (ASIC) disposed at a predefined location in the thermal management
system 101. In the described embodiment, the actuator electronics AE is remotely located from
the synthetic jet actuator 200 and/or co-located with the device electronics DE, i.e., the
electronics which control and power the emitter 103. By moving the actuator electronics AE,

which is normally disposed internally of the synthetic jet actuator 200 to a second/remote
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location, the size of the synthetic jet actuator 200 may be reduced. This is principally a matter
of the internal volume of the synthetic jet actuator 200, inasmuch as fewer items within the
annular housing 226 of the synthetic jet actuator 200 may permit a commensurate reduction in
internal volume. Furthermore, the actuator electronics AE, which is a source of heat, may be co-
located with the device electronics DE. As such, a portion of the cooling air from the synthetic
jet actuator 200 may be routed to the synthetic jet actuator 200 and the device electronics AE,

DE to more efficiently cool the electronics, and consequently, the lamp 100.

[0059] Returning to our discussion concerning the integration of the synthetic jet
actuator 200, in the embodiments of Figs. 8, 10, 11 and 12, the diaphragms 206, 208 are
produced from a resilient, low-durometer, elastomer such as a silicone rubber. The elastomer
may be bonded or otherwise integrated with the annular rims 250, 252 of the synthetic jet
actuator 200 to define an actuator secal between the annular rims 250, 252 of the actuator 200 and
one or more adjacent lamp structures to form each of the chambers UC1, LC1, IC2 (Fig. 12). In
the described embodiment, the diaphragms 206, 208 may be integrated with the annular rims
250, 252 to function in the capacity of propulsive devices, sealing structures, and vibration
dampers. In the preceding paragraphs, the role of the diaphragms 206, 208 as propulsive
devices to move air into and out of the nozzles 105, has been described. However, the rims
236U, 236L of each of the diaphragms 206, 208 may also be adapted to function as the elastomer
seal between the annular rims 250, 252 of the synthetic jet actuator 200 and one or more adjacent
lamp structures to form each of the chambers UC1, LCI, IC2 (Fig. 12). Additionally, the rims
236U, 236L function as dampers to reduce or suppress vibrations which contribute to the noise

produced by the synthetic jet actuator 200.
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[0060] More specifically, the flexible rims 236U, 236L of each of the diaphragms 206,
208 are adapted to form a rim seal between the annular rims 250, 252 of the synthetic jet actuator
200 and the internal surfaces 104S, 106S of ecither the heat sink 104 along the top side of the
synthetic jet actuator 200, and the driver housing 106 along the underside of the synthetic jet
actuator 200. The flexible rims 236U, 236 may project over the annular rims 250, 252 of the
synthetic jet actuator 200. In the context used herein, the phrase “over the annular housing”
means that the flexible rims 236U, 2361 may project dimensionally above, around, or wrap over

the edge of the annular rims 250, 252 of the synthetic jet actuator 200.

[0061] While, in the described embodiment, the rims 236U, 236L are integrated with the
diaphragms 206, 208, it will be appreciated that these elements may be separate and distinct. In
one embodiment, the rims 236U, 236L may be molded in combination with the edge of the
annular rings 250, 252 while the diaphragms 206, 208 may be independently molded and
subsequently bonded/sealed to an inner surface of the annular housing 226 including annular
rims 250, 252. Integration of the elements, however, provides a unique opportunity to simplify

and reduce the cost of actuator manufacture.

[0062] In Fig. 12, the thermal management system is fabricated such that assembled
dimensions of the heat sink 104 and driver housing 106, i.¢., the vertical dimensions X between
the underside surface 104S of the heat sink 104 and the mating surface 106S of the driver
housing 106, are undersized relative to the fabricated dimensions of the synthetic jet actuator
200, i.c., the vertical Y dimension between the upper and lower rims 236U, 236L of the
diaphragms 206, 208. As such, upon assembly, the rims 236U, 236L are pressed between the

heat sink 104 and driver housing 106, i.c., from the unassembled dimension Y to the assembled
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dimension X, to form the upper and lower rim seals between the synthetic jet actuator 200, the
heat sink 104 and driver housing 106. As a consequence, there is no need for a separate O-ring
seal between the synthetic jet actuator 200 and the heat sink 104 and driver housing 106
inasmuch as the diaphragms 206, 208 function as both actuation and sealing devices.

Additionally, the diaphragms 206, 208 reduce noise by damping vibration in the audible range.

[0063] While the present disclosure describes a synthetic jet actuator 200 as having a pair
of diaphragms 206, 208 defining essentially three (3) chambers, i.c., an upper chamber UCI1, a
lower chamber LC1 and an intermediate chamber IC2, it should be appreciated that the teachings
described herein are equally applicable to synthetic jet actuator 200 having a single oscillating
diaphragm, or more than two (2) diaphragms, as shown in the present embodiments, to pulse air

into and out of multiple chambers.

[0064] The integration of the synthetic jet actuator 200 presents additional challenges
relating to the creation of the necessary airflow passageways, i.c., to produce the flow of air
through select nozzles 105 of the driver housing 106. Additionally, the lighting apparatus 100
must facilitate manufacture and assembly of the synthetic actuator 200 in combination with the
heat sink 104 and the driver housing 106. With respect to the latter, adequate clearance must be

provided to allow components to be assembled with relative simplicity and ease.

[0065] More specifically, and referring to Figs 3, &, 11, and 13 of the drawings, in one
embodiment, the rim seals 236U, 236L (Figs. 8, 11) are integrated with the diaphragms 206, 208
to prevent airflow across chambers, i.¢., from the intermediate chamber IC2 to one or both of the

upper and/or lower chambers UC1, LC1 or visa-versa. In one embodiment, the driver housing
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106 includes a labyrinth seal 245A positioned on one side of actuator 200 at the end of the first
portion 250 of rim 236U. In the example of Fig. 8, another labyrinth seal 245B is positioned on
the opposite side of the synthetic jet actuator 200, at the end of first portion 252 of rim 236L.
Seal 245A is constructed from a pair of axially extending bars 274A, 276A forming a channel
270 therebetween. Similarly, seal 245B is constructed from axially extending bars 274B, 276B
forming channel 272 therebetween. The labyrinth seals 245A, 245B are incorporated between
the actuator 200 and the driver housing 106 to prevent cross-flow between the first and second
nozzles 105A, 105B (Fig. 3). In one embodiment, the labyrinth seals 245A, 245B prevent
airflow in a circumferential direction C around the exterior periphery of the annular housing 226.
In Figs. 8 and 11, the channels 270, 272 are defined by a pair of radial web members formed
along the periphery of the annular housing 226, 250, 252 and an adjacent lamp structure, ¢.g., a
inwardly projecting flange or tongue 124A, 124B (see Fig. 3), for engaging the channels 270,
272, respectively.  The channels 270, 272 and tongues 124A, 124B are vertically oriented and
parallel to the longitudinal axis 100A (Fig. 3) of the actively-cooled lamp 100. During assembly,
channels 270, 272 and received tongues 124A, 124B are mounted in an opposing manner along
an interior surface of heat sink 104. The complementary joining between the synthetic jet
actuator 200 and heat sink 104 provides a sealing effect, which in one embodiment, can be used

to control air flow.

[0066] In the described embodiment, the channels 270, 272 are formed by first and
second pairs of radial web members 274A, 276A and 274B, 276B disposed on opposite sides of
the synthetic jet actuator 200. The web members 274A, 276A and 274B, 276B are parallel to an

axis of symmetry 290A (see Fig. 3) which is co-linear with the longitudinal axis 100A. The
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tongues 124A, 124B are formed by a single flange projecting inwardly from the driver
housing 106. To facilitate manufacture, the radial web members 274A, 276A and 274B, 276B
are molded in combination with the annular housing 226 including rims 250, 252 of the synthetic
jet actuator 200. It is anticipated that relief surfaces (not identified in the figures) of the radial
web members 274A, 276A and 274B, 276B may be best suited for a female mold from which
the driver housing 106 will be produced. That is, the web members 270, 272 will not form a
mechanical lock preventing release of an annular housing 226 and rims 250, 252 upon being

injection molded by a thermoplastic material.

[0067] Similarly, the relief surfaces (also not identified in the figures) of the
tongues 124A, 124B of the driver housing 106 may be more suitable for fabrication within a
male mold from which the driver housing 106 is anticipated to be fabricated. That is, in one
embodiment, the inwardly projected flanges or tongues 124A, 124B will not form a mechanical

lock preventing the fabrication or release from an injection mold.

[0068] To facilitate assembly, in one embodiment, the labyrinth seals 245A, 245B are
aligned with a vertical bifurcating plane which includes the central axis 100A of the lamp and/or
the axis of symmetry 290A (Fig. 3) of the synthetic jet actuator 200. The channels 270, 272 are
slightly oversized relative to the tongues 124A, 124B such that the synthetic jet actuator 200 may
be inserted vertically downward into, and from the open end of, the driver housing 106.
Referring to the exemplary illustration in Fig. 13, as pressure or vacuum builds in the central
chamber 1C2, air (shown as arrow LF in Fig. 13) flows through the labyrinth seal 245B, i.c., the
passageway between the web members 274B, 276B, and the tongue 124B. The viscosity of the

air produced by the labyrinth seal 245B in this example, i.c., across the boundary layer, resists
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airflow sufficiently to effect a virtual seal which inhibits flow in a circumferential direction. As
a result, the labyrinth seals 245A, 245B allow pressure and/or a vacuum to develop in the
respective chambers UCI1, LC1, IC2 (Fig. 12) which, in turn, forces a flow of air through select

nozzles 105A or 105B of the driver housing 106.

[0069] Accordingly, the synthetic jet actuator 200 has been adapted to provide an
actuator seal which inhibit a combination of vertical and circumferential flow to define the
upper, lower and intermediate chambers UC1, LCI1, IC2. In one embodiment, the rims seals
236U, 236L in combination with the mating surfaces 104S, 106S, prevent vertical flow between
the chambers UC1, LC1, IC2. Further, the channels 270, 272 in combination with the flanges
124A, 124B form the labyrinth seals 245A, 245B to prevent circumferential airflow across the

chambers UC1, LC1, IC2.

[0070] In one embodiment, referring to Figs. 9 and 10, the diaphragms 206, 208 include
arcuate portions or bellows 246, 248. The bellows 246, 248 of the diaphragms 206, 208 may be
molded, in place, with the rims 250, 252 of the annular housing 226. During fabrication, in one
embodiment, each of the rims 250, 252 is placed in an injection mold including a cavity defining
a space for fabricating the diaphragms 206, 208. Furthermore, as illustrated in Fig. 5, apertures
294, 296 are formed in the rims 250, 252. Inasmuch as the elastomer is injected as a B-stage
flowable polymer, the apertures 294, 296 function as additional volume for accepting overflow
or expansion of the polymer during injection and/or during the cure cycle of the elastomer. More
specifically, the windows 294 and 296 function as a relief area for the elastomer injected into the

mold and/or as an area for thermal expansion. While the description discusses the fabrication of
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both diaphragms 206, 208 simultaneously within a mold, it should be appreciated that the mold

may form each diaphragms independently, i.e., one diaphragm per mold assembly.

[0071] Referring again to the exemplary embodiment illustrated in Figs. 9, 10, and 11,
the arcuate bellows 246 and 248 of the diaphragms 206, 208 project outwardly in an opposing
manner from each other along the longitudinal axis 100A of the lighting apparatus/lamp 100.
More specifically, the arcuate bellows 246, 248 define a convex external profile, and a concave
internal profile, to prevent contact with internal components, ¢.g., an edge 251 of an internal

structure or other internal electronics (not shown).

[0072] In summary, an electronically-operated device is actively-cooled by the
integration of a synthetic jet actuator 200 incorporating aspects of the disclosed embodiments. In
one embodiment, the synthetic jet actuator 200 is configured to cyclically ingest and expel air
through select nozzles of distributor driver housing and direct the cooling air across a heat sink
of the eclectronically-operated device. The synthetic jet actuator includes remotely-located
electronics to reduce the space requirements of the design envelope and improve thermal
efficiency. Rim seals are integrated with an elastomer diaphragm to produce cach of the

propulsive air chambers while reducing the audible noise produced by the actuator.

[0073] A labyrinth seal is employed to inhibit circumferential airflow across the air
chambers while facilitating manufacture of the annular housing of the synthetic jet actuator.
Further, the labyrinth seal facilitates assembly of the synthetic jet actuator in combination with
the housing of the electronically-operated device. Each diaphragm includes a bellows ring

having a concave curvature to maximize the internal space available for diaphragm movement.
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As such, actuator noise is mitigated by abatement of airflow across/through narrow passageways

internally of the synthetic actuator.

[0074] Additionally, in one embodiment, windows are produced in annular rims of the
housing to enable the in-situ fabrication of the flexible diaphragm with the annular rim. Finally,
the integration of the synthetic jet actuator with a lighting apparatus enables favorable trade-offs
between the cost of permanent magnets and the current available to produce the airflow to cool

the lighting apparatus.

[0075] Many solid-state light sources employed in accordance with embodiments of this
disclosure, such as light emitting diode (LED) devices, in general, emit light in a Lambertian
distribution. Therefore, embodiments of the actively-cooled lamps described above have been
provided with optical elements which may include diffusers, etc., so as to achieve a wider and
more uniform optical intensity distribution than lamps of the prior art. Such optical elements,
however, often cause additional light losses that must be compensated for, requiring special
provisions in the design. As will be discussed in greater detail hereinafter, increased optical
efficiency and uniformity can be achieved by implementing: (i) a weak diffusing lens cover to
absorb less light, (ii) a specular reflector positioned in opposed relation to the LED emitters, (iii)
a shaped reflector having a shape which reflects light from the emitter to the diffuser, (iv) a
highly-reflective mounting arrangement to hold the emitter and/or the connecting wires. Optical
efficiency may be further enhanced by coating the exposed surfaces of wires proximate the
emitter with a highly reflective material, positioning or shielding the wires under a cover or

frame which is highly reflective.
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[0076] In Fig. 14, an actively-cooled lamp 300 according to a first embodiment includes
an optical element 302, an emitter 303 producing a source of light for transmission through the
optical element 302, and a thermal management system 301. In the embodiment shown in Fig.
14, the thermal management system 301 includes a heat sink 304 disposed in thermal
communication with the emitter 303, a housing 306, also referred to herein as a “driver housing”,
having a plurality of nozzles 305 for directing a flow of air across the heat sink 304, and a
synthetic jet actuator 400 for cyclically ingesting and expelling a flow of air through the nozzles
305. The integration and operation of the synthetic jet actuator 400 in the actively cooled lamp
300 is essentially identical to the synthetic jet actuator 200 described earlier herein. Similarly,
the control of airflow through select nozzles 305 of the housing 306 is essentially identical,

hence, for the sake of simplicity, no further discussion will be provided.

[0077] In the embodiment illustrated in Fig. 15, the heat sink 304 includes a plurality of
vertical fins 314T which project upwardly from a base portion 315 of the inverted cup-shaped
heat sink 304. In the described embodiment, the heat sink 304 includes between eight (8) and
ten (10) vertical fins 314T which are equiangular about a longitudinal axis 300A of the lamp
300. In the embodiment shown in Fig. 15, the vertical fins 314T project upwardly beyond the
reflector 309 of the optical element 302 and are contoured to conform essentially to the form
factor of the ANSI A19 lamp profile. The heat sink 304, which may also be referred to as a
“buttress-style” heat sink, may also include a plurality of smaller fins or finlets 314S, shown in
Fig. 14, disposed between the vertical fins 314T, i.e., an alternating arrangement of vertically tall
and small fins 314T, 314S. As such, the finlets 314S function to dissipate heat, along with the

tall vertical fins 314T, without degrading the optical efficiency of the lamp 300.
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[0078] While the vertical fins 314T may define an edge contour which complements the
spline curvature or ovoid shape of the optical element 302, the vertical fins 314T are spaced-
apart from the lower portion of the optical element 302 to produce an optical gap 327
therebetween. While the surface area along the gap 327 of optical element 302 is seemingly
small in comparison to the overall surface arca of the optical element 302, the additional
arca/space afforded by the gap 327 increases the intensity of light disseminated from the diffuser
optical element 302. This gap 327 is significant in the context of Energy Star™ requirements,
which require substantially uniform light distribution from zero degrees (0°) to one-hundred and
thirty-five degrees (135°) measured from a top of the lamp 300 to its base 300B. The gap 327,
therefore, permits light distribution in the lowermost regions near one-hundred and thirty-five

degrees (135°).

[0079] In the embodiments of Figs. 15 and 16, the optical element 302 includes a diffuser
307 and a reflector 309 that is spatially positioned centrally within the diffuser 307. In the
described embodiment, the reflector 309 is disposed internally of the diffuser 307 and is spaced-
apart from the emitter 303. The emitter 303 may be any suitable light source and is preferably
one or more light emitting diodes (LEDs). In one embodiment, the emitter 303 is a planar array

of LEDs on a circuit board (not shown).

[0080] The diffuser 307 comprises first and second dome segments 307A, 307B which
capture an outer edge 309E (Fig. 16) of the reflector 309 about a horizontal plane. In one
embodiment, the first and second dome segments 307A, 307B are split along the horizontal plane
and, upon assembly, capture and suspend the reflector 309 between the dome segments 307A,

307B. Additionally, the emitter 303 mounts to a fitting 311 having posts 313 which engage the
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heat sink 304 (Fig. 14). The fitting 311 may include pre-molded conduits or covers 317 (Fig. 16)
which accept the power supply wire(s) 319 which power the emitter 303. To minimize light
absorption by the power supply wire(s)319, the wire cover 317 comprises an
electromagnetically reflective material. Furthermore, inasmuch as the wire cover 317 is disposed
over the power supply wire 319, the cover 317 also protects a user from the hazards of electric
current and/or voltage. Additionally or alternatively, the wire sheathing 320 of the power supply

wire(s) 319 includes a color and/or a coating which is reflective.

[0081] In the embodiment of Fig. 16, the diffuser 307 comprises a light-transmissive
material. The material from which the diffuser 307 is fabricated may include a transmissive
polymer material, e.g., a polycarbonate, ¢.g., one or more of Teijin 5206, Teijin 5210, Bayer
FR7067, Sabic LEXAN, or the like. A phosphor, or other luminescent material, may optionally
be applied to at least one surface of the diffuser 307 and/or integrated within a material that
forms the diffuser 307, to convert some or all of light from the emitter 303 to a different

wavelength.

[0082] In one embodiment, the diffuser 307 has a substantially ovoid shape, graphically
generated by a free-form curve or mathematically produced by a spline curve. While the shape
is preferably ovoid, it should be appreciated that the diffuser 307 may have any curvilinear
geometry including a dorsal or elliptical shape. Further, the overall size and shape of the diffuser
307 will vary depending on the application and/or size of the actively-cooled lamp 300. An
opening 321 may be provided at the base of the second dome segment 307B, which may be
integrated with a substrate material which circumscribes the emitter 303. Alternatively, the

opening 321 may be mounted in combination with the fitting 311 which mounts the emitter 303.
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[0083] In this exemplary embodiment, the reflector 309 is annular and has a
circumferential shape corresponding to the inner perimeter of the dome segments 307A, 307B at
the horizontal plane of the diffuser 307. The rim or edge of the reflector 309 may be friction-fit
or snap-fit within the diffuser 307. Additionally or alternatively, the outer edge 309E of the
reflector 309 may be coupled with the diffuser 307 using a sonic weld and/or a luminescent (or

transparent) adhesive.

[0084] Referring to Fig. 17, in one embodiment, the reflector 309 comprises (i) a planer
inner rim 333 having a coaxial aperture 335 therein, (i1) a first frustoconical surface or wall 337
coupled to, and disposed radially outboard of, the inner rim 333, (ii1) a second frustoconical
surface or band 343 coupled to, disposed radially outboard of, and inverted relative to, the first
frustoconical wall 337, and (iv) a planar outer surface or rim 345 coupled to, and disposed
radially outboard of, the second frustoconical wall 343. The surface of the reflector 309 defines
angles 0, a, B which are selected to optimally distribute, i.c., uniformly distribute, light
transmitted by the optical element 302. Inasmuch as the upper and lower surfaces of the
reflector 309 are essentially parallel, but separated by the thickness of the wall, only the angles 9,
a, P along the underside of the reflector 309 need to be defined. Furthermore, to establish a
reference coordinate system, at least with respect to a first surface of the reflector 309, the
longitudinal axis 300A shall be deemed a zero degree (0°) line of reference and wherein rotation

in a counterclockwise direction about a point P represents positive angles.

[0085] In one embodiment, the first frustoconical wall 337 defines the first angle 0
relative to the longitudinal axis 300A, the second frustoconical band 343 defines the second

angle o relative to the first frustoconical wall 337, and the planar out rim 345 defines the third
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angle B relative to the second frustoconical band 343. By way of example, and not limitation, the
first angle 0 is within a range of between about thirty degrees (30°) to about fifty degrees (50°);
the second angle o is within in a range of between about one-hundred and fifteen degrees (115°)
to about one-hundred and twenty-five degrees (125°); and the third angle B is within a range of
between about one-hundred and eighty (180°) to about one-hundred and eighty-five degrees

(185°).

[0086] The aperture 335 in the inner rim 333 provides an unobstructed opening for light
produced by the emitter 303 to pass into the upper dome segment 307A of the optical
element 302. The diameter ratio between the outer rim diameter D1 and the inner rim diameter

D2 is within a range of between about three to one (3: 1) to about three and a half to one (3.5:1).

[0087] Inasmuch as there is no optical gap between the outer rim 345 and the
diffuser 307, light cannot traverse the edge of the reflector 309. Consequently, light must travel
to the top portion of the diffuser 307 either by a direct line of travel through the inner aperture
335, or by reflection internally of the lower dome segment 307B and, finally, through the
aperture 335. Light can, of course, exit the optical element 302 by passing through the lower
dome diffuser 307B. As mentioned above, it is an objective to produce an optical element
which distributes light uniformly within an angular profile between zero degrees (0°) and one-

hundred and thirty-five degrees (135°).

[0088] In one embodiment, the reflector 309 is preferably molded as a single piece using
known manufacturing and molding techniques. Alternatively, the reflector 309 can be assembled

from multiple pieces of material. The material of construction for the reflector 309 may vary

30



WO 2013/166384 PCT/US2013/039464

widely, and may include molded plastic (e.g., Teijin 3010, Teijin 3050, DSM LED 1551, Bayer
FR6487, FR6091, Kuraray TA112, and TA113), highly polished materials, highly specular
vacuum metallized materials, ALANOD with a silver coat, plastic or metal reflectors covered
with a reflective sheet, or materials with a powder coat such as VALSPAR, PTW90135 or ICI
paint; or the like. Preferably, at least one surface 344, 346, 348, 350, 352, 354, 356, and/or 358
of the reflector 309 is specular. For example, in one exemplary embodiment, at least the lower
surfaces of the first and second frustoconical surfaces 337, 343 are specular. In this embodiment,

the upper surfaces of the first and second frustoconical surfaces 337, 343 may be either specular

or diffusive.

[0089] Any of the surfaces 344, 346, 348, 350, 352, 354, 356, and/or 358 can be made
specular by polishing and/or applying a coat of a specular material. Non-limiting examples of
materials which are specular, or which can produce a specular surface include: molded plastics
(e.g., Teijin 3010, Teijin 3050, DSM LED 1551, Bayer FR6487, FR6091, Kuraray TA112, and
TA113) from highly polished tool, highly specular vacuum metallized parts, ALANOD with
silver coat, or plastic or metal reflectors covered with 3M reflective sheet; or the like. The
surfaces 344, 346, 348, 350, 352, 354, 356, and/or 358 may be made diffusive by the application
of known diffusive material, which may include many known diffusive materials. Thus, in one
example, the reflector 309 may be a plastic reflector having a surface coupled with a sheet of
specular material. In one embodiment, a sheet of specular material covers a surface of the
annular rim 346. In another embodiment, the specular material is absent from the rim surfaces
344 and 346. In another example, the reflector 309 may be metallized on one or both sides. The

annular rim surfaces 344 and 346 may be metallized or not. Thus, in one embodiment of the
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reflector 309, the surfaces 348, 350, 352, 354, 356, and/or 358 will be metallized, however, the
annular rim surfaces 344, 346 will not be metallized. In another embodiment, the reflector 309
can be polished until it is partially specular. In the context used herein, “partially specular”

means that the surface is about ninety-five percent (95%) specular/reflective and five percent

(5%) diffusive.

[0090] In one embodiment, a highly polished mold produces a reflector 309 having at
least one surface that is specular. In another embodiment, surfaces of the reflector 309 which
are proximate the emitter 303 are specular, while the opposite surfaces are diffusive. A material,
such as a plastic, that forms the reflector 309 may absorb blue wavelengths of light emitted from
the emitter 303 to create a warmer light. As one non-limiting example, a material forming the
reflector 309 may convert emitted light of 3,000K to warmer reflected light of 2,800K. Thus, the
material(s) that form the reflector 309 can be selected to make the reflected light warmer than the

emitted light.

[0091] By making select surfaces of the reflector 309 diffusive, i.¢., the central portion of
the reflector 309, a light spike on the diffuser 307 may be eliminated. Depending on the size of
the aperture 335, the diffusive surfaces of the reflector 309 may be entirely eliminated. For

example, the diffusive surfaces may not be required when the aperture 335 is sufficiently small.

[0092] In the illustrated embodiments shown in Figs. 15 and 16, the reflector 309
includes a scattering sheet 360 comprising a surface scattering material having partial
transmission and reflection characteristics. Non-limiting examples of a surface scattering

material may include many known light diffusing materials, e.g., OPTIGRAFIX DFMM film or
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the like. The scattering sheet 360 rests on, and/or is coupled with, the lip 333. When the
reflector 309 is spatially positioned internally of the diffuser 307, the scattering sheet 360 is
coaxially aligned with the emitter 303. Accordingly, some rays of light from the emitter 303
pass through the scattering sheet 360, essentially unaffected, and travel towards the upper or first
dome segment 307A of the diffuser 307. Other rays of light are reflected within the lower or

second dome segment 307B of the diffuser 307.

[0093] To ensure that the rays of light are optimally distributed by the optical element
302, the reflector 309 is separated from the emitter 303 by a small gap 374. The gap, measured
from the lowermost edge of the first frustoconical wall 337 to the emitter 303, is within range of

between six millimeters (6mm) to about 10 millimeters (10 mm).

[0094] The embodiments of the actively-cooled lamps 100, 300 described herein are
sized and shaped to conform essentially to the form factor of the A19 lamp profile. However,
embodiments of the present disclosure and the principles of its design/ operation are not limited
to this envelope. Rather, they are applicable to all suitable lamp profiles in general. Such lamp
envelopes include: an A series (e.g., A19 ), B series, C-7/F series, G series, P-25/PS-35 series,

BR series, R series, RP-11/S series, PAR series, T series, and MR-n series.

[0095] Any of the actively-cooled lamps may be designed as direct "plug in" components
that mate with a lamp socket via: (i) a threaded Edison base connector (sometimes referred to as
an "Edison base" in the context of an incandescent light bulb); (i1) a bayonet type base connector
(i.e., bayonet base in the case of an incandescent light bulb), or (iii) standard base connectors

which receive standard electrical power (e.g., 110 volts A.C., 60 Hz in the United States; or
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220V A.C., 50 Hz in Europe; or 12, 24 or other DC voltage source). Since the actively cooled
lamps of this disclosure do not rely predominantly upon conduction for its heat dissipation
requirements, the actively cooled lamps of this disclosure may be used in any standard threaded

light socket without concern for thermal loading of the socket, or adjacent hardware.

[0096] Actively-cooled lamps in accordance with the embodiments of this disclosure
may be particularly well-suited for retrofit of higher wattage incandescent bulbs, such as
incandescent bulbs in the 60W to 100W power range. In accordance with some aspects of the
present disclosure, the actively-cooled lamps may provide a lumen output of at least 600 lumens,
and in some embodiments, at least 1800 lumens, or in some cases even higher lumen output. For
example, certain actively-cooled lamps in accordance with the present disclosure may output
substantially the same lumens as a standard 100 watt tungsten filament incandescent lamp, but at
a fraction of the power input (e.g., when driven at approximately 27W). Furthermore,
embodiments of the present disclosure may provide an expected L70 lifetime of at least about

25,000 hours, and preferably up to about 50,000 hours.

[0097] In general, actively-cooled lamp embodiments of the present disclosure are
capable of simultancously achieving all of the following parameters when in operation: (i) a
lumen output of 1600 lumens or greater (e.g., greater than 1700 lumens); (i1) an omnidirectional
distribution of emitted light (e.g., illumination across a latitude spanning from zero degrees (0°)
to one-hundred and thirty-five degrees (135°) which is uniform in intensity within about +/-
20%); (iii) a geometry which satisfies an A19 envelope (or which conforms to an ANSI A19
volumetric profile); (iv) possesses sufficient cooling ability for an efficiency of at least 60 LPW

(e.g., > 65 lumens per Watt) and/or (v) an L70 lifetime of at least about 25,000 hours.
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Optionally, the actively-cooled lamps of the present invention may also further simultaneously
exhibit a correlated color temperature for light emitted 2700K to 3000K. Optionally, the actively
cooled lamps of the present invention may further simultaneously exhibit a color rendering index

for light emitted of greater than about 80.

[0098] In the context used herein, the phrase "solid state emitter” also means a "solid
state light emitting source". Furthermore, it should be understood that, in the context used herein

the term “air” means any fluid which may be suitable for heat dissipation.

[0099] In summary, the optical element includes a central reflector disposed at a mid-
plane location within an ovoid-shaped diffuser. The reflector includes a surface which is
selectively shaped to reflect and diffuse light for transmission through the diffuser. The reflector
includes a central aperture which provides an unobstructed opening for light to pass into the
upper dome segment of the optical element. Further, the reflector is disposed a select
distance/gap from the light producing emitter to allow a portion of the light to project through the
aperture and another portion to be reflected/redirected out of other portions of the diffuser.
Moreover, a heat sink is spaced apart from the diffuser to provide gaps which enable light to be

transmitted uniformly in the desired field of light projection.

[00100] Accordingly, the (i) shape and specular properties of the reflector, (i1) size of the
aperture opening, (iii) spatial relationship of the emitter relative to the reflector, (iv) spatial
relationship of the heat sink relative to the diffuser, produce an optical element which is highly
efficient and which provides a uniform distribution of light in the desired field of light

projection.
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[00101] Thus, while there have been shown, described and pointed out, fundamental novel
features of the invention as applied to the exemplary embodiments thereof, it will be understood
that various omissions and substitutions and changes in the form and details of devices and
methods illustrated, and in their operation, may be made by those skilled in the art without
departing from the spirit and scope of the invention. Moreover, it is expressly intended that all
combinations of those elements and/or method steps, which perform substantially the same
function in substantially the same way to achieve the same results, are within the scope of the
invention. Moreover, it should be recognized that structures and/or elements and/or method
steps shown and/or described in connection with any disclosed form or embodiment of the
invention may be incorporated in any other disclosed or described or suggested form or
embodiment. It is the intention, therefore, to be limited only as indicated by the scope of the

claims appended hereto.
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What is claimed is:
1. An optical element for transmission of light produced by a solid state emitter,
comprising:
at least one diffuser element; and
a reflector supported by the at least one diffuser element and spaced-apart from the
emitter;
the reflector defining an annular lip having an aperture therein and an axis normal to a
plane defined by the aperture, the reflector comprising:
a first frustoconical surface coupled with the annular lip and angling outwardly in
a first direction at a first angle relative to the axis;
a second frustoconical surface coupled to the first frustoconical surface and
angled outwardly at a second angle in a second direction opposite to the first direction; and
a third surface coupled with the second frustoconical surface and angling

outwardly at a third angle.

2. The optical element according to claim 1, wherein the first angle is within a range of

between about 30 degrees to about 50 degrees.

3. The optical element according to any one of claims 1 and 2, wherein the second angle is

within a range of between about 115 degrees to about 125 degrees.
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4. The optical element according to any one of claims 1-3, wherein the third angle is within

a range of between about 180 degrees to about 185 degrees.

5. The optical element according to any one of the preceding claims, wherein the aperture of
the reflector defines an outer rim diameter D1, wherein reflector defines an inner rim diameter
D2 and wherein the diameter ratio between the outer and inner rim diameters D1:D2 is between

about three to one (3:1) to about three and one-half to one (3.5:1).

6. The optical element according to any one of the preceding claims, comprising wires for

powering the emitter and a reflective cover disposed over the wires to prevent absorption of light

energy.

7. The optical element according to any one of the preceding claims, wherein at least one of

the surfaces is diffusive.

8. The optical element according to any one of the preceding claims, wherein at least one of

the surfaces is specular.

9. The optical element according to any one of the preceding claims, wherein the first

frustoconical surface is diffusive and the second frustoconical surface is specular.
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10. A lighting apparatus, comprising:

an optical element;

an emitter for producing light for transmission by the optical element;

a heat sink in thermal communication with the emitter;

wherein the optical element includes a reflector spaced-apart from the emitter, the
reflector defining an annular lip having an aperture therein and an axis normal to a plane of the
aperture, the reflector defining a first frustoconical surface coupled with the annular lip and
angling outwardly in a first direction at a first angle relative to the axis, a second frustoconical
surface coupled to the first frustoconical surface and angled outwardly at a second angle in a
second direction opposite to first direction; and a third surface coupled with the second

frustoconical surface and angling outwardly at a third angle.

11. The lighting apparatus according to claim 10, wherein the first angle is within a range of

between about 30 degrees to about 50 degrees.

12. The lighting apparatus according to any one of claims 10-11, wherein the second angle

is within a range of between about 115 degrees to about 125 degrees.

13. The lighting apparatus according to any one of claims 10-12, wherein the third angle is

within a range of between about 180 degrees to about 185 degrees.
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14.  The lighting apparatus according to any one of claims 10-13, wherein the aperture of the
reflector defines an outer rim diameter D1, wherein reflector defines an inner rim diameter D2
and wherein the diameter ratio between the outer and inner rim diameters D1:D2 is between

about three to one (3:1) to about three and one-half to one (3.5:1).

15.  The lighting apparatus according to any one of claims 10-14, comprising wires for

powering the emitter and a reflective cover disposed over the wires to prevent absorption of light

energy.

16.  The lighting apparatus according to any one of claims 10-15, wherein at least one of the

surfaces 1is diffusive.

17.  The lighting apparatus according to any one of claims 10-16, wherein at least one of the

surfaces is specular.

18. The lighting apparatus according to any one of claims 10-17, wherein the first

frustoconical surface is diffusive and the second frustoconical surface is specular.

19.  The lighting apparatus according to any one of claims 10-18, comprising a scattering

sheet disposed over the aperture.
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20.  The lighting apparatus according to any one of claims 10-19, comprising a plurality of
nozzles for directing a flow of air across the heat sink, and a synthetic jet actuator for producing

the flow of air through the nozzles.

21.  The lighting apparatus according to claim 20, comprising a first and second plurality of

nozzles, and wherein the synthetic jet actuator cyclically ingests and expels air through the first

and second nozzles.
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