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Disclosed are methods and apparatuses for cooling a work
piece surface using two-phase impingement, such as direct jet
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impingement. Preferred methods include flowing a coolant
through a chamber comprising a surface to be cooled by
projecting a jet stream of coolant against the surface while
maintaining pressure 1n the chamber to permait at least a por-
tion of coolant contacting the surface to boil. Preferred appa-
ratuses include a chamber comprising the surface and tubular
nozzles configured to project a stream of coolant against the
surface, a pump for forcing coolant through the tubular
nozzles, a pressurizer for maintaining an appropriate pressure
in the chamber, and a heat exchanger for cooling the coolant
exiting the chamber. The apparatuses may further include a
pressure regulator for detecting changes 1n temperature of the
coolant exiting the chamber and communicating with the
pressurizer to adjust the maintained pressure accordingly.
The methods and apparatuses disclosed herein provide for
elfective and efficient cooling of work piece surfaces.
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HIGH EFFICIENCY THERMAL
MANAGEMENT SYSTEM

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0001] This invention was made with government support
under N0O0014-09-D-0738 awarded by the NAVY/ONR. The
government has certain rights 1n the imvention.

FIELD OF THE INVENTION

[0002] The present invention 1s directed to methods and
apparatuses for cooling work pieces such as processors or
other electronic devices.

BACKGROUND

[0003] Methods for maintaining electronic devices within a
safe and desirable operating temperature range have been a
topic of research since the invention of the transistor.

[0004] Maintaining such a temperature range 1s a challeng-
ing problem that 1s only increasing in importance and difi-
culty as semiconductor technology continues to progress.
State of the art microprocessors easily produce more than 40
W of thermal energy per square centimeter of the microchip
surtace. Power electronics can attain heat densities three
times this level.

[0005] In addition to the requirement to manage such high
heat intensity, there 1s a need to remove the thermal energy
cificiently, both 1n terms of energy expended and space
required. According to the Department of Energy, approxi-
mately 3% of electricity used in the United States 1s devoted
to powering data centers or computer facilities. Approxi-
mately half of this electricity goes toward power conditioning,
and cooling. Increasing the etficiency of cooling would lead
to dramatic savings 1n energy. More efficient cooling 1s also
needed 1n transportation systems due to the rapidly increased
adoption of hybrid and electric vehicles. More etfficient cool-
ing of the electronic systems in these vehicles translates into
increased range and utility of the vehicles.

[0006] The majority of computer systems are currently
cooled using air that 1s forced through a series of extended
metal surfaces coupled to microchips or other electronic work
pieces. However, these systems are inherently limited in
terms of their performance and efficiency. Due to the very low
volumetric heat capacity of air, a large volume of air flow 1s
required to remove the heat load of even one processor. A
recommended value 1s 5 to 10 cubic feet per minute (cim) per
100 W of heat load. This equates to the equivalent of two air
conditioning systems sized for a typical U.S. house being
required to cool a rack of computers. A typical data center
may have several hundred of these racks.

[0007] Furthermore, air-cooled systems are not only inet-
ficient 1n themselves but also cause the electronics they cool
to operate less efficiently. Because of the low thermal capac-
ity of air, fully utilized microprocessors operate at or near the
maximum rated temperature. Reducing the temperature of
microprocessors can save at least 25% of the energy they
consume at the same level of utilization.

[0008] Numerous liquid cooling schemes have been imple-
mented to address some of the problems associated with air
cooling. A majority rely on using water that flows through
channels defined by fins, wherein the fins are indirectly
coupled to a work piece via ametal base plate, a thermal paste,
and a direct bond metal such as copper. This approach can be
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cifective. However, the intervening maternials between the
water and the work piece induce significant thermal resis-
tance, which reduces the efliciency of the system. In addition
to the thermal resistance, the intervening materials add to the
cost and time of manufacture, constitute additional points of
failure, and provide possible disposal 1ssues. Finally, the
intervening materials render the system unable to efficiently
deal with local hot spots on a work piece. The entire system
must be designed to accommodate the maximum anticipated
heat load of one or a few localized hot spots.

[0009] Further improvements have been made to liquid-
cooled systems by using a coolant other than water. Dielectric
coolants can come into direct contact with the electronic
devices and not harm them. Use of such dielectric coolants
permits eliminating a significant amount of thermal interface
material from the system. However, the dielectric coolants are
less efficient coolants than water. More aggressive cooling
techniques are therefore required to achieve the necessary
performance.

[0010] One approach with dielectric coolants includes
direct spray impingement, in which atomized liquid coolant 1s
sprayed directly on a work piece surface through air or vapor.
However, spray cooling 1s limited by several factors. First,
spray cooling requires a significant working volume to enable
the atomized sprays to form. Second, atomizing the liquid
requires a significant amount of pressure upstream of the
atomizer to generate an appropriate pressure drop at the atom-
1zer-air interface to enable atomized sprays to form. Main-
taining this amount of pressure consumes a significant
amount ol energy. Third, high flow rates are required to pre-
vent critical heat flux, wherein evaporation of coolant on the
surface prevents atomized liquid from reaching the surface. In
the end, 1t has proven difficult to design a practical, compact
spray cooling system, despite the large amount of effort that
has been expended to do so.

[0011] Another approach 1s to use direct jet impingement,
wherein streams of liquid are projected through a liquid
medium and impinge directly on a work piece surface. While
impinging jets are known to have notable heat transier per-
formance, impinging jet systems have problems of scalabil-
ity. To achieve high heat transfer over a large area, arrays of
jets must be used. The use of arrays 1n conventional direct jet
impingement systems, however, 1s problematic. Opposing
surface flow of fluid from neighboring jet streams induces
stagnant regions on the surface. The heat transfer perfor-
mance in these stagnant regions can drop to nearly zero.
Furthermore, conventional jet impingement systems use
nozzles that are part of a large, flat nozzle plate. As fluid from
jet streams impinging on the surface flow from the center of
the plate flows outward, 1t can have enough momentum to
completely deflect the outermost jets, preventing them from
impinging on the heated surface. As a result of these factors,
conventional impinging jet systems are limited 1n size.
[0012] Efficient, scalable methods and devices for cooling
surfaces of work pieces are needed.

SUMMARY OF THE INVENTION

[0013] The present invention 1s directed to methods and
devices for cooling a work piece surface using two-phase,
direct impingement, such as direct jet impingement.

[0014] One aspect of the invention comprises an apparatus
for cooling a surface. A preferred apparatus comprises at least
one chamber with the surface exposed therein. The chamber
comprises at least one inlet and an outlet and 1s configured for
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flowing fluid therethrough by entering through the inlet 1n a
stream projected against the surface and exiting through the
outlet. The apparatus further comprises a pump in fluid com-
munication with the inlet. The pump 1s configured to project
a stream of fluid through the inlet into the chamber and
against the surface. The apparatus also comprises a pressur-
izer 1n flud communication with the chamber. The pressur-
1zer 1s configured to maintain a fluid pressure in the chamber.
[0015] The apparatus may further comprise a coolant that
f1lls the chamber and 1s 1n contact with the surface. At least a
portion of the coolant 1n contact with the surface has a tem-
perature approximately equal to the saturation temperature of
the coolant.

[0016] The apparatus may also further comprise a heat
exchanger in fluild communication with the outlet of the
chamber. The heat exchanger 1s configured to cool fluid exit-
ing from the outlet.

[0017] The apparatus may also further comprise a pressure
regulator. The pressure regulator preferably includes a device
configured to detect the temperature of fluid exiting from the
outlet such that the pressure regulator communicates with the
pressurizer to adjust the maintained pressure upon a detected
change 1n temperature. In one version, the device 1s config-
ured to detect the temperature of fluid exiting from the outlet
directly. In another version, the device 1s configured to detect
the temperature of fluid exiting from the outlet indirectly, by
detecting the temperature of heat-exchanged external cooling
fluid used to cool the coolant exiting from the outlet.

[0018] The apparatus may further comprise at least a sec-
ond chamber with a second surface exposed therein. The
second chamber comprises a second 1nlet and a second outlet
and 1s configured for flowing fluid therethrough. The second
inlet 1s 1n fluid commumnication with the pump and the second
outlet 1s 1n fluid communication with the pressurizer.

[0019] The inlet of the apparatus preferably comprises at
least one tubular nozzle extending into the chamber. The
tubular nozzle 1s configured to project a stream of fluid at the
surface. The tubular nozzle 1s preferably configured to project
a stream of fluid having a central axis oriented non-perpen-
dicularly with respect to the surface. The tubular nozzle pret-
erably has a central axis that 1s collinear with the central axis
of the stream of fluid that the tubular nozzle 1s configured to
project.

[0020] The inlet of the apparatus preferably comprises an
array of tubular nozzles. Each tubular nozzle 1n the array 1s
preferably configured to project a stream of flmd having a
central axis oriented non-perpendicularly with respect to the
surface. Each tubular nozzle 1n the array preferably has a
central axis that 1s collinear with the central axis of each
respective stream of fluid that the tubular nozzle 1s configured
to project.

[0021] Another aspect of the invention comprises a method
of cooling a surface. A preferred method comprises flowing a
coolant through a chamber with the surface exposed therein.
The coolant 1s introduced through an inlet of the chamber and
drained through an outlet of the chamber. Introducing the
coolant through the inlet includes projecting a stream of cool-
ant, preferably ajet stream of coolant, against the surface. The
method further comprises maintaining pressure in the cham-
ber wherein at least a portion of liquid coolant 1n the chamber
evaporates.

[0022] The method preferably comprises cooling coolant
draining from the outlet to below a saturation temperature of
coolant 1n the chamber.
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[0023] The method may also further comprise detecting
temperature of coolant draining from the outlet and adjusting
the pressure in the chamber 1n response to the detected tem-
perature. In one version, the temperature of the coolant exit-
ing from the outlet 1s detected directly. In another version, the
temperature of coolant exiting from the outlet 1s detected
indirectly by detecting the temperature of heat-exchanged

external cooling fluid used to cool the coolant exiting from the
outlet.

[0024] The step of introducing the coolant through the inlet
preferably includes forcing the coolant through at least one
tubular nozzle that extends into the chamber.

[0025] Thestep of projecting a stream of coolant against the
surface preferably includes projecting a stream having a cen-
tral axis oriented non-perpendicularly with respect to the
surface. More preferably, an array of streams 1s projected
against the surface. Each stream 1n the array preferably has a
central axis oriented non-perpendicularly with respect to the
surface. Each stream 1n the array 1s also preferably projected
from a tubular nozzle having a central axis that 1s collinear
with the central axis of the stream.

[0026] In a preferred version, coolant contacting the sur-
face flows across the surface 1n a substantially same direction.
The array of streams contact the surface in an array of contact
points organized 1n columns and rows. The columns are ori-
ented perpendicularly with respect to the substantially same
direction and the rows are oriented in parallel with respect to
the substantially same direction. In this manner, a given con-
tact point in a given row and column does not have a corre-
sponding contact point in a neighboring row 1n the given
column or a corresponding contact point 1n a neighboring
column 1n the given row.

[0027] The apparatuses and methods described herein pro-
vide many advantages over conventional cooling systems.
The jet array employed 1n the present two-phase impinge-
ment system removes more thermal energy per unit of fluid
flow and temperature difference than a single-phase impinge-
ment system. The two-phase system also maintains tempera-
ture uniformity better than a single-phase cooling system due
to the phase change behavior. The non-perpendicularly
angled tubular nozzles that impinge coolant streams non-
perpendicularly on a surface offer optimum fluid flow and
heat transter compared with other heat transfer technologies,
provide for more ellicient use of coolant compared with per-
pendicularly oriented jet nozzles, allow for a more compact
package, and provide for arrays of jets to be scaled to cover
larger areas compared with jets and sprays embedded 1n a flat
plate. The chambers described herein are much more compact
than 1n spray cooling systems and require a much lower
pressure drop across the inlet, leading to lower required
pumping power. The system described herein does not
require the use of a thermal interface material that a cold plate
or other liquid-cooled heat sink might require, saving expense
and lowering the environmental impact; does not require
modification of the heated surface as micro-channel heat
exchangers might require; and automatically manages arbi-
trarily located “hot spots™ or regions of non-uniform thermal
energy generation through locally enhanced evaporation.

[0028] The objects and advantages of the mvention will
appear more fully from the following detailed description of
the preferred embodiment of the invention made 1n conjunc-
tion with the accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0029] FIG. 1 depicts a schematic of an apparatus of the
present ivention for cooling a work piece surface.

[0030] FIG. 2 depicts a side elevation cutaway view a
chamber of the present invention comprising tubular nozzles
directed non-perpendicularly at the surface and projecting a
stream non-perpendicularly against the surface.

[0031] FIG. 3 depicts a top cutaway view of a portion of an
array of tubular nozzles as taken from line 3 in FIG. 2.
[0032] FIG. 4 depicts a top plan view of a surface upon
which an array of streams impinges non-perpendicularly.
[0033] FIG. S5A depicts a chamber with coolant having a
saturation temperature above the temperature of the coolant
such that the coolant 1s not induced to vaporize.

[0034] FIG. 3B depicts a chamber with coolant having a
saturation temperature at about the temperature of the coolant
such that the coolant 1s induced to partially vaporize.

DETAILED DESCRIPTION OF THE INVENTION

[0035] One aspect of the present invention mvolves cooling
a surface with a liqud coolant wherein the coolant at least
partially undergoes a phase change to a vapor at the surface.
This 1s achieved by generating a flow of coolant at a pressure
such that coolant contacting the surface reaches 1ts saturation
temperature for that pressure and thereby at least partially
undergoes a phase change into a vapor (i.e., evaporates).
Cooling 1n this manner both provides efficient thermal energy
dissipation and automatically resolves 1ssues with hot spots,
as 1s discussed below.

[0036] As used herein, the general term “coolant” refers to
any fluid capable of undergoing a phase change from liquid to
vapor or vice versa at or near the operating temperatures and
pressures of an apparatus as described herein. The term refers
herein to the fluid 1n the liquid phase, the vapor phase, and
mixtures thereol. A number of coolants may be selected for
use within the apparatus described herein depending on cost
and level of optimization desired. Non-limiting examples
include water, HFE-7000, R-2451a, FC-72, and FC-40. Other
coolants are known 1n the art. Water 1s readily abundant and
inexpensive. However, 1t does not change phase at a low
temperature (such as 40° C. or 50° C.) without operating at
very low pressures that can be difficult to maintain. In addi-
tion, water as a coolant requires a number of additives and
absorbs a range of matenals from the surfaces with which 1t
comes 1nto contact. During phase change, these materials
may come out of solution, causing fouling or other issues.
Theretore, 1t 1s preferred that a pure dielectric fluid, such as
HFEFE-7000 or R-2451a, 1s used as a coolant. Such coolants are
preferably used 1n direct contact with the processor package
or surface. This eliminates the requirement for thermal 1nter-
ference materials between the coolant and the work piece to
be cooled and thereby eliminates their associated resistances.

[0037] Some versions of the invention comprise maintain-
ing coolant surrounding a surface at a pressure that estab-
lishes its saturation temperature to be slightly above the tem-
perature of streams of coolant projected at the surface. As
used herein, “maintaining” means holding at a constant value
over a period of time. “Coolant surrounding a surface™ refers
to a steady state volume of coolant immediately surrounding,
and 1n contact with a surface, excluding streams of coolant
projected directly at the surface. “Saturation temperature™ 1s
used herein as 1s 1t 1s commonly used 1n the art. The saturation
temperature 1s the temperature for a given pressure at which a
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liquid 1s in equilibrium with 1ts vapor phase. If the pressure 1n
a system remains constant (1sobaric), a liquid at saturation
temperature evaporates 1nto its vapor phase as additional
thermal energy (heat) 1s applied. Stmilarly, a vapor at satura-
tion temperature condenses nto its liquid phase as thermal
energy 1s removed. The saturation temperature can be
increased by increasing the pressure in the system. Con-
versely, the saturation temperature can be lowered by
decreasing the pressure 1n the system. In specific versions of
the 1nvention, a saturation temperature “slightly above™ the
temperature of streams ol coolant projected at the surface
refers to a saturation temperature of about 0.5° C., about 1°
C., about 3° C., about 5° C., about 7° C., about 10° C., about
15° C., or about 20° C. above the temperature of coolant
projected against the surface. Establishing a saturation tem-
perature of coolant surrounding a surface slightly above the
temperature of stream ol coolant projected at the surface
provides for at least a portion of the coolant projected at the
surface to heat and evaporate after contacting the surface.
[0038] The appropriate pressure at which to maintain the
coolant to achieve the preferred saturation temperatures can
be determined theoretically by rearranging the following
Clausius-Clapeyron equation to solve for P,:

- (RIH(PD) 1 ]1

A,  To
[0039] whereln:
[0040] T,=normal boiling point, K
[0041] R=ideal gas constant, 8.3145 J-K~' mol™*
[0042] P, =vapor pressure at a given temperature, atm
[0043] AH,, =heat of vaporization of the coolant, J/mol
[0044] T,=given temperature, K
[0045] Ln=that natural logarithm to the base e.
[0046] Inthe above equation, the given temperature (T,) 1s

the temperature of coolant 1 contact with—and heated
by—the surface. The normal boiling point (T 3) 1s the boiling
point of the coolant at one (1) atmosphere. The heat of vapor-
1zation (AH, ) 1s the amount of energy required to convert or
vaporize a saturated liquid (1.e., a liqud at 1ts boiling point)
into a vapor. As an alternative to determining the appropriate
pressure theoretically, the appropriate pressure can be deter-
mined empirically by adjusting the pressure and detecting
evaporation or bubble generation at a surface as shown 1n the
examples.

[0047] Some versions of the invention comprise flowing a
coolant through a chamber with the surface exposed therein at
a pressure that promotes a phase change upon the coolant
contacting—and being heated by—the surface. An exem-
plary apparatus 1 for performing such a method 1s shown 1n
FIG. 1. The exemplary apparatus 1 includes a chamber 10
with a surface 12 to be cooled exposed therein, a pump 20, and
a pressurizer 30, all 1in fluid communication. As used herein,
“fluid commumnication” between two or more elements refers
to a configuration 1 which fluid can be communicated
between or among the elements and does not preclude the
possibility of having a filter, flow meter, or other devices
disposed between such elements. The elements comprising
the apparatus 1 are preferably configured 1n a closed fluidic
system, as shown 1n FIG. 1. However, 1n other versions, they
may also be configured in an open system, wherein the pump
20 1s disposed upstream of the chamber 10 and the pressurizer
30 1s disposed downstream of the chamber 10. The apparatus
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1 1s capable of including one 18 or more 19 additional cham-
bers in fluid communication with the pump 20 and pressurizer

30.

[0048] The chamber 10 includes one or more lets 14 to
permit fluid to inter the chamber 10 and one or more outlets 15
to permit tluid to exit the chamber 10. In this manner, the
chamber 10 1s configured to permit fluid to flow therethrough.
The inlets 14 are preferably configured to project a stream 16
of a fluid, such as a coolant 50, against the surface 12. The
stream 16 of fluid projected against the surface 12 1s prefer-
ably a jet stream but may also be a spray stream. As used
herein, a “jet” or “jet stream™ refers to a substantially liquad
fluid filament that 1s projected through a substantially liqud
or tluid medium or a mixture thereof. “Jet” or “jet stream” 1s
contrasted with “spray” or “spray stream,” wherein “spray” or
“spray stream” refers to a substantially atomized liquid flmd
projected through a substantially vapor medium.

[0049] The surface 12 exposed within the chamber 10 pret-
erably comprises a surface portion of a work piece 13, such
that the streams 16 of coolant 50 impinge directly on the work
piece 13 without thermal interference materials disposed
between the work piece 13 and the coolant 50. As used herein,
“work piece” refers to any electronic or other device having a
surface that generates heat and that 1s desired to be cooled.
Non-limiting, exemplary work pieces 13 include micropro-
cessors, microelectronic circuit chips in supercomputers, or
any other electronic circuits or devices requiring cooling such
as diode laser packages. The surface 12 can be exposed within
the chamber 10 by constructing the chamber 10 around the

work piece 13 to include the surface 12 within the chamber
10.

[0050] Thepump 20 is 1in fluid communication at least with
the inlets 14 of the chamber 10 and 1s configured to force tlow
51 of coolant 50 through the apparatus 1 and into the chamber
10 through the 1nlets 14. Any pump capable of generating a
positive coolant 50 pressure to force the coolant 50 through
the inlets 14 and against the surface 12 1s suitable foruse in the
present invention. The pump 20 1s preferably a variable speed
positive displacement pump, such as a gear pump. An
example includes the “MICROPUMP”-brand gear pump
(Cole-Parmer, Vernon Hills, Ill.). A vanable speed pump
cnables the tlow 51 of coolant 50 to be set at a rate required to
meet the expected heat load at the surface 12. In place of or in
addition to a pump 20, a reservoir of pressurized coolant 50
may be used.

[0051] The pressurizer 30 1s a device capable of ensuring
that the chamber 10 1s maintained at a particular pressure. The
pressurizer 30 1s preferably 1n fluid communication with the
chamber 10, such as the outlet 15 of the chamber 10, as well
as the pump 20. The pressurizer 30 may be disposed any-
where on a low-pressure side of the apparatus, 1.e., between
the pump 20 and the chamber 10 (see below), but 1s preferably
close to the pump 20. In versions of the invention configured
to project a jet stream 16 of coolant 50 against the surface 12,
the pressurizer 30 1s configured to ensure that the chamber 10
1s {illed with coolant 50 and to maintain the pressure of the
coolant 50 in the chamber 10. In versions of the mvention
coniigured to project a spray stream 16 of coolant 50 against
the surtace 12, the pressurizer 30 1s configured to maintain the
vapor pressure 1n the chamber 10. In addition to determining,
the pressure 1n the chamber 10, the pressurizer 30 preferably
maintains pressure of coolant 50 at an inlet 21 of the pump 20
at least slightly above the saturation pressure to prevent cavi-
tation. As used herein, “saturation pressure” is the pressure
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for a corresponding saturation temperature at which a liquid
evaporates 1nto its vapor phase. The pressurizer 30 further
preferably maintains pressure in cases of significant vapor
generation or “hot swapping” of components, the latter of
which may add or decrease the amount of coolant 50 1n the
system.

[0052] In the preferred version, the pressurizer 30 com-
prises a pressurizing tank. The tank 1s preferably sized to
accomplish any or each of the above functions. The tank may
employ a bladder or may use a gas volume without a bladder.
The pressurized gas volume, possibly separated from the
liquid by a bladder, 1s maintained at a constant pressure by a
pressure regulator 60. As the liquud volume 1n the tank
changes, the gas volume changes to accommodate the change
in liquid volume, with the pressure regulator 60 allowing gas
into or out of the tank as necessary to maintain a constant
pressure. The pressurizer 30 may also be implemented via a
piston-cylinder apparatus. The piston 1n the piston-cylinder
apparatus may be controlled by springs. Alternatively, the
piston may be connected to a small, sealed reservoir contain-
ing vapor and saturated refrigerant at equilibrium. As the
liquid level 1n the cylinder changes, the vapor volume in the
small reservoir decreases or increases accordingly at constant
pressure by evaporating or condensing. If the temperature of
the refrigerant 1n the small reservoir changes, the pressure
changes accordingly, which allows this device to be used as a
temperature-controlled pressurizer. This concept 1s used in
thermostatic valves for air conditioners and refrigerators. Yet
other versions of pressurizers 30 include alternative tubing
configurations. For example, valved bypass loops leading
from the pump 20 to a position downstream of the chamber 10
may provide optional suction from the outlet 15 of the cham-
ber 10 to decrease pressure within the chamber 10 when
required. Alternatively or in addition, valved loops leading
from a pump, such as pump 20, to the chamber 10 1n a manner
that bypasses the flow-restricted inlets 14 may provide
increased delivery of coolant 50 to the chamber 10 to increase
pressure when required.

[0053] The apparatus 1 preferably further includes a heat
exchanger 40 1n fluid communication with the chamber 10,
pressurizer 30, and pump 20. The heat exchanger 40 1s pret-
erably disposed downstream of the chamber 10 and upstream
of the pressurizer 30 and/or pump 20. “Downstream”™ and
“upstream’ are used herein 1n relation to the direction of flow
51 of coolant 50 within the apparatus 1. Inclusion of a heat
exchanger 40 ensures that coolant exiting the chamber 10 1s
suificiently cooled to below the saturation temperature estab-
lished by the pressure within the chamber 10 before being
recycled back into the chamber 10. A preferred heat
exchanger 40 exchanges heat from the coolant 50 exiting the
chamber 10 to an external cooling tluid 42.44 (reference 42
refers to non-heat-exchanged external cooling tluid, and ref-
crence 44 refers to heat-exchanged external cooling fluid).
Any heat exchanger capable of cooling the coolant 50 to
below the saturation temperature 1s acceptable. Non-limiting
examples include shell-and-tube, plate, adiabatic-wheel,
plate-fin, pillow-plate, fluid, dynamic-scraped-surface,
phase-change, direct contact, and spiral heat exchangers. The
heat exchanger 40 may operate by parallel flow or counter
flow. The heat exchanger may also be designed to incorporate
air as the second cooling tluid. This air-liquid heat exchanger
may be a fin-and-tube or micro-channel implementation,
among many other air-liquid heat exchangers known 1n the
art. Yet another version of a heat exchanger includes piping
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providing fluid communication from the outlet 15 of the
chamber 10 to the inlet 14 of the chamber, as well as the other
components therebetween, wherein the piping or portions
thereol 1s suitably configured to dissipate thermal energy of
the fluid 50 tlowing therethrough.

[0054] As shown in FIG. 1, any additional chambers 18
may be added to the device in parallel such that they are
serviced by the same pressurizer 30, pump 20, and heat
exchanger 40. Alternatively or in addition, the device may
include additional pressurizers 30, pumps 20, and/or heat
exchangers 40 1n parallel for the purpose of redundancy or
reliability. As used herein, an additional component “in par-
allel” refers to a component 1n fluid communication with the
other components 1n a manner that bypasses only components
of the same type without bypassing different types of com-
ponents. An example of an additional component added in
parallel 1s shown with the additional chamber 18 1n FIG. 1,
wherein the additional chamber 18 bypasses the chamber 10
without bypassing the pressurizer 30, pump 20, or heat
exchanger 40.

[0055] An apparatus 1 as described above and shown 1n
FIG. 1 has distinct, steady-state zones comprising coolant 50
at different temperatures and pressures. A zone comprising
high-temperature coolant 52 includes the coolant surround-
ing the surface 12 within the chamber 10 (excluding the
streams 16 of coolant 50 projected into the chamber 10) and
extends downstream to the heat exchanger 40 (see FIG. 1 for
direction of flow 51). The high-temperature coolant 52 1is
preferably at a temperature approximately equal to its satu-
ration temperature. A zone ol low-temperature coolant 33
extends from downstream of the heat exchanger 40 to at least
the ilets 14 of the chamber 10 and 1includes the streams 16 of
coolant 50 1njected into the chamber 10. The low-temperature
coolant 53 1s preferably at a temperature slightly below the
saturation temperature of the coolant 50 surrounding the sur-
face 12, wherein “slightly below™ may comprise about 0.5°
C., about 1° C., about 3° C., about 5° C., about 7° C., about
10° C., about 15° C., about 20° C., or about 30° C. or more
below the saturation temperature of coolant 50 surrounding,
the surface 12. The heat exchanger 40 serves to transition the
high-temperature coolant 52 to low-temperature coolant 33,
wherein the heat exchanger 40 transfers the difference in
thermal energy between the high-temperature coolant 52 and
the low-temperature coolant 53 to the non-heat-exchanged
external cooling fluid 42, thereby generating heat-exchanged
external cooling tluid 44. The surface 12 serves to transition
the low-temperature coolant 53 to high-temperature coolant
52, wherein the surface 12 heats the coolant 50 contacting the
surface 12 to the saturation temperature, thereby promoting
evaporation.

[0056] A zone oflow-pressure coolant 35 includes the cool-
ant surrounding the surface 12 within the chamber 10 (which
excludes the streams 16 of coolant 50 projecting into the
chamber 10) and extends downstream to an inlet of the pump
21. The low-pressure coolant 35 1s preferably at a pressure
that promotes evaporation of coolant when heated at the sur-
face 12. Therefore, the pressure of the low-pressure coolant
535 preferably determines a saturation temperature to be about
equal to the temperature of the high-temperature coolant 52.
A zone of high-pressure coolant 54 includes a portion down-
stream of the pump 20 and extends to at least the inlets 14 of
the chamber 10. The high-pressure coolant 54 1s preferably at
a pressure suitable for generating streams of flud 16 that
contact the surface 12. The pump 20 serves to transition the

Dec. 27, 2012

low-pressure coolant 35 to high-pressure coolant 34, wherein
the pump 20 applies a positive pressure against the flow-
restricted inlets 14. The inlets 14 and the surface 12 serve to
transition the high-pressure coolant 54 to low-pressure cool-
ant 55, wherein the coolant 50 equilibrates to the pressure of
the low-pressure coolant 35 after contacting the surface 12.

[0057] Withthe apparatus 1 as described above, a tlow rate
1s set by the pump 20 to meet the expected heat load produced
by the surface 12. A specific pressure for the low-pressure
coolant 55 1s set and maintained by the pressurizer 30 to
establish a saturation temperature for the coolant surrounding
the surtace 12 to be slightly above the temperature of the
low-temperature coolant 33. High-pressure 54, low-tempera-
ture 33 coolant 1s projected from the inlets 14 of the chamber
10 against the surface 12, whereby the coolant 50 undergoes
a pressure drop upon equilibrating with fluid in the chamber
10 and also heats to the saturation temperature upon contact-
ing the surface 12. The heated coolant undergoes a partial
phase transition at the surface 12, which causes elficient
cooling of the surface 12. The resulting low-pressure 55,
high-temperature 52 coolant flows through the heat
exchanger 40, where 1t 1s cooled to below the saturation
temperature. This generates low-pressure 535, low-tempera-
ture 53 coolant. The low-pressure 55, low-temperature 33
coolant 1s then transitioned to high-pressure 54, low-tempera-
ture 53 coolant by virtue of the pump 20. The high-pressure

54, low-temperature 33 coolant i1s recycled back into the
chamber 10.

[0058] In many practical applications, the external cooling
fluid 42,44 tlowing through the heat exchanger 40 1s not held
at a constant temperature due to varying heat load produced
by the surface 12 or varying temperatures of ambient that
exchanges heat with cooling fluid 42.,44. With the above-
described apparatus 1, the pressure produced by the pressur-
1zer 30 would therefore need to be set to a point corresponding
to the warmest temperature expected for the high-tempera-
ture coolant 52 to prevent overheating of the surface 12 due to
critical heat flux. However, setting the pressure according to
the warmest temperature expected for the high-temperature
coolant 52 would result 1n a phase change not occurring when
the heat load of the surface 12 1s not suflicient to heat the
high-temperature coolant 52 to the warmest expected tem-
perature. This leads to non-optimal cooling.

[0059] Asshown in FIG. 1, a more efficient arrangement 1s
to 1clude a pressure regulator 60 that responds to the tem-
perature of the heat-exchanged external cooling tfluid 44 by
modulating the pressure maintained by the pressurizer 30.
The temperature or change in temperature of the heat-ex-
changed external cooling fluid 44 serves as an indicator of the
temperature of the high-temperature tluid 52 and, thus, of the
heat load of the surface 12. The pressure regulator 60 may
include a device that detects the temperature or change 1n
temperature of the heat-exchanged external cooling fluid 44.
The pressure regulator 60 then communicates with the pres-
surizer 30 to adjust the pressure of the low-pressure coolant
55 to re-establish the saturation temperature. As the tempera-
ture of the heat-exchanged external cooling fluid 44 rises, the
pressure regulator 60 increases the pressure set and main-
tained by the pressurizer 30 to increase the saturation tem-
perature. Conversely, as the temperature ol the heat-ex-
changed external cooling fluid 44 lowers, the pressure
regulator 60 decreases the pressure set by the pressurizer 30 to
decrease the saturation temperature. This regulation ensures
that a phase change occurs at a variety of coolant 50 tempera-
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tures and prevents reaching the critical heat flux as a result of
having the saturation temperature set at too low a value. The
pressure regulator 60 may be aided by an air compressor 62.
The air compressor 62 serves to create a reservoir of constant
high pressure as a source of pressure for the pressure regulator
60. In some versions of the invention, the pressure regulator
60 may directly detect the temperature of the high-tempera-
ture coolant 52.

[0060] Theapparatus 1 may further include a controller and
variable speed drive for the pump 20. See, e.g., U.S. Pat. Pub.
2006/0196627 to Shedd et al., incorporated herein by refer-
ence. These elements enable the pump 20 to operate at alower

power when the thermal load falls. The ability to operate at a
lower power further conserves energy.

[0061] As shown 1n FIG. 2, the one or more 1nlets 14 of the
chamber 10 preferably comprises one or more tubular nozzles
70 that extend into the chamber 10. The tubular nozzles
provide a drainage path 72 through the chamber 10 to prevent
exiting coolant from substantially interfering with the
streams 16 projected from the inlet 14. This protects the
incoming streams 16 from the exiting, warm coolant. The
tubular nozzles 70 and associated inlet manifold 71 may be
made from a variety of materials selected for ease of manu-
facture and compatibility with the chosen coolant. They may
even be mjection molded to cut manufacturing costs signifi-
cantly. Each tubular nozzle 70 comprises a central axis 74
defined by the extended dimension of the tubular nozzle 70.
The central axis of the tubular nozzle 74 may either be angled
perpendicularly with respect to the surface 12 or angled non-
perpendicularly with respect to the surface 12, the latter of
which 1s shown 1n FIG. 2. If angled non-perpendicularly with
respect to the surface 12, the central axis 74 may define any
angle between 0° and 90° with respect to the surface 12, such
as about 5°, about 10°, about 15°, about 20°, about 25°, about
30°, about 35°, about 40°, about 45°, about 50°, about 55°,
about 60°, about 65°, about 70°, about 75°, about 80° or about
85° or any range therebetween. The tubular nozzles 70 may
comprise any cross-sectional shape when viewed along the
central axis. Various versions include a circular shape, an oval
shape (to generate a fan-shaped nozzle), and virtually any
other cross-sectional shape.

[0062] The chamber 10 preferably includes an array 76 of
tubular nozzles 70. The central axes 74 of the tubular nozzles
70 1n the array 76 may define different angles with respect to
the surface 12. A preferred arrangement 1s wherein the central
ax1s 74 of each tubular nozzle 70 1n the array 76 comprises the
same angle with respect to surface 12, as shown 1n FIG. 2.

[0063] The array of tubular nozzles 70 may be arranged 1n
any configuration suitable for cooling the surface 12. In a
version of the invention depicted 1n FIG. 3, the arrays 76 are
organized into staggered columns 77 and rows 78. The stag-
gering ol tubular nozzles 70 1n the array 76 1s such that a given
tubular nozzle 70 1n a given column 77 and row 78 does not
have a corresponding tubular nozzle 70 1n a neighboring row
78 1n the given column 77 or a corresponding tubular nozzle
70 1n a neighboring column 77 1in the given row 78. If the
tubular nozzles 70 are configured to induce a substantially
same direction of flow 90 along the surface 12 (see below),
either the columns 77 or the rows 78 are preferably oriented
substantially perpendicularly to the substantially same direc-
tion of flow 90. Arrays of tubular nozzles 70 in a non-stag-
gered arrangement can also be used in the present invention.

[0064] The tubular nozzle 70 may be configured to project
a stream 16 having any of a variety of shapes and any of a
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variety of trajectories. With regard to shape, the stream 16 1s
preferably a symmetrical stream. As used herein, “symmetri-
cal stream,” refers to a stream 16 that 1s symmetrical in cross
section. Examples of symmetrical streams include linear
streams, fan-shaped streams, and comical streams. Linear
streams have a substantially constant cross section along their
length. Comnical streams have a round cross section that
increases along their length. Fan-shaped streams have a cross
section along their length with one cross-sectional axis being,
significantly longer than a second, perpendicular cross-sec-
tional axis. In some versions of the conical streams, at least
one and possibly both of the cross-sectional axes increase 1n
length along the length of the stream. With regard to trajec-
tory, the stream 16 preferably comprises a central axis 17 (see
FIG. 2). For the purposes herein, the “central axis of the
stream” 1s the line formed by center points of a series of
transverse planes taken along the length of the stream 16,
wherein each transverse plane 1s oriented to overlap with the
smallest possible surface area of the stream 16, and each
center point 1s the point on the transverse plane that 1s equi-
distant from opposing edges of the stream 16 along the trans-
verse plane. In preferred versions, the tubular nozzle 70
projects a stream 16 having a central axis 17 that 1s substan-
tially collinear with the central axis 74 of the tubular nozzle
70. However, the tubular nozzle 70 may also project a stream
16 having a central axis 17 that 1s angled with respect to the
central axis 74 of the tubular nozzle 70. The angle of the
central axis 17 of the stream 16 with respect to the central axis

74 of the tubular nozzle 70 may be any angle between 0° and
90°, such as about 1°, about 2°, about 3°, about 4°, about 5°,
about 7°, about 10°, about 15°, about 20°, about 25°, about
30°, about 35°, about 40°, about 45°, about 50°, about 55°,
about 60°, about 65°, about 70°, about 75°, or about 80° or any
range therebetween. In such versions, the tubular nozzle 70
preferably projects a stream 16 wherein at least one portion of
the stream 16 1s projected along the central axis 74 of the
tubular nozzle 70. However, the tubular nozzle 70 may also
project a stream 16 wherein no portions of the stream 16 are
projected along the central axis 74 of the tubular nozzles 70.

[0065] Similarly, the tubular nozzle 70 may be configured
to project a stream 16 that impinges on the surface 12 at any
of a variety of angles. In some versions, the tubular nozzle 70
projects a stream 16 at the surface 12 such that the entire
stream (in the case of a linear stream), or at least the central
axis 17 of the stream 16 (1n the case of conical or fan-shaped
streams), impinges perpendicularly on the surface 12 (i.e., at
a 90° angle with respect to the surface). Perpendicular
impingement upon a surface 12 induces radial tlow of coolant
50 from contact points along the surface 12. While arrays 96
of perpendicularly impinging streams 16 are suitable for
some applications, they are not optimal in efficiency. This 1s
because opposing coolant flow from neighboring contact
points interacts to form stagnant regions. Heat transier per-
formance 1n these stagnant regions can fall to nearly zero.

[0066] In a preferred version of the mvention, the tubular
nozzles 70 are configured to project a stream 16 that impinges
on the surface 12 such that at least the central axis 17 of the
stream 16, and more preferably the entire stream 16, impinges
non-perpendicularly on the surface 12 (i.e, at an angle other
than 90° with respect to the surface). As a non-limiting
example, the central axis 17 of the stream 16 may impinge on

the surface 12 at any angle between 0° and 90°, such as about
1°, about 2°, about 3°, about 4°, about 5°, about 7°, about 10°,
about 15°, about 20°, about 25°, about 30°, about 35°, about
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40°, about 45°, about 50°, about 55°, about 60°, about 65°,
about 70°, about 75°, or about 80° or any range therebetween.
FIG. 4 depicts a top plan view of a surface 12 on which each
stream 16 of an array of streams impinges non-perpendicu-
larly on the surface 12. Such impingement creates a flow
pattern 1n which all the coolant 50 tlows along the surface 12
in the substantially same direction 90. In some versions of
patterns tlowing in the substantially same direction 90, tlow
of coolant 50 at each portion of the surface 12 comprises a
common directional vector component along a plane defined
by the surface 12. In other versions, coolant 30 at no two
points on the surface 12 flows 1n opposite directions. In yet
other versions, coolant 50 at no two points on the surface 12
flows 1n opposite directions or tlows 1n perpendicular direc-
tions. Flowing coolant 50 in the substantially same direction
climinates stagnant regions on the surface.

[0067] As further shown in FIG. 4, tubular nozzles 70 1n the
array 76 are preferably configured to impinge streams 16 on
the surface 12 1n an array 96 of contact points 91 comprising,
staggered columns 97 and rows 98. The staggering 1s such
that a given contact point 91 1n a given column 97 and row 98
does not have a corresponding contact point 91 1n a neigh-
boring column 97 1n the given row 98 or a corresponding
contact point 91 1n a neighboring row 98 1n the given column
977. If the coolant 50 1s induced to tlow across the surface 12
in a substantially same direction 90, as 1n FIG. 4, either the
columns 97 or the rows 98 are preferably oriented substan-
tially perpendicularly to the substantially same direction 90
of flow. Arrays 96 of contact points 91 arranged 1n this manner
permit coolant 50 emanating from each contact point 91 1n a
given column 97 or row 98 to flow substantially between
contact points 91 i a neighboring column 97 or row 98,
respectively, as shown in FIG. 4. Even, consistent flow of
coolant 50 over a surface 12 without stagnant regions 94 as
provided by this configuration encourages bubble generation
and evaporation whereby the heat transfer performance
increases significantly.

[0068] A preferred version of the invention includes an
array 76 of tubular nozzles 70 with each tubular nozzle 70
having a central axis 74 angled non-perpendicularly with
respect to the surface 12, wherein each tubular nozzle 70
projects a stream 16 having a central axis 17 collinear with the
central axis 74 of the tubular nozzle 70, and wherein all the
tubular nozzles 80 have central axes 74 oriented at the same
angle, project streams 16 having the same trajectory and
shape, and impinge against the surface 12 at the same angle of
impingement. The array 76 of tubular nozzles 70 1s preferably
turther included 1n an apparatus 1 as illustrated and described
with respect to FIG. 1. Such a preferred device optimally
promotes bubble generation and evaporation at the surface,
thereby achieving higher heat transfer performance than con-
ventional impingement cooling systems, whether those sys-
tems are direct, using a dielectric flmd, or indirect, using a
liquid coolant within a cold plate. Other implementations
may promote bubble generation using structures within the
tubular nozzles 70, such as structures that encourage cavita-
tion or degassing of non-condensable gasses absorbed 1n the
liquad.

[0069] The elements and method steps described herein can
be used 1n any combination whether explicitly described or
not. All combinations of method steps as described herein can
be performed 1n any order, unless otherwise specified or
clearly implied to the contrary by the context in which the
referenced combination 1s made.
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[0070] As used herein, the singular forms “a,” “an,” and
“the” include plural referents unless the content clearly dic-
tates otherwise.

[0071] Numernical ranges as used herein are intended to
include every number and subset of numbers contained
within that range, whether specifically disclosed or not. Fur-
ther, these numerical ranges should be construed as providing
support for a claim directed to any number or subset of num-
bers 1n that range. For example, a disclosure of from 1 to 10
should be construed as supporting a range of from 2 to 8, from
3to7,from5to6,from1to 9, from3.6t04.6, from3.5t0 9.9,
and so forth.

[0072] All patents, patent publications, and peer-reviewed
publications (1.e., “references™) cited herein are expressly
incorporated by reference to the same extent as if each indi-
vidual reference were specifically and individually indicated
as being incorporated by reference. In case of contlict
between the present disclosure and the incorporated refer-
ences, the present disclosure controls.

[0073] Themethods and compositions ofthe present inven-
tion can comprise, consist of, or consist essentially of the
essential elements and limitations described herein, as well as
any additional or optional steps, ingredients, components, or
limitations described herein or otherwise useful 1n the art.
[0074] The present disclosure 1s filed simultaneously with

U.S. application Ser. No. to Timothy A. Shedd, filed
Aprnl X, 2011 under Attorney Docket Number 09820.420,
and entitled “Dual-Loop Cooling System,” the entirety of
which 1s incorporated herein by reference.

[0075] It1s understood that the invention 1s not confined to
the particular construction and arrangement of parts herein
illustrated and described, but embraces such modified forms
thereof as come within the scope of the claims.

EXAMPL

(Ll

[0076] Many impingement technologies exist, but few have
shown commercial promise and none have gained wide-scale
commercial acceptance to date due to generally high flow rate
requirements and limitations on scalabaility.

[0077] Animproved impinging jet array apparatus has been
developed and described herein. As described above, the cur-
rent work has 1dentified that angling the tubular nozzles and
impinging the stream at a non-perpendicular angle with
respect to the surface significantly improves the scalability of
arrays of jets.

[0078] In addition, laboratory tests have demonstrated that
two-phase 1impinging jets can perform 80% to 100% better
than single-phase jets with the same flow rate. A chamber
comprising a tubular nozzle configured to project a jet
impinging on a work piece surface was configured. The pres-
sure 1n the chamber was set to establish a saturation tempera-
ture of either 95° C. (FIG. 5A) or 74° C. (FIG. 5B). The latter
saturation temperature (74° C.) was chosen to substantially
match the mean temperature of the heater surface 1n the test.
The same flow rate was used for each saturation temperature.
As shown in FIG. 5B, bubbles were generated in the chamber
with the fluid having the lower saturation temperature. Such a
phase change did not occur 1n the chamber with fluid having
the higher saturation temperature (FI1G. SA). The heat transter
performance was increased by 80% with the lower saturation
temperature compared to the higher saturation temperature.
[0079] A thermal resistance of 0.4 K/(W/cm? @ be aratned
using HFE- 1100 and pressure drops across the inlets of less than
3 psi. It 1s anticipated that a thermal resistance of 0.3 K(W/
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cm”) or lower will be achieved with optimization of imping-
ing jet arrays and tluid management.

[0080] A benefit of this technology 1s the management of
local hot spots, even down to the processor level. IT just one
core of a given processor 1s more heavily used than the others
in the same processor, more vapor will be generated 1n the
fluid 1impinging on that region of the surface, and the tem-
perature will be maintained much more uniformly than what
1s possible with a single-phase cooling system.

I claim:
1. An apparatus for cooling a surface comprising;:

at least one chamber with the surface exposed therein, the
chamber comprising an inlet and an outlet and being

configured for flowing fluid therethrough by entering
through the inlet 1n a stream projected against the surface
and exiting through the outlet;

a pump 1n fluid communication with the inlet, the pump
configured to project a stream of fluid through the inlet
into the chamber and against the surface; and

a pressurizer in flud communication with the chamber, the
pressurizer configured to maintain a pressure in the
chamber.

2. The apparatus of claim 1 further comprising a coolant
f1lling the chamber and in contact with the surface, wherein at
least a portion of the coolant 1n contact with the surface has a
temperature approximately equal to the saturation tempera-
ture of the coolant.

3. The apparatus of claim 1 further comprising a heat
exchanger 1n fluid communication with the outlet of the
chamber, the heat exchanger configured to cool fluid exiting
from the outlet.

4. The apparatus of claim 1 further comprising a pressure
regulator that includes a device configured to detect tempera-
ture of fluid exiting from the outlet, wherein the pressure
regulator 1s configured to communicate with the pressurizer
to adjust the maintained pressure upon a detected change in
temperature.

5. The apparatus of claim 1 wherein the pressurizer 1s
turther 1n fluid communication with the pump, and wherein
the pressurizer 1s disposed between the pump and the outlet.

6. The apparatus of claim 1 wherein the pressurizer is
selected from the group consisting of a bladder tank, a piston
system, and a reservoir of temperature-controlled, mixed
phase tluid.

7. The apparatus of claim 1 further comprising at least a
second chamber with a second surface exposed therein, the
second chamber comprising a second inlet and a second out-
let and being configured for flowing fluid therethrough,
wherein the second 1nlet 1s 1 fluid communication with the
pump and the second outlet 1s 1n fluid communication with the
pressurizer.

8. The apparatus of claim 1 wherein the inlet comprises at
least one tubular nozzle extending into the chamber and con-
figured to project a stream of flud at the surface.

9. The apparatus of claim 8 wherein the tubular nozzle 1s
configured to project a stream of fluid having a central axis
oriented non-perpendicularly with respect to the surface.

10. The apparatus of claim 8 wherein the tubular nozzle has
a central axis that 1s onented non-perpendicularly with
respect to the surface.

11. The apparatus of claim 8 wherein the tubular nozzle has
a central axis that 1s collinear with a central axis of a stream of
fluad that the tubular nozzle 1s configured to project.
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12. The apparatus of claim 8 wherein the at least one
tubular nozzle comprises an array of tubular nozzles, wherein
cach tubular nozzle 1n the array i1s configured to project a
stream of fluid having a central axis oriented at a substantially
same angle with respect to the surface.

13. The apparatus of claim 8 wherein the at least one
tubular nozzle comprises an array of tubular nozzles, wherein
the array comprises tubular nozzles configured to project
streams of fluid having central axes oriented at substantially
different angles with respect to the surface.

14. The apparatus of claam 8 wherein the at least one
tubular nozzle comprises an array of tubular nozzles, wherein
cach tubular nozzle 1n the array has a central axis oriented at
a substantially same angle with respect to the surface.

15. The apparatus of claim 8 wherein the at least one
tubular nozzle comprises an array of tubular nozzles, wherein
the array comprises tubular nozzles having central axes ori-
ented at substantially different angles with respect to the
surface.

16. An apparatus for cooling a surface comprising:

at least one chamber with the surface exposed therein, the
chamber comprising an inlet and an outlet and being
configured for flowing tluid therethrough by entering the
inlet in a stream projected against the surface and exiting
the outlet, wherein the inlet comprises an array of tubu-
lar nozzles, wherein each tubular nozzle in the array 1s
configured to project a stream of fluid having a central
axis oriented non-perpendicularly with respect to the
surface, and wherein each tubular nozzle has a central
axi1s that 1s collinear with the central axis of each respec-
tive stream of fluid that the tubular nozzle 1s configured
to project;

a pump in fluid communication with the inlet, the pump
being configured to project a stream of fluid through the
inlet into the chamber and against the surface; and

a pressurizer in fluid commumication with the chamber, the
pressurizer configured to maintain a pressure in the
chamber.

17. A method of cooling a surface comprising;:

flowing a coolant through a chamber with the surface
exposed therein by introducing the coolant through an
inlet of the chamber and draining the coolant through an
outlet of the chamber, wherein the introducing the cool-
ant through the inlet includes projecting a stream of
coolant against the surface; and

maintaining pressure in the chamber wherein at least a
portion of coolant 1n the chamber evaporates as 1t
receives thermal energy from the surface.

18. The method of claim 17 wherein the introducing the
coolant through the inlet includes projecting a jet stream of
coolant against the surface.

19. The method of claim 17 wherein the introducing the
coolant through the inlet includes projecting a spray stream of
coolant against the surface.

20. The method of claim 17 further comprising cooling
coolant draining from the outlet to below a saturation tem-
perature of coolant 1n the chamber.

21. The method of claim 17 turther comprising detecting,
temperature of coolant draining from the outlet, wherein the
maintaining the pressure 1n the chamber comprises adjusting
the pressure 1n the chamber 1n response to the detected tem-
perature.
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22. The method of claim 17 wherein the mtroducing the
coolant through the 1nlet includes forcing the coolant through
at least one tubular nozzle that extends into the chamber.

23. The method of claim 17 wherein the projecting a stream
of coolant against the surface includes projecting a stream
having a central axis orniented non-perpendicularly with
respect to the surface.

24. The method of claim 17 wherein the projecting a stream
of coolant against the surface includes projecting an array of
streams with central axes oriented at a substantially same
angle with respect to the surface.

25. The method of claim 24 wherein coolant flows across
the surface i a substantially same direction, wherein the
array ol streams contact the surface in an array of contact
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points organized in columns and rows, wherein the columns
are oriented perpendicularly with respect to the substantially
same direction and the rows are oriented in parallel with
respect to the substantially same direction, and wherein a
given contact point 1n a given row and column does not have
a corresponding contact point in a neighboring row 1n the
given column or a contact point in a neighboring column 1n
the given row.

26. The method of claim 17 wherein the projecting a stream
of coolant against the surface includes projecting an array of
streams with central axes oriented at substantially different
angles with respect to the surface.
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