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NUCLEATION CONTROL SYSTEM AND
METHOD LEADING TO ENHANCED
BOILING BASED ELECTRONIC COOLING

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a U.S. national stage entry of Interna-
tional Patent Application No. PCT/US2019/060994, filed on
Nov. 12, 2019, which claims priority to U.S. Provisional
Patent Application No. 62/759,961, filed on Nov. 12, 2018,
to U.S. Provisional Patent Application No. 62/833,551, filed
on Apr. 12, 2019, and to U.S. Provisional Patent Application

No. 62/870,624, filed on Jul. 3, 2019, the contents of all of
which are hereby incorporated by reference 1n their entirety.

BACKGROUND

Flow boiling can be implemented within mini- or micro-
channels to transier heat from a heated surface to a heat
transfer fluid. As used herein, the term “microchannel” 1s
intended to refer to a flow channel having a diameter up to
about 5-6 millimeters. At the micro scale, and at certain
critical heat-flux (CHF) levels, flow instabilities and other
duct- and system-level instabilities can induce a dynamic
local dry-out phenomenon between the heated surface and
attached vapor bubbles. This 1s more likely at high exit vapor
mass qualities.

SUMMARY OF THE INVENTION

The disclosure provides, 1n one aspect, a cooling module
for an electronic device. The cooling module includes a
body having formed therein a plurality of channels, a
micro-structured boiling surface, a piezoelectric transducer,
an 1nlet header, and an outlet header. Each channel of the
plurality of channels i1s defined by a first channel surface and
opposing lateral channel surfaces cooperatively defining a
rectangular cross section normal to a channel axis. The
micro-structured boiling surface 1s positioned adjacent the
first channel surface of each channel. The piezoelectric
transducer 1s 1n acoustic communication with one of the
opposing lateral channel surfaces of each channel and con-
figured to direct acoustic waves on the micro-structured
boiling surface. The inlet header 1s 1n fluid communication
with each channel of the plurality of channels. The outlet
header 1s in fluidd communication with each channel of the
plurality of channels.

The disclosure provides, 1n another aspect, a method of
cooling an electronic device. The method includes passing a
heat transfer fluid through one or more channels formed in
a cooling module body, each channel defined by a first
channel surface and lateral channel surfaces and further
including a micro-structured boiling surface adjacent the
first channel surface. The method also 1includes energizing a
piezoelectric transducer 1n acoustic communication with one
of the opposing lateral channel surfaces of each channel to
direct in-plane acoustic waves on the micro-structured boil-
ing surface and its vicinity to facilitate formation of
microbubbles within the heat transfer fluid at microbubble
nucleation sites on the micro-structured boiling surface.

The disclosure provides, 1n another aspect, a controller for
a server rack cooling loop for cooling a plurality of elec-
tronic devices. The controller includes memory and a pro-
cessor. The processor 1s configured to receive inputs of a
cooling loop temperature and pressure, determine desired
flow boiling parameters of the cooling loop, and transmuit

10

15

20

25

30

35

40

45

50

55

60

65

2

signals to a piezoelectric transducer 1n acoustic communi-
cation with a flow channel that 1s 1n thermal communication
with an electronic device. The signals are configured to
operate the piezoelectric transducer to resonate a micro-
structured boiling surface positioned within the flow chan-
nel.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a perspective view of a cooling unit (e.g., a heat
sink) for performing enhanced tlow boiling according to one
embodiment.

FIG. 1B 1s a cross-sectional perspective view of the
cooling unit of FIG. 1A, taken along line 1B-1B of FIG. 1A.

FIG. 2 1s a perspective view of a microchannel of the
cooling unit of FIG. 1A.

FIG. 3 1s a cross-sectional schematic illustration of a
micro-structured boiling surface of the microchannel of FIG.
2, taken along line 3-3 of FIG. 2.

FIG. 4 1s a perspective view of alternative micro-struc-
tured boiling surfaces for use with the microchannel of FIG.
2.

FIGS. SA-5E are plan views of alternative mesh struc-
tures for forming the micro-structured boiling surface of
FIG. 3.

FIG. 6 1s a schematic cross-sectional view of the micro-
channel of FIG. 2, taken along line 3-3 of FIG. 2.

FIG. 7 1s another schematic cross-sectional view of the
microchannel of FIG. 2, taken along line 7-7 of FIG. 2.

FIG. 8 1s a schematic cross-sectional view of the cooling
umt of FIG. 1, taken along line 1B-1B of FIG. 1A.

FIGS. 9-11 are graphs 1illustrating temperature and pres-
sure information associated with piezos-actuated enhanced
flow-boiling operation of the microchannel of FIG. 2.

FIG. 12 1s a schematic illustration of an exemplary
cooling loop that incorporates the cooling unit of FIG. 1A.

FIG. 13 1s a schematic illustration of a server-level
cooling subsystem for cooling multiple microchips sup-
ported on a server board using the cooling unit of FIG. 1A.

FIG. 14 1s a schematic illustration of a rack-level cooling
subsystem that incorporates the server-level cooling subsys-
tem of FIG. 13 to cool multiple server boards incorporated
into a server rack.

FIG. 15 1s a schematic 1llustration of a server rack cooling
loop that incorporates the rack-level cooling subsystem of
FIG. 14.

FIG. 16 1s a block diagram of an exemplary control
system associated with the server rack cooling loop of FIG.
15.

FIG. 17 1s a schematic 1llustration of a data center energy
system for providing power and thermal management to a
data center.

FIG. 18A 1s a schematic illustration of a heat recovery
system of the data center energy system of FIG. 17.

FIG. 18B 1s a schematic illustration of another embodi-
ment of the heat recovery system of FIG. 18A.

FIG. 19A 1s a schematic 1llustration of vapor
microbubbles forming on and detaching from the micro-
structured boiling surface of FIG. 3 at a certain instant.

FIG. 19B i1s another schematic illustration of a single
vapor microbubble forming on and detaching from the
micro-structured boiling surface of FIG. 3.

FIG. 20 1s a graph illustrating reductions in driving
temperature-diflerences for a given heat tlux associated with
operation of the microchannel of FIG. 2.

Betfore any embodiments of the disclosure are explained
in detail, 1t 1s to be understood that the disclosure 1s not
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limited 1n 1ts application to the details of the formation and
arrangement of components set forth in the following

description or illustrated 1n the accompanying drawings. The
disclosure 1s capable of supporting other embodiments and
ol being practiced or of being carried out in various ways.
Also, 1t 1s to be understood that the phraseology and termi-
nology used herein 1s for the purpose of description and
should not be regarded as limiting.

DETAILED DESCRIPTION

FIGS. 1-8 illustrate a “min1” microchannel architecture
two-phase cooling unit 100 (e.g., a heatsink 100) that
enhances flow boiling 1n microchannels. As used through-
out, the term “microchannel” 1s intended to refer to a flow
channel having a diameter up to about 5-6 millimeters. With
reference to FIGS. 1A and 1B, the cooling unit 100 couples
to a heat source 102 (e.g., an electronic device such as a
microchip, an integrated circuit, etc.) to facilitate removal of
heat energy from the heat source 102. While the illustrated
cooling unit 100 1s described in connection with cooling
clectronic devices, other cooling applications are also pos-
sible and contemplated herein. As discussed below, the
cooling unit 100 significantly enhances tlow boiling heat
transfer rates as compared to existing flow boiling heat
exchangers, as well as commercially available single-phase
liquid cooling approaches.

The cooling unit 100 defines a plurality of microchannels
104. A heat exchanging or cooling flmid 106 (FIG. 2) 1s
directed to flow through the microchannels 104 to accept
and carry away heat energy from the heat source 102.
Although many formulations of cooling fluids are possible,
one exemplary, electronics and environment friendly formu-
lation contemplated (and utilized) herein 1s 3M™ Novec™
Engineered Fluid HFE-7100.

As shown 1n FIGS. 1 and 8, the cooling unit 100 includes
a base plate 108 that couples to the heat source 102 (e.g., a
microchip 164 mounted on a server), and a removable top
plate 110 opposite the base plate 108. The microchannels
104 extend between the bottom and top plates 108, 110 and
generally parallel thereto. Each microchannel 104 1s defined
between opposing sidewalls 112, a bottom wall 114 defined
by a portion of the base plate 108, and a top wall 116 defined
by a portion of the top plate 110. In the illustrated embodi-
ment, the sidewalls 112 and the base plate 108 are formed
from a thermally-conductive material such as, but not lim-
ited to, copper. The top plate 110 may likewise be formed
from a thermally-conductive material. In some embodi-
ments, the top wall 116 may be formed from a transparent
material (e.g., polycarbonate) that renders the space within
the microchannel 104 visible from outside the microchannel
104. The cooling unit 100 also includes end walls 113 that
extend between the bottom and top plates 108, 110 and
laterally contain the microchannels 104. In some embodi-
ments, thermal sheets (e.g., poly-graphite sheets; not shown)
may extend between the base plate 108 and the end walls
113. The thermal sheets can reduce flow and thermal mald-
istribution across the microchannels 104.

With reference to FIG. 2, the illustrated microchannel 104
has a generally elongated shape extending along a central
axis 118 with a generally rectangular cross-section perpen-
dicular thereto, and includes a length 120, a width 122, and
a height 124. The length 120 i1s measured between end
portions of the sidewalls 112 1n a direction parallel to the
central axis 118. The width 122 1s measured between the
sidewalls 112 1n a direction perpendicular to the sidewalls
112 and generally transverse to the central axis 118. The
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height 124 1s measured between the bottom and top walls
114, 116. For the illustrated microchannel 104 of FIG. 2, the
length 120 1s approximately 50 millimeters (mm), the width
122 1s approximately 10 mm, and the height 124 1s approxi-
mately 5 mm. Accordingly, the illustrated microchannel 104
includes a “mini-channel” construction (1.€., as compared to
many existing micron-scale channels having channel width/
height dimensions on the order of 600 micrometers (um) or
less). Such a “mini-channel” construction 1s sought because
of a need to meet average heat-flux impositions from the
heat source 102 in the range of 50-100 W/cm~ or higher, as
large values of total mass-flux (G) and very large vapor
volume fluxes are required for such high heat-flux values,
which lead to large pumping powers and unacceptable
performances (flow 1nstabilities, etc.).

With reference to FIG. 8, the bottom wall 114 defines
and/or at least partially supports a micro-structured boiling
surtace 126 that faces an interior of the microchannel 104.
During operation of the cooling unit 100, the cooling fluid
106 undergoes a tlow boiling process within each micro-
channel 104. A major component the tlow boiling process
involves nucleation, growth, and detachment of micron-
scale (um) vapor microbubbles transpiring at the micro-
structured boiling surface 126. Stimulating the formation
and subsequent detachment of these vapor microbubbles
leads to a significant enhancement in the heat transfer
coellicient (HTC) of the tlow boiling process.

To enhance the rates of vapor bubble nucleation, growth,
and detachment, the micro-structured boiling surface 126 1s
defined by a plurality of interconnected micro-structures 128
(FI1G. 3) that extend upward from the bottom wall 114 nto
the microchannel 104. The micro-structures 128 of the
micro-structured boiling surface 126 (FIG. 2) define numer-
ous vapor bubble nucleation sites 130 (FIG. 3) distributed
evenly across the boiling surface 126. By providing the
micro-structured boiling surtace 126 on the bottom wall 114,
a number density per unit area ol the vapor bubble nucle-
ation sites 130 1s dramatically increased for wetting fluids
106 as compared to that of many existing tlow boiling heat
exchangers employing a generally smooth boiling surface
devoid of micro-structures. In other embodiments, the
micro-structured boiling surface 128 can be chemically (or
equivalent) formed, leading to a judicious mix of wetting
and non-wetting microstructured surfaces.

As schematically 1llustrated in cross-section 1n FIG. 3, the
interconnected micro-structures 128 1include a base 132
attached to the bottom wall 114, and a distal end 134
opposite the base 132. A micro-structure height 136 1is
measured between the base 132 and the distal end 134, and
a micro-structure spacing 138 measured between adjacent
micro-structures 128. The illustrated micro-structured boil-
ing surface 126 includes a micro-structure height 136 of
approximately 450 and a micro-structure spacing 138 of
approximately 150 um.

In the 1llustrated embodiment, the interconnected micro-
structures 128 of the illustrated microchannel 104 are
formed by aflixing a micro-structured mesh 140 (FIG. 5A)
to the bottom wall 114 to create the micro-structured boiling
surface 126. In some embodiments, this can be performed by
diffusion bonding one or more layers of the micro-structured
mesh 140 (e.g., four layers) to the bottom wall 114. The
illustrated mesh 140 1s formed from the same material as the
bottom wall 114 (e.g., a material having high thermal
conductivity, such as copper), although other mesh materials
are also possible. In some embodiments (not shown), the
distal end 134 (FIG. 3) may be made of a porous layer of the
metal used.
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FIG. 4 1llustrates additional, non-limiting examples of
micro-structured boiling surfaces 126a-126/. While several
variations in height, spacing, and pattern are possible, each
of the 1illustrated interconnected micro-structures defining
the boiling surfaces 126a-126f increase the vapor bubble
nucleation site density. FIGS. 5B-5E illustrate additional,
non-limiting examples of various micro-structured meshes
140a-140d which may be utilized to form the micro-struc-
tured boiling surface 126.

With reference to FIG. 6, the illustrated cooling unit 100
also 1ncludes piezoelectric-transducers 142 (heremafter,
“p1ezos 142””) mechanically and acoustically coupled to each
sidewall 112. In the 1llustrated embodiment, the piezos 142
are located external to the microchannels 104. Each piezo
142 includes an output face 143 facing toward an interior of
cach respective microchannel 104. The piezos 142 are
arranged transverse to the micro-structured boiling surface
126, so as to direct acoustic waves incident on the micro-
structured boiling surface 126 (1.e., so as to propagate within
a plane defined by the boiling surface 126), as well as
incident on 1ts upper and lower vicinities. The upper vicinity
includes the cooling flud 106 flowing through the micro-
channel 104. As shown 1n FIG. 8, 1n the 1llustrated embodi-
ment, a pair of piezos 142 are associated with each micro-
channel 104, with the output faces 143 of each piezo 142 of
the associated pair facing inward toward the interior of the
microchannel 104, and facing toward each other. In other
embodiments (not shown), just a single piezo 142 can be
associated with each respective microchannel 104. In further
embodiments, more than two piezos 142 can be associated
with each microchannel 104. An acoustic gel 144 1s disposed
between each piezo 142 and each associated sidewall 112 to
tacilitate the transmission of acoustic waves 1nto the micro-
channel 104. In some embodiments, each sidewall 112 can
have a thickness T (FIG. 8) close to a quarter wave-length
for that material. As shown 1n FI1G. 2, each piezo 142 extends
along a direction of the height 124, so as to overlap the base
plate 108, the micro-structured boiling surface 126 (as
shown i FIG. 6), and a portion of the interior of the
microchannel 104 through which the cooling fluid 106
flows. Each piezo 142 likewise extends along a direction of
the length 120 (FIG. 2) and overlaps much of the length 120
ol each microchannel 104.

In the illustrated embodiment, the piezos 142 are trans-
verse mode piezoelectric transducers 142 (e.g., PZT-3A
type) having a resonant frequency fp:(Atpfem)"l. In the
present embodiment, the resonant frequency t, 1s about 1
megahertz (MHz), although other types of piezoelectric
transducers having resonant frequencies other than 1 MHz
are also contemplated. The transverse mode piezos 142 are
arranged and oriented, as described above, to introduce
longitudinal acoustic waves 1n the base plate 108, in the
micro-structured boiling surface 126, and within the adja-
cent cooling fluid 106. The acoustic waves (typically in the
1-2000 Hz range) are introduced by interference of waves
obtained by modulating, at acoustic wave frequencies, the
natural resonant frequency i, (about 1 MHz) transverse
waves from the piezos 142. These tunable modulations are
obtained by an “on-ofl” frequency superposition (or equiva-
lent) available with the controller driving the piezos 142.
This approach of arriving at acoustic range modulation
frequencies are also eflective 1n significantly reducing noise-
levels associated with such signals (this 1s because most of
the energies are at inaudible frequency ranges).

The piezos 142 are operable to introduce acoustic waves
A_,. and Ay . (FIG. 6) at modulation frequencies

sz’reﬂ CLY

appropriate for inducing resonance with the “in-plane” natu-
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6

ral frequencies of the micro-structured boiling surface 126,
frequencies associated with aggregate microbubble ebulli-
tion cycles on the boiling surface 126, and suitable hydro-
dynamic acoustic force {Irequencies that act on the
microbubbles when formed within the cooling fluid 106,
respectively. The acoustic waves A, ., A_,, and Ay ., are
“in-plane” acoustic waves, meaning they are dominant 1n
planes defined by the micro-structured boiling surface 126
as well as 1 planes parallel thereto. In the embodiment
shown 1n FIG. 6, the in-plane acoustic waves propagate back
and forth between the opposed sidewalls 112 and are domi-
nant in directions indicated in FIG. 6 as A, ,A_,,and Ay .,
and 1n FIG. 3 as A . . As will be turther discussed below,
differences 1n the amplitude and energy of the acoustic
waves A, ., A_, and A, ; result in the mtroduction of
oscillatory in-plane shear stresses S, and S, (FIGS. 6 and 7)
at the micro-structured boiling surface 126.

With reference to FIGS. 6 and 7, the cooling unit 100
includes one or more temperature sensors disposed within or
without one or more of the microchannels 104 for detecting
operating temperatures ol the cooling unit 100 at one or
more locations. In the illustrated embodiment, a first tem-
perature sensor 146 1s positioned at a bottom face of the base
plate 108, where the base plate 108 interfaces with the heat
source 102. A second temperature sensor 148 1s positioned
within the microchannel 104 (e.g., at the micro-structured
boiling surface 126). The temperature sensors 146, 148
communicate temperature information to a controller 150
(FIG. 16) associated with the cooling unit 100 (FIGS. 1 and
8), as will be discussed 1n further detail below.

With reference to FIGS. 1A and 1B, 1n addition to the
microchannels 104, the cooling unit 100 also includes an
inlet header section 152 and an outlet header section 154
disposed at opposite ends of the cooling unit 100. Each
header section 152, 154 forms a compartment or cooling
fluid collection area 156, and the inlet header section 152
fluidly communicates with the outlet header section 154 via
the microchannels 104. The inlet header section 132
includes an inlet port 158 by which the cooling fluid 106
enters the inlet header section 152, and the outlet header
section 154 includes a primary outlet port 160 (FIG. 12) by
which some or all of the cooling fluid 106 exits the outlet
header section 154. An inlet temperature sensor 180 1s
located at or near the nlet port 158 to detect a temperature
of the cooling fluid 106 entering the cooling umt 100.

With reference to FIG. 7, 1n addition to the primary outlet
port 160 (for mostly liquid flows), the outlet header section
154 also includes a secondary outlet port 162 (for mostly
vapor flows) that provides a second exit for the cooling fluid
106 to leave the cooling umt 100. The secondary outlet port
162 1s located closer to the top plate 110 (FIG. 1A) than 1s
the primary outlet port 160. In some embodiments, the
secondary outlet port 162 1s provided 1n the top plate 110. As
will be discussed further below, during operation of the
cooling unit 100, at least some of the cooling fluid 106
flowing through the cooling unit 100 undergoes a phase
change from liquid to vapor, due to the enhanced tflow
boiling occurring within the microchannels 104. The cooling
fluid 106 that remains mostly 1n the liquid state exits the
cooling unit 100 via the primary outlet port 160, and the
cooling fluid 106 that changes to a vapor state exits the
cooling umt 100 primarily via the secondary outlet port 162.
The secondary outlet port 162 helps to suppress system-level
instabilities that otherwise may result from having only a
primary outlet port 160. An absolute pressure transducer 178
1s positioned within the secondary outlet port 162 to detect
the pressure within the cooling unit 100.
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FIG. 8 1s a cross sectional view 1llustrating the cooling
unit 100 mounted on a microchip 164. The microchip 164 1s
coupled to a substrate 166 (e.g., a circuit board such as a
server board). In some embodiments, a thermally conductive
material (TIM) 168 1s disposed between a top surface of the
microchip 164 and a bottom surface of the base plate 108 to
reduce a thermal resistance of the assembly. During opera-
tion, the microchip 164 generates waste heat (e.g., at an
average heat flux of 6 W/cm?, roughly equivalent to that of
an Intel Xeon® processor) that 1s conducted through the
TIM 168 (if present), the base plate 108, and toward the
micro-structured boiling surface 126.

FIG. 8 also illustrates interstitial spaces 170 defined
between the sidewalls 112 of adjacent microchannels 104. In
the 1llustrated embodiment, two piezos 142 are located
within each interstitial space 170 between two adjacent
microchannels 104, with the two piezos 142 facing opposite
directions so as to direct acoustic waves toward an interior
of each respective microchannel 104 of the two adjacent
microchannels 104.

In operation, heat generated by the heat source 102 (e.g.,
the microchip 164; FIG. 8) 1s conducted toward the micro-
structured boiling surface 126. The piezos 142 are energized
to introduce acoustic waves A and A to resonate the
base plate 108 and the micro-structured boiling surface 126,
respectively. When energized, the piezos 142 also introduce
acoustic waves Ay ., to excite the cooling fluid 106. The
cooling flmd 106, having an inlet quality of zero (1.e., all
liquid phase), enters the cooling unit 100 through the inlet
port 158 at a temperature just below the saturation tempera-
ture (e.g., 2-3° C. subcooled). Subcooled cooling fluid 106
1s supplied below the saturation temperature to ensure
proper flow-loop operations and purely liquid phase cooling,
fluid 106 entering the cooling umt 100. The cooling fluid
106 1s not 51gn1ﬁcantly sub-cooled, which could potentially
impair the cooling etliciency of the cooling unit 100. The
liquid phase cooling fluid 106 passes through the collection
area 156 of the inlet header section 152 and flows into the
microchannels 104 (FIG. 1B). As the liquid phase cooling
fluid 106 flows through each microchannel 104, the cooling
fluid 106 1nteracts with the micro-structured boiling surface
126 such that microbubbles 172 (FIG. 6) begin to form at the
microbubble nucleation sites 130 (FIG. 3) distributed on the
micro-structured boiling surface 126. As the microbubbles
172 nucleate, grow, and detach from the nucleation sites
130, heat energy 1s carried away from the micro-structured
boiling surface 126 due to the enthalpy associated with the
phase change of the cooling fluid 106 from liquid to vapor
phase.

FIGS. 19A and 19B respectively illustrate spatial and
temporal schematics of micron-scale microbubbles 172
(e.g., having diameters of 10 um or less) forming on the
micro-structured boiling surface 126 and detaching there-
from during the flow boiling process occurring within the
microchannels 104. With reference to FIG. 19A, at any
instant time t, micron-scale microbubbles 172 are forming or
otherwise residing, at various stages of development, at the
nucleation sites 130 of the micro-structured boiling surtace
126. With reference to FIG. 19B, for a single fixed nucle-
ation site 130, a time evolution of a single microbubble 172
1s described. The microbubble 172 forms at t=0. The
microbubble 172 enlarges 1n volume during a growth stage
Atadv, and then the microbubble 172 begins to separate from
the nucleation site 130 during a detachment stage At . At
the end of the detachment stage At,__, the microbubble 172
detaches from the nucleation site 130. The nucleation site
130 then undergoes a period of dormancy At, ., during
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which there 1s no microbubble forming at the nucleation site
130. At the end of the dormancy period At, .., a new
microbubble begins to form at the nucleation site 130 and
the process 1s repeated. Resonance 1s induced for the micro-
structures 128 on the base plate 108 by the acoustic waves
A_and A . (generated by the piezos 142) incident on the
micro-structured boiling surface 126. As discussed above,
the acoustic waves A and A . mechanically stimulate or
actuate the detachment of the microbubbles 172 from the
nucleation sites 130. In turn, this reduces the duration of the
overall time evolution of the microbubble 172, resulting 1n
faster tlow boiling and improved heat transfer from the

micro-structured boiling surface 126 to the cooling fluid

106.

As discussed above with respect to FIGS. 2 and 3, the
interconnected micro-structures 128 defining the micro-
structured boiling surface 126 contribute to a far greater
density of microbubble nucleation sites 130 distributed
about the micro-structured boiling surface 126, as compared
to boiling surfaces of traditional flow boiling heat exchang-
ers. The relatively greater nucleation site density enhances
the rate of microbubble formation and detachment during
operation of the cooling umt 100. As a result, a cooling
capacity of the cooling unit 100 1s increased—while retain-
ing the liquid wettability—as compared to traditional tlow
boiling heat exchangers lacking micro-structured boiling
surfaces.

Differences 1n the amplitude and energy of the acoustic

waves A_,, Ay, and A, (FIGS. 6-7) further aid 1n the

oLE? WwWire

introduction ot oscillatory in-plane shear stresses S, and S,
at the micro-structured boiling surface 126. The oscillatory
shear stresses S, and S, (along with a suitable but limited
extent of distal tip 134 (FIG. 3) undergoing in plane vibra-
tions) facilitate 1n providing resonance opportunities asso-
ciated with the bubble ebullition cycle frequencies (FIG.
17B) towards the dislodging of the micron-sized
microbubbles 172 from the nucleation sites 130 to enhance
flow boiling. The frequency and energy content of the waves
AL Agup and A are tuned, by exploration, to the
typically unknown aggregate natural frequencies (or a range
of frequencies) associated with various nucleation processes
of the microbubbles 172, and with the mesh micro-structures
128 defining the micro-structured boiling surface 126. In
addition, the standing waves within the liquid phase cooling
fluid 106 near the saturation temperature can provide addi-
tional hydrodynamics {forces for dislodging the
microbubbles 172. Introducing oscillatory shear stresses S_
and S, using transverse mode piezos 142 arranged and
oriented as described above was assessed to be superior as
compared to use of commercially available shear mode
PICZOS.

The microbubbles 172 forming and detaching during the
flow boiling process introduce vapor phase cooling fluid 106
into the microchannels 104. As the cooling fluid 106 passes
through the microchannels 104 and undergoes tlow boiling,
the amount of vapor phase cooling fluid 106 increases while
the amount of liquid phase cooling fluid 106 simultaneously
decreases. Accordingly, the cooling fluid 106 has a non-zero
outlet quality (1.e., at least some vapor phase cooling fluid
106 1s present) upon reaching the tluid collection area 156 of
the outlet header section 154. In some embodiments, the
outlet quality of the cooling fluid 106 can be 1n the range of
0.05-1.00. In other embodiments, the flow rates are matched
to heat loads and the outlet quality 1s kept in the range of
0.4-0.6 1 order to avoid certain dry-out related and other

types of tlow instabilities.
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After reaching the flmid collection area 156 of the outlet
header section 154, the cooling fluid 106 then exits the
cooling unit 100 via one or both of the primary and sec-
ondary outlet ports 160, 162. In the i1llustrated embodiment,
a mixture of vapor and liquid phase cooling fluid 106 exits
the cooling umit 100 through the primary outlet port 160,
while predominantly vapor phase cooling fluid 106 exits
through the secondary outlet port 162.

FIGS. 9-11 and 20 depict graphs showing temperature and
pressure data collected while operating the microchannel
104 shown i FIG. 2. A top face temperature 174 was
measured by the second temperature sensor 148 positioned
at the micro-structured boiling surface 126, and a vapor
pressure 176 was measured by the absolute pressure trans-
ducer 178 located within the secondary outlet port 162.

With reference to FIG. 9, 1n one test, the microchannel
104 was mitially operated with the piezos 142 switched off
from time=0 seconds until time=40 seconds. During this
initial time period, the top face temperature 174 remained
relatively constant at about 60° C., and the vapor pressure
176 likewise held stable at about 106 kPa. At time=40 s, both
of the two piezos 142 associated with the microchannel 104
were switched on. A rapid increase in the vapor pressure 176
was detected within the microchannel 104 1n response to
activation of the piezos 142, increasing from about 106 kPa
to about 120 kPa. However, the top face temperature 174
continued to measure near 60° C. after the piezos 142 were
switched on. At time=180 s, both piezos 142 were switched
olil, and the vapor pressure 176 rapidly fell back toward 106
kPa. The rapid increase in vapor pressure 176 1n response to
activation of the piezos 142 is attributable to an increase 1n
the rate of microbubble nucleation, growth, and detachment
while the liguid flow rate (FIG. 12) downstream of the
condenser and upstream of the inlet 158 stayed constant. The
microbubble nucleation rates are stimulated by the acoustic
waves A_, Ag .. and A . produced by the piezos 142,
which produce the in-plane shear stresses S_and S, and help
to dislodge the microbubbles 172 from the nucleation sites
130, as discussed above. Flow boiling 1s enhanced within the
microchannel 104 and, as a result, more of the cooling fluid
106 undergoes a phase change from liquid to vapor phase.
The increase 1n vapor phase cooling fluud 106 produced
within the microchannel 104 accounts for the increase in
vapor pressure 176 measured by the absolute pressure
transducer 178. The fact that the top face temperatures
remain close to saturated temperature 1s indicative of high
HTC that corresponds to an eflectively very thin time-
average liquid film thickness (associated with At , .. 1n FIG.
19) wetting the boiling surface 126 while the RTD sensor
probe remains, primarily, vapor blanketed (perhaps with
even thinner liquid film coating the probe surface).

With reference to FIG. 10, 1n another test, the microchan-
nel 104 was likewise 1nitially operated with the piezos 142
switched off. At about time=60 s, both piezos 142 were
switched on. At about time=660 s, one piezo 142 was
switched ofl while the other piezo 142 remained on. At about
time=920 s, the remaining active piezo 142 was also
switched ofl. As can be seen in FIG. 10, a rapid increase 1n
vapor pressure 176 was observed coinciding with activation
of both of the piezos 142, from about 105 kPa to about 125
kPa. Upon switching one of the piezos 142 off, the measured
vapor pressure 176 decreased from about 125 kPa to about
115 kPa, but remained higher than the imitial period when
both piezos 142 were switched ofl.

With reference to FIG. 11, multiple tests were conducted
with the microchannel 104 with one or both of the piezos
142 switched on, and while varying the frequency and duty
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cycle of the piezos 142. The results of these tests further
demonstrate additional enhanced potentials and rapid
Increases 1 vapor pressure in response to activation of the
piezos 142. These pressure rises also correspond to signifi-
cant HTC improvements 1n flow boiling performances rela-
tive to flow boiling performed without piezos but still
employing the micro-structured boiling surface. Preliminary
experimental results shown 1 FIG. 20 (which 1s a drniving
temperature difference versus average heat-flux plot) curves
are quite reliable (within £10-20% accuracy 1n drniving
temperature-differences) at heat-flux values 1 the immedi-
ate vicinity of 30 W/cm?. The curves in this vicinity show an
approximate HTC mmprovement of 132% for the micro-
structured boiling surface case over the smooth plane copper
case (which is at about 6277 W/m>-° C.) and a further 287%
HTC improvements for the piezos-actuated cases (reaching
up to 56530 W/m>-° C.) relative to the passive (no piezos
actuation) meshed-copper case). While the trends of the
extrapolated curves are not experimental, they are represen-
tative and are being established.

With reference to FIG. 20, multiple tests were conducted
with the microchannel 104 for a smooth boiling surface with
the piezos 142 switched off, for the micro-structured boiling
surface 126 with the piezos 142 switched off, for the
micro-structured boiling surface 126 with the piezos 142
operating at a first setting, and for the micro-structured
boiling surface 126 with the piezos 142 operating at a second
setting. The results of these tests are provided by FIG. 20 and
demonstrate that both the micro-structured boiling surface
126 and the piezos 142 improve the efliciency of the flow
boiling process and yield higher heat transfer rates g at lower
temperature differences AT.

With some modifications, the flow boiling approach uti-
lizing micro-structuring and piezos-based enhancement of
micro-nucleation rates as described above, can likewise
significantly improve the performances of other pool-boiling
based immersion cooling methods available 1n the market
(e.g. from Iceotope, etc.).

FIG. 12 illustrates an exemplary cooling loop 200 that
incorporates the cooling unit 100. The cooling loop 200 1s
provided as an example of one implementation of the
cooling umt 100, but many other systems are possible for
supplying, removing, and processing the cooling fluid 106
utilized by the cooling unit 100. The exemplary cooling loop
200 1includes a liquid-vapor mixer chamber 202, a condenser
204, a first pump 206, a reservoir 208, a second pump 210,
and a reheat apparatus 212. Cooling flmd 106 exits the
cooling unit 100 via the primary and secondary outlet ports
160, 162 and tlows to the liquid-vapor mixer chamber 202.
From the mixer chamber 202, the cooling fluid 106 1s drawn
through the condenser 204 by the first pump 206, and cooled
to slightly below the saturation temperature of the cooling
fluid 106. The cooled cooling fluid 106 continues from the
condenser 204 to the reservoir 208. The second pump 210
draws the cooling fluild 106 from the reservoirr 208 and
directs 1t toward the cooling unit 100. The second pump 210
also meters the tlow rate of the cooling fluid 106 entering the
cooling unit 100, to maintain a steady state for the flow
boiling process transpiring within the cooling unit 100. The
reheat apparatus 212 (e.g., a rope heater) 1s useful for cases
where condenser exit sub-cooling becomes more than an
allowed value. The reheat apparatus 212 reheats the cooling
fluid 106 as necessary to ensure the cooling tluid 106 enters
the cooling unit 100 at a temperature only slightly below the
saturation temperature (e.g., 2-3° C. subcooled).

FIG. 13 schematically illustrates a server-level cooling
subsystem 300 for cooling multiple microchips supported on
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a server board 302. The server-level cooling subsystem 300
employs multiple cooling units 100 to cool the microchips
supported on the server board 302. The server board 302 can
be 1ncorporated into a server rack 402 (FIG. 15) which, in
turn, can be utilized within a data center 702 (FI1G. 17) for
performing various computing operations (e.g., machine
learning applications, cloud computing, big data, internet of
things, artificial intelligence, etc.). The server-level cooling
subsystem 300 includes, 1n addition to the cooling units 100,
a server supply liquid line 304 for supplying cooling fluid
106 to the cooling umts 100. The server-level cooling
subsystem 300 also includes a first or liquid server return
line 306 for carrying away the (primarily liquid phase)
cooling fluid 106 from the primary outlet ports 160 of the
cooling units 100. The server-level cooling subsystem 300
turther 1includes a second or vapor server return line 308 for
carrying away the (primarily vapor phase) cooling fluid 106
from the secondary outlet ports 162 of the cooling units 100.

FIG. 14 schematically illustrates a rack-level cooling
subsystem 400 for cooling multiple server boards 302 incor-
porated into the server rack 402. The rack-level cooling
subsystem 400 employs multiple server-level cooling sub-
systems 300 associated with multiple server boards 302. For
purposes of illustration, three server boards 302 are shown
in FIG. 14, but more server boards are also contemplated 1n
accordance with well-known data center server rack con-
figurations. The rack-level cooling subsystem 400 includes
a supply manifold 404, a first or liquid return manifold 406,
and a second or vapor return manifold 408. A primary supply
line 410 supplies liquid cooling fluid 106 to the supply
manifold 404, and multiple server liquid supply lines 304
extend between the supply manifold and each respective
server-level cooling subsystem 300 to carry liquid cooling
fluid 106 from the supply manifold 404 to each respective
server-level cooling subsystem 300. Multiple liquid server
return lines 306 carry (at least partly) liquid phase cooling,
fluid 106 away from each server-level cooling subsystem
300 to the liquid return manifold 406. The cooling fluid 106
exits the liquid return manifold 406 through a primary return
line 412. Similarly, multiple vapor server return lines 308
carry primarily vapor phase cooling fluid 106 away from
cach server-level cooling subsystem 300 to the vapor return
manifold 408. The cooling fluid 106 exits the vapor return
manifold 408 through a secondary return line 414.

FIG. 15 illustrates a server rack cooling loop 500 for
circulating and removing heat from the cooling fluid 106
that flows through the server-level cooling subsystem 300 to
cool the server rack 402. In the 1llustrated embodiment, the
server rack cooling loop 500 includes the server-level cool-
ing subsystem 300 (employing multiple server-level cooling
subsystems 300 each utilizing one or more cooling units
100), and a cooling distribution unit (CDU) 502. The CDU
502 receives heated and substantially vaporized cooling
fluid 106 from the rack-level cooling subsystem 400 via the
primary and secondary return lines 412, 414 and supplies
subcooled cooling fluid 106 to the rack-level cooling sub-
system 400 via the primary supply line 410. The CDU 502
includes a liquid-vapor mixer chamber 504, a heat
exchanger 506, one or more pumps 308, and a rcheat
apparatus 510 (for occasional use as necessary). A data
center cooling line 3512 1s fluidly coupled to the heat
exchanger 506 to carry away heat from the cooling fluid 106.
In some embodiments, the data center cooling line 512 1is
part of a heat recovery system 800 (FIGS. 17, 18A and 18B)
that 1s fluidly connected to the heat exchanger 506 (FIGS.
18A and 18B) to draw away heat from the cooling fluid 106.

The reheat apparatus 510 reheats the cooling fluid 106, as
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necessary, to ensure that the cooling fluid 106 1s supplied to
the rack-level cooling subsystem at a temperature just below
the saturation temperature.

FIG. 16 1illustrates a block diagram of an exemplary
control system 600 associated with the server rack cooling
loop 500 that includes the cooling units 100. The control
system 600 includes a controller 150 that 1s electrically or
otherwise communicatively connected to modules or com-
ponents of the server rack cooling loop 500. For example,
the 1llustrated controller 150 1s connected to pumps 508, the
reheat apparatus 510, a power supply module 602, a com-
munications module 604, and one or more cooling umnit
modules 606 associated with the cooling units 100. Each
cooling unit module 606 can include one or more tempera-
ture sensors 608 (e.g., the first temperature sensor 146, the
second temperature sensor 148, the inlet temperature sensor
180, ectc.), one or more pressure sensors 610 (e.g., the
absolute pressure transducer 178, etc.), and the piezos 142.

The controller 150 (FIG. 16) can include any suitable
combination of hardware and software that 1s operable to,
among other things, control the operation of the server rack
cooling loop 500 and the piezos 142. The exemplary con-
troller 150 includes a plurality of electrical and electronic
components that provide power, operational control and, 1n
some cases, protection to the components and modules
within the controller 150 and/or the server rack cooling loop
500. For example, the controller 150 can include, among
other things, a processing unit 612 (e.g., a microprocessor,
a microcontroller, or another suitable programmable device)
and a memory 614, and 1n some embodiments can be
implemented partially or entirely on a semiconductor (e.g.,
a field-programmable gate array (“FPGA™)) chip, such as a
chip developed through a register transfer level (“RTL”)
design process.

The processing unit 612 can be connected to the memory
614 for execution of software instructions that are capable of
being stored in the memory 614. Software included 1n some
implementations of the server rack cooling loop 500 can be
stored 1n the memory 614 of the controller 150. In some
embodiments, the controller 150 1s configured to retrieve
from memory and execute, among other things, instructions
related to the control processes and methods described
herein. As will be appreciated, the controller 150 can include
additional, fewer, or diflerent components.

The 1llustrated communications module 604 1s configured
to connect to and communicate with other devices (e.g., a
computer, a database, another server rack cooling loop, etc.)
through a network 616. The connections between the com-
munications module 604 and the network 616 can be, for
example, wired connections, wireless connections, or any
combination of wireless and wired connections.

The controller 150 (FIG. 16) receives temperature and
pressure information from the temperature sensors 608 and
the pressure sensors 610 of the cooling unit module 606, and
based on that information, executes instructions to maintain
desired flow boiling parameters within the cooling unaits 100.
Specifically, the controller 150 can increase or decrease
pump speeds of the pumps 508, activate or deactivate the
reheat apparatus 510, and control operation of the piezos 142
as needed. The instructions can be pre-loaded to the con-
troller 150, or communicated to the controller via the
communications module 604.

As discussed above, the piezos 142 are excited to their
natural frequency fp:(&‘[pI.E,E.ﬂ)_1 (about 1 MHz in the dis-
closed embodiment). To control the operation of the pei1zos
142, the controller 150 imposes a tunable “on/ofl” modula-
tion signal over the natural resonant signal at which the
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piezos 142 are excited. The modulation signal produced by
the controller 150 1s a square wave having a period At_ +
At, - and a modulation frequency 1, ~(At, +,ﬁtﬂﬁ)"l The on
and ofl time periods At,, and At . are adjusted by the
controller 150 to tune the modulatlon frequency 1,, and the
energy associated with the modulation signal. The adjust-
ments to At and At_. by the controller 150 determine the
resultant acoustic waves A, ., A_,, and A, ., generated by
the piezos 142 and introduced into the microchannels 104.
As discussed above, the acoustic waves A, . A_,and Ay
induce resonance with the “in-plane” natural frequencies of
the micro-structured boiling surface 126, frequencies asso-
ciated with aggregate microbubble ebullition cycles on the
boiling surface 126, and suitable hydrodynamic acoustic
force frequencies that act on the microbubbles when formed
within the cooling fluid 106.

The adjustments to At and At_ by the controller 150 are
made 1n response to various input signals received from the
sensors monitoring operation of the cooling unit 100 and the
associated cooling loop 200. For example, the inputs may
include temperature and pressure information from the tem-
perature sensors 608 and the pressure sensors 610 as dis-
cussed above, inlet and outlet mass flow rates, calculated
average heat-flux impositions from the heat source 102, inlet
and outlet qualities of the cooling fluid 106, etc., and any
combinations thereol. Based on the feedback from the input
signals, the controller 150 can execute 1nstructions to per-
form the adjustments to At_, and At_, according to control
methods generally known 1n the art (e.g., PID loop control
techniques, machine learning processes, etc.), in order to
achieve the desired enhanced flow boiling cooling results
described above (as indicated by, e.g., the characteristic
pressure rise mside the microchannels 104 discussed above).

FIG. 17 illustrates one configuration of a data center
energy system 700 for providing power and thermal man-
agement to the data center 702. The data center 702 1mple-
ments the flow boiling server rack cooling systems described
above. In the illustrated embodiment, the data center energy
system 700 includes an on-site mini-combine cycle power
plant (min1-CCPP) 704 provided locally at a site location of
the data center 702 for generating electrical power supplied
to the data center 702. The mim-CCPP 704 includes micro
gas turbines (MG'Ts) 706 to generate a primary supply of
clectrical power from a fuel source, and one or more organic
Rankine Cycle turbines (ORCs) 708 to generate a secondary
supply of electrical power from recovered thermal energy.
The data center energy system 700 also includes a site
substation 710 that receives electrical power from an energy
orid 712, and transformers 714 for transferring the electrical
power Irom the site substation 710 and from the mini-CCPP
704 to the data center 702. As shown in FIG. 17, during
periods of low power usage, the mim-CCPP 704 can also
supply electrical power to the energy grid 712. The data
center energy system 700 also includes a heat recovery
system 800 that recaptures thermal energy generated by the
server racks 402, and by the MGTs 706. The heat recovery
system 800 delivers the recovered thermal energy to the
ORCs 708 to produce the secondary supply of electrical
power (e.g., for recycled use 1n powering the data center
702, or for returning to the energy grid 712).

FIG. 18A illustrates the heat recovery system 800 in
turther detail. For purposes of illustration, the heat recovery
system 800 1s shown coupled to a single server rack cooling
loop 500 1n FIG. 18A, but the system 716 can be scaled to
serve multiple server rack cooling loops 500 by means
generally known 1n the art. The heat recovery system 800
includes a heat recovery vapor generator (HRVG) 802, a
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condenser 804, and a pump 806 in fluid communication with
the ORC 708 and the heat exchanger 506 of the server rack
cooling loop 500. The heat recovery system 800 circulates
an organic fluid (e.g., 1sopentane) within a closed heat
recovery loop 808 that includes the HRVG 802, the con-
denser 804, the pump 806, and the heat exchanger 506. The
HRVG 802 1s further coupled to the MGTs 706 to receive
exhaust gases therefrom. The HRVG 802 raises the heat
recovery level by raising the “work potential” of the lower
grade heat available from the data center 702.

In operation, the heat recovery system 800 circulates the
organic fluid through the closed heat recovery loop 808 by
operation of the pump 806. The organic fluid, in liquid
phase, passes through the heat exchanger 506 and receives
heat from the cooling fluid 106 circulating through the
server rack cooling loop 500. The organic fluid exits the heat
exchanger 506 and passes through the HRVG 802, where the
organic fluid 1s further heated by the exhaust gases coming
from the MGTs 706 and transitions to vapor phase. The
vapor phase organic fluid then continues to the ORC 708,
which harvests energy from the organic tluid to generate the
secondary electrical power supply. From the ORC 708, the
organic fluid passes to the condenser 804 and transitions
back to liquid phase.

FIG. 18B illustrates another embodiment of the heat
recovery system 800. In the embodiment of FIG. 18B, the
heat recovery system 800 further includes a battery stack
810 that stores electrical energy generated by the MGTs 706
and by the ORC 708. The battery stack 810 selectively
supplies electrical power to the data center 702. In the
embodiment of FIG. 18B, the MGTs 706 are no longer the

primary power supply—and the power supply 1s a mix of the
battery stack 810, the (relatively smaller in kWs) MGTs 706,
the ORC 708, and a solar device 812 for partially chargmg
the battery stack 810. The heat recovery system of FIG. 18B
1s also able to significantly reduce grid power consumption
(thereby cutting operational costs), cut fossil fuel uses, and
increase uses of renewables. In fact, depending on local
needs and fuel availabilities, the small MGTs 706 in FIG.
18B can be eliminated in some embodiments by replacing
the HRVG 802 by a burner-fired HRVG version that can be
procured through suitable vendors. The numerical values
identified within FIGS. 18A-18B are exemplary in nature
and other values for other heat recovery systems 800 may be
observed or designed for in other systems 800.

The above disclosure uniquely enables chip to server to
rack to data center level cooling and waste heat recovery as
per discussions for illustrations i FIGS. 1A-20. This leads
to performance and economic superiority over the latest
liguid cooling technologies (mostly using single-phase
water) 1 the market.

Immersion cooling techmques (pool boiling based) uti-
lized 1n the market are not discussed, but a person having
ordinary skill in the art can readily apply and adapt micro-
structures and piezos enhanced tlow-boiling approaches
described herein to pool boiling systems and system com-
ponents to significantly improve immersion cooling tech-
nologies as well.

In flow through the channels 1n flow-boiling, besides the
boiling-surface process innovations discussed here, the flow
1s needed for two reasons: (1) liquid supply rate 1s needed to
be greater than vapor generation rate, and (11) both the vapor
generated and surplus liquid need to be forced out of the exat
of the channels. Pool boiling simply retains the boiling-
surface process 1nnovations discussed here and (1) the stag-
nant liquid pool automatically tunes liquid supply (by grav-
ity) rate to be equal to the vapor generation rate at the
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boiling-surface, as well as (11) it automatically removes the
vapor from the boiling-surface by upward buoyancy induced
motions (with the vapor eventually being moved out of the
reservoir’s free-surface on to a condenser and then fed back
into the reservoir). Therefore microstructures and piezos
enhanced pool-boiling approach for immersion cooling is
also contemplated herein.

The foregoing detailed description of the certain exem-
plary embodiments has been provided for the purpose of
explaining the general principles and practical application,
thereby enabling others skilled in the art to understand the
disclosure for various embodiments and with various modi-
fications as are suited to the particular use contemplated.
This description 1s not necessarily intended to be exhaustive
or to limit the disclosure to the exemplary embodiments
disclosed. Any of the embodiments and/or elements dis-
closed herein may be combined with one another to form
various additional embodiments not specifically disclosed.
Accordingly, additional embodiments are possible and are
intended to be encompassed within this specification and the
scope of the appended claims. The specification describes
specific examples to accomplish a more general goal that
may be accomplished 1n another way.

As used in this application, the terms “front,” “rear,
“upper,” “lower,” “upwardly,” “downwardly,” and other
orientational descriptors are intended to {facilitate the
description of the exemplary embodiments of the present
disclosure, and are not intended to limit the structure of the
exemplary embodiments of the present disclosure to any
particular position or orientation. Terms of degree, such as
“substantially” or “approximately” or “about” are under-
stood by those of ordinary skill to refer to reasonable ranges
outside of the given value, for example, general tolerances
or resolutions associated with manufacturing, assembly, and
use of the described embodiments and components.

Although the disclosure has been described in detail with
reference to certain preferred embodiments, variations and
modifications exist within the scope and spirit of one or
more independent aspects of the disclosure as described.

Clause 1: a cooling module for an electronic device, the
cooling module comprising: a body having formed therein a
plurality of channels, each channel of the plurality of chan-
nels defined by a first channel surface and opposing lateral
channel surfaces cooperatively defining a rectangular cross
section normal to a channel axis; a micro-structured boiling
surface positioned adjacent the first channel surface of each
channel; a piezoelectric transducer in acoustic communica-
tion with one of the opposing lateral channel surfaces of
cach channel and configured to direct acoustic waves on the
micro-structured boiling surface; an inlet header mn fluid

communication with each channel of the plurality of chan-
nels; and an outlet header in fluid communication with each
channel of the plurality of channels.

Clause 2: the cooling module of clause 1, wherein the
distance between opposing lateral channel surfaces of each
channel 1s greater than 6 mm.

Clause 3: the cooling module of clause 1, wherein the
micro-structured boiling surface 1s a micro-structured mesh.

Clause 4: the cooling module of clause 3, wherein the
micro-structured mesh 1s formed from copper.

Clause 5: the cooling module of clause 1, wherein the
piezoelectric transducer 1s a {first piezoelectric transducer
and including a second piezoelectric transducer in acoustic
communication with the other opposing lateral channel
surface.
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Clause 6: the cooling module of clause 5, wherein the first
and second piezoelectric transducers are transverse mode
piezoelectric transducers having a resonant frequency 1, of
about 1 megahertz (MHz).

Clause 7: The cooling module of clause 5, wherein the
first and second piezoelectric transducers are transverse
mode piezoelectric transducers having a resonant frequency
(1,), and further including a controller configured to provide
a range of acoustic modulating frequencies (1,,) resulting
trom signals of modulating strengths available at t, and
t, .01, where “n=1" 1s an integer.

Clause 8: the cooling module of clause 5, wherein the first
and second piezoelectric transducers are configured, when a
cooling flmd 1s flowing within the channel, to introduce
acoustic waves suflicient to induce resonance of the micro-
structured boiling surface.

Clause 9: the cooling module of clause 7, wherein the
outlet header includes a primary outlet port and a secondary
outlet port, the secondary outlet port configured to receive a
liquid-vapor mixture of the cooling fluid.

Clause 10: the cooling module of clause 1, wherein the
cooling module 1s mountable on a microchip for thermal
communication therewith.

Clause 11: the cooling module of clause 1, wherein each
channel has a length along the channel axis no greater than
6 cm.

Clause 12: a method of cooling an electronic device, the
method comprising: passing a heat transfer fluid through one
or more channels formed in a cooling module body, each
channel defined by a first channel surface and lateral channel
surfaces and further including a micro-structured boiling
surface adjacent the first channel surface; and energizing a
piezoelectric transducer in acoustic communication with one
of the lateral channel surfaces of each channel to direct 1in
plane acoustic waves on the micro-structured boiling surface
and 1ts vicinity to facilitate formation of microbubbles
within the heat transfer fluid at microbubble nucleation sites
on the micro-structured boiling surface.

Clause 13: the method of clause 12, wherein passing the
heat transfer fluid through one or more channels means
passing a subcooled heat transfer tfluid through one or more
channels.

Clause 14: the method of clause 13, wherein the sub-
cooled heat transfer fluid 1s within 3° C. of 1ts saturation
temperature.

Clause 13: the method of clause 12, wherein energizing a
piezoelectric transducer coupled to one of the lateral channel
surfaces of each channel to direct in plane acoustic waves on
the micro-structured boiling surface means energizing the
piezoelectric transducer to its natural 1 MHz frequency (1)
and thereafter imposing and tuning modulating frequencies
(1,,) associated with an on-ofl mechamism of the controller
resulting 1n acoustic energy 1n a modulating frequency range
of 1-2000 Hz.

Clause 16: the method of clause 12, wherein energizing a
piezoelectric transducer coupled to one of the lateral channel
surfaces of each channel to direct acoustic waves toward the
micro-structured boiling surface means energizing the
piezoelectric transducer to a frequency of between 1 and
2000 Hz.

Clause 17: A controller for a server rack cooling loop for
cooling a plurality of electronic devices, the controller
comprising: a processor configured to recerve mputs of a
cooling loop temperature and pressure, determine desired
flow boiling parameters of the cooling loop, and transmit
signals to a piezoelectric transducer in acoustic communi-
cation with a flow channel of the cooling loop that i1s 1n
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thermal communication with an electronic device, the sig-
nals configured to operate the piezoelectric transducer to
resonate a micro-structured boiling surface positioned
within the flow channel.

Various features of the disclosure are set forth in the
following claims.

What 1s claimed 1s:

1. A cooling module for an electronic device, the cooling
module comprising:

a body having formed therein a plurality of channels, each
channel of the plurality of channels defined by a first
channel surface positioned between opposing lateral
channel surfaces to define a rectangular cross section
normal to a channel axis:

a micro-structured boiling surface positioned adjacent the
first channel surface of each channel;

a first piezoelectric transducer 1n acoustic communication
with one of the opposing lateral channel surfaces of
cach channel and a second piezoelectric transducer 1n
acoustic communication with the other opposing lateral
channel surface, each transducer configured to direct
acoustic waves on the micro-structured boiling surface;

an 1nlet header in fluild communication with each channel
of the plurality of channels; and

an outlet header in fluid communication with each chan-
nel of the plurality of channels,

wherein the first and second piezoelectric transducers are
transverse mode piezoelectric transducers having a
resonant frequency (1,), and further including a con-
troller configured to provide a range of acoustic modu-
lating frequencies ({1, /) to the transducers resulting from
signals of modulating strengths available at {, and
t, -1y, where “n=1" 1s an integer.

2. The cooling module of claim 1, wherein a distance
between the opposing lateral channel surfaces of each chan-
nel 1s greater than 6 mm.

3. The cooling module of claim 1, wherein the micro-
structured boiling surface 1s a micro-structured mesh.

4. The cooling module of claim 3, wherein the micro-
structured mesh 1s formed from copper.

5. The cooling module of claim 1, wherein the first and
second piezoelectric transducers are configured, when a
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cooling flmd 1s flowing within the channel, to introduce
acoustic waves suilicient to mnduce resonance of the micro-
structured boiling surface.

6. The cooling module of claim 1, wherein the outlet
header includes a primary outlet port and a secondary outlet
port, the secondary outlet port configured to receive a
liguid-vapor mixture of the cooling flud.

7. The cooling module of claim 1, wherein the cooling
module 1s mountable on a microchip for thermal commu-
nication therewith.

8. The cooling module of claim 1, wherein each channel
has a length along the channel axis no greater than 6 cm.

9. A method of cooling an electronic device, the method
comprising;

passing a heat transter fluid through one or more channels

formed 1n a cooling module body, each channel defined
by a first channel surface and lateral channel surfaces
and further including a micro-structured boiling surface
adjacent the first channel surface; and

energizing a piezoelectric transducer 1in acoustic commu-

nication with one of the lateral channel surfaces of each
channel to direct 1n plane acoustic waves on the micro-
structured boiling surface and its vicinity to facilitate
formation of microbubbles within the heat transter fluid
at microbubble nucleation sites on the micro-structured
boiling surface,

wherein energizing the piezoelectric transducer 1n acous-

tic communication with one of the lateral channel
surfaces of each channel to direct in plane acoustic
waves on the micro-structured boiling surface means
energizing the piezoelectric transducer to 1its natural 1
MHz trequency (1) and thereafter imposing and tuning
modulating frequencies (1,,) associated with an on-ofl
mechanism of the controller resulting in acoustic
energy 1n a modulating frequency range of 1-2000 Hz.

10. The method of claim 9, wherein passing the heat
transter fluid through one or more channels means passing
a subcooled heat transfer fluid through the one or more
channels.

11. The method of claim 10, wherein the subcooled heat
transier fluid 1s within 3° C. of 1ts saturation temperature.
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