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PUMPED FLUID COOLING SYSTEM AND
METHOD

FIELD OF THE INVENTION

[0001] The present invention relates generally to the field
of cooling systems. More specifically, the present mnvention
relates to the field of pumped fluid cooling systems.

BACKGROUND OF THE INVENTION

[0002] In current pumped fluid cooling systems as
depicted 1n FIG. 1, the total “temperature budget,” or the
difference between the peak device temperature (T gice
peak) and the temperature of the cold fluid inlet (Tq, ;4 1,100) 1S
consumed by the total heat power (q(W)) flowing through
four separate resistances.

10003] FIG. 1 illustrates such a resistance model for an
exemplary pumped fluid cooling system. The device/attach
resistances (Rp.vice and attact) dissipate a significant amount
of q(W). However, the device/attach resistances are not
related to the present invention and need no further expla-
nation. The spreading resistance (R, . ..,) accounts for
spreading the heat from a small device into a larger heat
exchanger (hx). The R ... Increases with the ratio of the hx
to device area. The convection resistance (R, vention)
accounts for conducting the heat 1nto the fluid from the hx
walls. It 1s equal to 1/hA, where h 1s the convection
coellicient and A 1s the total wetted surface arca within the
hx. This resistance 1ncreases strongly with increasing values
of the mmmimum feature size of the hydraulic diameter (d).

10004 Still referring to FIG. 1, the advection resistance
(R, 4vection) accounts for the heating of the fluid as it trans-
verses the hx, and 1s approximately equal to C/mc, where m
1s the mass flowrate and ¢ 1s the specific heat capacity per
unit mass and C 1s a constant near 0.5. Traditional heat
exchangers use relatively large dimensions ranging in size
from two times to four times the size of the area of the device
being cooled. These dimensions result 1n relatively large
values of R 4. Traditional heat exchangers also have large
internal features, usually 0.3 mm or larger. These dimen-
sions result in relatively large values of R_____.. . These
relatively large values of R .4 and R result 1n an
mnetficient pumped fluid system.

convection

[0005] Referring now to FIG. 2, a resistance model of a
current pumped fluid system 20 of the prior art 1s illustrated.
As stated earlier, current pumped fluid systems 20 utilize
heat exchangers that are two to four times the size of the
device being cooled. This current design therefore includes
a large spreading resistance 22, which conftinues to increase
as the surface area ratio of (hx/device being cooled)
increases. Furthermore, current pumped fluid systems 20
have large hydraulic diameters (d). Referring back to the
R formula 1/hA, as the hx d increases the total wetted

surface arca A decreases, thus according to 1/hA, causing a
relatively large convection resistance 24.

[0006] Because the current pumped fluid systems 20 have
large values of d (and very small values of A), a great deal
of the temperature budget 1s used 1n this part of the resis-
tance chain. To stay within the total temperature budget at
this point requires the current pumped fluid system 20 to
have a very small advection resistance 26. Therefore, refer-
ring back to the R formula C/cm, the R may

advection advection
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be reduced significantly by creating very large mass flow
rates m. Of course, this puts large demands on the pump
requirements for a pumped fluid system 20.

[0007] It should also be noted that pumped fluid cooling
systems of the prior art require specific fluids to operate
ciiectively with the system, e.g., to avoid freezing at low
temperatures. Such fluids include those with high concen-
trations of ethylene glycol or propylene glycol, or similar
substances. The characteristics of such fluids include a low
heat capacity and a high viscosity and do not function well
in a system having a reduced flowrate.

SUMMARY OF THE INVENTION

[0008] The present invention is a pumped fluid cooling
system and method. The pumped fluid cooling system and
method 1ncludes new relative magnitudes of advection,
convection and spreading components of the resistance for
a pumped fluid system. The pumped fluid cooling system
and method also includes adjusting the chemical composi-
tion of the working fluid, specifically adjusting the compo-
sition and viscosity as the sensitivity to the fluid heat
capacity per unit mass 1ncreases.

[0009] In one aspect of the present invention, a pumped
fluid cooling system for cooling a device comprises a heat
exchanger, the heat exchanger including an interface layer
coupled to the device for cooling the device and a fluid
pumped through the interface layer of the heat exchanger,
the fluid having an inlet temperature and an outlet tempera-
ture, wherein the pumped tluid cooling system 1s configured
such that the difference between the fluid outlet temperature
and the fluid inlet temperature 1s at least 30% of the
difference between a hottest temperature of the fluid 1n the
heat exchanger and the fluid inlet temperature.

[0010] The pumped fluid cooling system further com-
prises a plurality of microchannels configured 1n a prede-
termined pattern along the interface layer wherein the plu-
rality of microchannels have an internal feature size in the
range of 15-300 microns. The plurality of microchannels
have a surface to volume ratio greater than 1000 m™". The
pumped fluid cooling system further comprises a plurality of
pillars configured in a predetermined pattern along the
interface layer wherein the plurality of pillars have an
internal feature size in the range of 15-300 microns. The

plurality of pillars have a surface to volume ratio greater
than 1000 m™'.

[0011] The pumped fluid cooling system further comprises
a microporous structure disposed on the interface layer
wherein a plurality of pores 1 the microporous structure
have an internal feature size 1n the range of 15-300 microns.
The plurality of pores of the microporous structure have a
surface to volume ratio greater than 1000 m™". A first surface
arca of the interface layer that 1s coupled to the device 1s less
than or equal to 150% of a second surface area of the device
that 1s coupled to the interface layer. The viscosity of the
fluid at its average temperature 1n the heat exchanger is less
than 150% of the viscosity of water. The heat capacity per
unit mass of the fluid at its average temperature in the heat
exchanger 1s greater than 80% of the heat capacity per unit
mass of water. The fluid consists of at least 90% water by
mass.

[0012] In another aspect of the present invention, a
method of efficiently cooling a device in a pumped fluid
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cooling system comprises decreasing a spread resistance
between an interface layer of a heat exchanger and the
device, decreasing a convection resistance between a fluid
and the interface layer of the heat exchanger, wherein the
fluid 1s pumped through the interface layer, and further
wheremn the fluid has an inlet temperature and an outlet
temperature, increasing an advection resistance and adjust-
ing the composition of the fluid to increase the heat capacity
per unit mass and decrease the viscosity, wherein the dit-
ference between the fluid outlet temperature and the fluid
inlet temperature 1s at least 30% of the difference between a
hottest temperature of the fluid 1n the heat exchanger and the
fluid 1nlet temperature.

[0013] The step of decreasing the convention resistance
includes configuring a plurality of microchannels 1n a pre-
determined pattern along the interface layer wherein the
plurality of microchannels have an internal feature size in
the range of 15-300 microns. The plurality of microchannels
have a surface to volume ratio greater than 1000 m™". The
step of decreasing the convection resistance includes con-
figuring a plurality of pillars 1n a predetermined pattern
along the mterface layer wherein the plurality of pillars have
an 1nternal feature size 1n the range of 15-300 microns. The

plurality of pillars have a surface to volume ratio greater
than 1000 m™".

[0014] The step of decreasing the convection resistance
includes disposing a microporous structure on the interface
layer wherein a plurality of pores in the microporous struc-
ture have an internal feature size 1n the range of 15-300
microns. The plurality of pores of the microporous structure
have a surface to volume ratio greater than 1000 m™". The
step of decreasing the spread resistance 1ncludes reducing a
first surface area of the interface layer that 1s coupled to the
device such that the first surface area 1s less than or equal to
150% of a second surface area of the device that 1s coupled
to the mterface layer. The step of adjusting the composition
of the fluid includes decreasing the viscosity of the fluid at
its average temperature in the heat exchanger, such that the
viscosity 1s less than 150% of the viscosity of water. The step
of adjusting the composition of the fluid includes increasing
the heat capacity per unit mass of the fluid at its average
temperature 1n the heat exchanger, such that the heat capac-
ity per unit mass 1s greater than 80% of the heat capacity per
unit mass of water. The fluid consists of at least 90% water
by mass.

[0015] In yet another aspect of the present invention, a
pumped fluid cooling system for cooling a device comprises
means for decreasing a spread resistance between an inter-
face layer of a heat exchanger and the device, means for
decreasing a convection resistance between a fluid and the
interface layer of the heat exchanger, wherein the fluid is
pumped through the interface layer, and further wherein the
fluid has an inlet temperature and an outlet temperature,
means for increasing an advection resistance and means for
adjusting the composition of the fluid to increase the heat
capacity per unit mass and decrease the viscosity, wherein
the difference between the fluid outlet temperature and the
fluid 1nlet temperature 1s at least 30% of the difference
between a hottest temperature of the fluid in the heat
exchanger and the fluid inlet temperature.

[0016] The means for decreasing the convention resis-
tance includes means for configuring a plurality of micro-
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channels 1n a predetermined pattern along the interface layer
wherein the plurality of microchannels have an internal
feature size 1n the range of 15-300 microns. The plurality of
microchannels have a surface to volume ratio greater than
1000 m™". The means for decreasing the convection resis-
tance 1ncludes means for configuring a plurality of pillars 1n
a predetermined pattern along the interface layer wherein the
plurality of pillars have an internal feature size in the range
of 15-300 microns. The plurality of pillars have a surface to
volume ratio greater than 1000 m™".

[0017] The means for decreasing the convection resistance
includes means for disposing a microporous structure on the
interface layer wherein a plurality of pores 1n the
microporous structure have an internal feature size in the
range of 15-300 microns. The plurality of pores of the
microporous structure have a surface to volume ratio greater
than 1000 m™". The means for decreasing the spread resis-
tance 1ncludes means for reducing a first surface area of the
interface layer that 1s coupled to the device such that the first
surface area 1s less than or equal to 150% of a second surface
arca of the device that 1s coupled to the interface layer.

[0018] The means for adjusting the composition of the
fluid imncludes means for decreasing the viscosity of the tluid
at its average temperature 1n the heat exchanger, such that
the viscosity 1s less than 150% of the viscosity of water. The
means for adjusting the composition of the fluid includes
means for increasing the heat capacity per unit mass of the
fluid at 1ts average temperature 1n the heat exchanger, such
that the heat capacity per unit mass 1s greater than 80% of
the heat capacity per unit mass of water. The fluid consists
of at least 90% water by mass.

[0019] In yet another aspect of the present invention, an
apparatus for cooling an 1ntegrated circuit comprises a heat
exchanger including an interface layer coupled to the inte-
orated circuit, wherein a first surface area of the interface
layer that 1s coupled to the integrated circuit 1s less than or
equal to 150% of a second surface area of the integrated
circuit that 1s coupled to the interface layer, such that a
spread resistance between the interface layer and the inte-
orated circuit 1s decreased, a plurality of microchannels
configured 1n a predetermined pattern along the interface
layer wherein the plurality of microchannels have an iternal
feature size 1n the range of 15-300 microns and a surface to
volume ration greater than 1000 m~', such that a convection
resistance 1s decreased and a fluid pumped through the heat
exchanger, such that a flowrate of the fluid increases an
advection resistance, wherein the fluid consists of at least
90% water by mass. The viscosity of the fluid at 1ts average
temperature 1n the heat exchanger 1s less than 150% of the
viscosity of water. The heat capacity per unit mass of the
fluid at 1ts average temperature in the heat exchanger is
oreater than 80% of the heat capacity per unit mass of water.

[0020] In yet another aspect of the present invention, a
pumped fluid cooling system for cooling a device comprises
a spread resistance, wherein the spread resistance 1s decrease
when a heat exchanger including an interface layer 1s
coupled to the device, further wherein a first surface area of
the interface layer that 1s coupled to the device 1s less than
or equal to 150% of a second surface area of the device that
1s coupled to the interface layer, a convection resistance,
wherein the convection resistance 1s decreased when a
plurality of microchannels 1s configured 1n a predetermined
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pattern along the interface layer, and further wherein the
plurality of microchannels have an internal feature size in
the range of 15-300 microns and a surface to volume ration
greater than 1000 m™" and an advection resistance, wherein
the advection resistance 1s increased when a fluid 1s pumped
through the heat exchanger, such that a flowrate of the fluid
decreases, wherein the fluid consists of at least 90% water by
mass. The pumped fluid cooling system as claimed 1n claim
37 wherein the fluid 1s water.

BRIEF DESCRIPTION OF THE DRAWINGS

10021] FIG. 1 is a graphical representation illustrating an
exemplary temperature budget resistance model.

10022] FIG. 2 is a graphical representation illustrating a
temperature budget resistance model according to the prior
art.

10023] FIG. 3 is a graphical representation illustrating a
temperature budget resistance model according to an
embodiment of the present invention.

10024] FIG. 4A is a graphical representation illustrating a
top view of a manifold layer of a heat exchanger 1n accor-
dance with the present invention.

10025] FIG. 4B is a graphical representation illustrating
an exploded view of a heat exchanger with a manifold layer
in accordance with the present invention.

10026] FIG. 5 is a graphical representation illustrating a
perspective view of an interface layer having a micro-pin

layer and a foam layer in accordance with the present
invention.

10027] FIG. 6 1s a flowchart illustrating a method of
efiiciently cooling a device 1n a pumped fluid cooling system
in accordance with the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

10028] FIG. 3 is a graphical representation of the preferred
embodiment of the present invention. The preferred embodi-
ment of the present invention includes new relative magni-
tudes of the advection 36, convection 34, and spreading 32
components of the resistance for a pumped fluidic system
(PES) 30, which enable lower pump flowrates and, conse-
quently, pumps that are smaller and consume less power.
The new relative magnitudes of these resistances are enabled
by a micro hx as described below with feature sizes 1n the
range of 15-300 microns. Still referring to FIG. 3, this micro
hx of the PFS 30 of the preferred embodiment of the present
invention allows for a smaller spread resistance 32 and
smaller convection resistance 34, thereby conserving the
temperature budget. This conservation allows for a higher
advection 36 component.

10029] Referring back to the advection formula once
again, C/mc where m 1s the flowrate, reducing the flowrate
m will cause the advection 36 component to increase. This
increase 1n the advection 36 component may continue until
the total temperature budget 1s spent. Therefore, in effect, the
decrease spreading 32 and convection 34 components allow
for a micro hx having a smaller flowrate m and higher
advection 36 component, thereby resulting in less work for
the pump, and thus a more etficient PES 30.
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[0030] The micro hx of the present invention decreases the
spreading 32 component by reducing the size of the cooling
surface of the micro hx such that it 1s less than or equal to
150% of the size of the surface of the device that 1s being
cooled by the micro hx. The convection 34 component 1s
again equal to 1/hA, where h 1s the convection coelficient
and A 1s the total wetted surface area of the micro hx. This
convection 34 component 1s decreased as the wetted surface
arca 1n the micro hx 1s greatly increased relative to current
pumped fluidic systems. The wetted surface areca of the

micro hx 1s increased by incorporating pillars, foam and/or
channels having internal feature sizes 1n the range of 15-300
microns and surface to volume ratios greater than 1000 m™".
The structure of the micro hx 1s explained in greater detail
below.

[0031] In order to better understand the description of the
preferred embodiment of the present invention described
above, 1t 1s necessary to also understand the structure and
operation of a micro hx according to an embodiment of the
present invention. However, 1t should be understood that the
description of the heat exchanger below represents but one
design applicable to the present invention, and 1t has been
contemplated that the system and method of the present
invention may be applied to any heat exchanger having the
requisite dimensions of the preferred embodiment of the
present 1mvention.

[0032] Generally, a heat exchanger captures thermal
energy generated from a heat source by passing fluid through
selective areas of the interface layer which 1s preferably
coupled to the heat source. In particular, the fluid 1s directed
to specific areas 1n the interface layer to cool the hot spots
and areas around the hot spots to generally create tempera-
ture uniformity across the heat source while maintaining a
small pressure drop within the heat exchanger. As discussed
in the different embodiments below, the heat exchanger
utilizes a plurality of apertures, channels and/or fingers 1n
the manifold layer as well as conduits 1n the intermediate
layer to direct and circulate fluid to and from selected hot
spot arcas 1n the interface layer. Alternatively, the heat
exchanger includes several ports which are specifically
disposed 1n predetermined locations to directly deliver fluid
to and remove fluid from the hot spots to effectively cool the
heat source.

10033] FIG. 4A illustrates a top view of an exemplary
manifold layer 106 of the present invention. In particular, as
shown i FIG. 4B, the manifold layer 106 includes four
sides as well as a top surface 130 and a bottom surface 132.
However, the top surface 130 i1s removed 1n FIG. 4A to
adequately 1llustrate and describe the workings of the mani-
fold layer 106. As shown 1n FI1G. 4A, the manifold layer 106
has a series of channels or passages 116, 118, 120, 122 as
well as ports 108, 109 formed therein. The fingers 118, 120
extend completely through the body of the manifold layer
106 in the Z-direction, as shown 1n FIG. 4B. Alternatively,
the fingers 118 and 120 extend partially through the mani-
fold layer 106 1n the Z-direction and have apertures as
shown 1 FI1G. 4A. In addition, passages 116 and 122 extend
partially through the manifold layer 106. The remaining
arcas between the inlet and outlet passages 116, 120, des-
ignated as 107, extend from the top surface 130 to the
bottom surface 132 and form the body of the manifold layer

106.



US 2006/0042785 Al

10034] As shown in FIG. 4A, the fluid enters the manifold
layer 106 via the inlet port 108 and flows along the inlet

channel 116 to several fingers 118 which branch out from the
channel 116 1n several X and Y directions to apply fluid to
selected regions 1n the interface layer 102. The fingers 118
are preferably arranged 1n different predetermined directions
to deliver fluid to the locations in the interface layer 102
corresponding to the areas at and near the hot spots 1n the
heat source. These locations 1n the interface layer 102 are
hereinafter referred to as interface hot spot regions. The
fingers are configured to cool stationary interface hot spot
regions as well as temporally varying interface hot spot
regions. As shown 1n FI1G. 4A, the channels 116, 122 and
fingers 118, 120 are disposed 1n the X and Y directions in the
manifold layer 106 and extend in the Z direction to allow
circulation between the manifold layer 106 and the interface
layer 102. Thus, the various directions of the channels 116,
122 and fingers 118, 120 allow delivery of fluid to cool hot
spots 1n the heat source 99 and/or minimize pressure drop
within the heat exchanger 100.

[0035] The arrangement as well as the dimensions of the
fingers 118, 120 are determined 1n light of the hot spots in
the heat source 99 that are desired to be cooled. The
locations of the hot spots as well as the amount of heat
produced near or at each hot spot are used to configure the
manifold layer 106 such that the fingers 118, 120 are placed
above or proximal to the interface hot spot regions in the
interface layer 102. The manifold layer 106 allows one
phase and/or two-phase fluid to circulate to the interface
layer 102 without allowing a substantial pressure drop from
occurring within the heat exchanger 100. The fluid delivery
to the mterface hot spot regions creates a uniform tempera-
ture at the mterface hot spot region as well as areas 1n the
heat source adjacent to the interface hot spot regions.

[0036] The dimensions as well as the number of channels
116 and fingers 118 depend on a number of factors. In one
embodiment, the inlet and outlet fingers 118, 120 have the
same width dimensions. Alternatively, the inlet and outlet
fingers 118, 120 have different width dimensions. The width
dimensions of the fingers 118, 120 are within the range of
and including 0.25-1.00 millimeters. In one embodiment,
the 1nlet and outlet fingers 118, 120 have the same length and
depth dimensions. Alternatively, the inlet and outlet fingers
118, 120 have different length and depth dimensions. In
another embodiment, the inlet and outlet fingers 118, 120
have varymmg width dimensions along the length of the
fingers. The length dimensions of the inlet and outlet fingers
118, 120 are within the range of and including 0.5 millime-
ters to three times the size of the heat source length. In
addition, the fingers 118, 120 have a height or depth dimen-
sion within the range and 1including 0.25-1.00 millimeters. In
addition, less than 10 or more than 30 fingers per centimeter
are disposed 1n the manifold layer 106. However, it 1s
apparent to one skilled i the art that between 10 and 30
fingers per centimeter 1n the manifold layer 1s also contem-
plated.

[0037] It is contemplated within the present invention to
tailor the geometries of the fingers 118, 120 and channels
116, 122 to be 1n non-periodic arrangement to aid 1n opti-
mizing hot spot cooling of the heat source. In order to
achieve a uniform temperature across the heat source 99, the
spatial distribution of the heat transfer to the fluid 1s matched
with the spatial distribution of the heat generation. As the
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fluid flows along the interface layer 102, 1ts temperature
increases and as 1t begins to transform to vapor under
two-phase conditions. Thus, the fluid undergoes a significant
expansion which results 1n a large increase 1n velocity.
Generally, the efficiency of the heat transfer from the inter-
face layer to the fluid 1s improved for high velocity flow.
Therefore, 1t 1s possible to tailor the efficiency of the heat
transfer to the fluid by adjusting the cross-sectional dimen-
sions of the fluid delivery and removal fingers 118, 120 and

channels 116, 122 1n the heat exchanger 100. This effect will
also be realized 1n single phase flow.

|0038] For example, a particular finger can be designed for
a heat source where there 1s higher heat generation near the
inlet. In addition, 1t may be advantageous to design a larger
cross section for the regions of the fingers 118, 120 and
channels 116, 122 where a mixture of fluid and vapor is
expected. Although not shown, a finger can be designed to
start out with a small cross sectional area at the 1nlet to cause
high velocity flow of fluid. The particular finger or channel
can also be configured to expand to a larger cross-section at
a downstream outlet to cause a lower velocity flow. This
design of the finger or channel allows the heat exchanger to
minimize pressure drop and optimize hot spot cooling in
arcas where the fluid increases 1n volume, acceleration and
velocity due to transformation from liquid to vapor in
two-phase flow.

[0039] In addition, the fingers 118, 120 and channels 116,

122 can be designed to widen and then narrow again along
their length to increase the velocity of the fluid at different
places 1n the microchannel heat exchanger 100. Alterna-
tively, 1t may be appropriate to vary the finger and channel
dimensions from large to small and back again many times
over 1n order to tailor the heat transfer efficiency to the
expected heat dissipation distribution across the heat source
99. It should be noted that the above discussion of the
varying dimensions of the fingers and channels also apply to
the other embodiments discussed and 1s not limited to this
embodiment.

10040] Alternatively, as shown in FIG. 4A, the manifold
layer 106 1ncludes one or more apertures 119 in the mlet
fingers 118. In a three tier heat exchanger 100, the tluid
flowing along the fingers 118 flows down the apertures 119
to the intermediate layer 104. In addition, as shown 1n FIG.
4A. the manifold layer 106 includes apertures 121 m the
outlet fingers 120. In the three tier heat exchanger 100, the
fluid flowing from the intermediate layer 104 flows up the
apertures 121 into the outlet fingers 120.

[0041] The inlet and outlet fingers 118, 120 are open
channels which do not have apertures. The bottom surface
103 of the manifold layer 106 abuts against the top surface
of the intermediate layer 104 1n the three tier exchanger 100
or abuts against the interface layer 102 in the two tier
exchanger. Thus, 1n the three-tier heat exchanger 100, fluid
flows freely to and from the intermediate layer 104 and the
manifold layer 106. The fluid 1s directed to and from the
appropriate interface hot spot region by conduits 105 the
intermediate layer 104. It 1s apparent to one skilled 1n the art
that the conduits 105 are directly aligned with the fingers, as
described below or positioned elsewhere in the three tier
system.

10042] Although FIG. 4B shows the three tier heat
exchanger 100 with the manifold layer, the heat exchanger
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100 1s alternatively a two layer structure which includes the
manifold layer 106 and the interface layer 102, whereby
fluid passes directly between the manifold layer 106 and
interface layer 102 without passing through the interface
layer 104. It 1s apparent to one skilled in the art that the
configuration of the manifold, intermediate and interface
layers shown are for exemplary purposes and is thereby not
limited to the configuration shown.

10043] As shown in FIG. 4B, the intermediate layer 104

includes a plurality of conduits 105 which extend there-
through. The inflow conduits 105 direct fluid entering from
the manifold layer 106 to the designated interface hot spot
regions 1n the interface layer 102. Similarly, the apertures
105 also channel fluid flow from the interface layer 102 to
the exit fluid port(s) 109. Thus, the intermediate layer 104
also provides fluid delivery from the interface layer 102 to
the exat fluid port 109 where the exat fluid port 108 1s 1n
communication with the manifold layer 106.

10044] The conduits 105 are positioned in the interface
layer 104 1n a predetermined pattern based on a number of
factors including, but not limited to, the locations of the
interface hot spot regions, the amount of fluid flow needed
in the interface hot spot region to adequately cool the heat
source 99 and the temperature of the tluid. The conduits have
a width dimension of 100 microns, although other width
dimensions are contemplated up to several millimeters. In
addition, the conduits 105 have other dimensions dependent
on at least the above mentioned factors. It 1s apparent to one
skilled 1n the art that each conduit 105 1n the intermediate
layer 104 has the same shape and/or dimension, although 1t
1s not necessary. For instance, like the fingers described
above, the conduits alternatively have a varying length
and/or width dimension. Additionally, the conduits 105 may
have a constant depth or height dimension through the
intermediate layer 104. Alternatively, the conduits 105 have
a varying depth dimension, such as a trapezoidal or a
nozzle-shape, through the intermediate layer 104.

10045] The intermediate layer 104 is horizontally posi-
tioned within the heat exchanger 100 with the conduits 105
positioned vertically. Alternatively, the intermediate layer
104 1s positioned 1n any other direction within the heat
exchanger 100 mcluding, but not limited to, diagonal and
curved forms. Alternatively, the conduits 105 are positioned
within the intermediate layer 104 1n a horizontally, diago-
nally, curved or any other direction. In addition, the inter-
mediate layer 104 preferably extends horizontally along the
entire length of the heat exchanger 100, whereby the inter-
mediate layer 104 completely separates the interface layer
102 from the manifold layer 106 to force the fluid to be
channeled through the conduits 105. Alternatively, a portion
of the heat exchanger 100 does not 1include the intermediate
layer 104 between the manifold layer 106 and the interface
layer 102, whereby fluid 1s free to flow therebetween.
Further, the intermediate layer 104 alternatively extends
vertically between the manifold layer 106 and the interface
layer 102 to form separate, distinct intermediate layer
regions. Alternatively, the mtermediate layer 104 does not
fully extend from the manitold layer 106 to interface layer

102.

10046] FIG. 4B illustrates a perspective view of the inter-
face layer 102 1n accordance with the present invention. As
shown 1n FIG. 4B, the interface layer 102 includes a bottom
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surface 103 and a plurality of microchannel walls 110,
whereby the area in between the microchannel walls 110
channels or directs fluid along a fluid flow path. The bottom
surface 103 1s flat and has a high thermal conductivity to
allow sufficient heat transfer from the heat source 99.
Alternatively, the bottom surface 103 includes troughs and/
or crests designed to collect or repel fluid from a particular
location. The microchannel walls 110 are preferably con-
ficured 1n a parallel configuration, as shown in FIG. 4B,
whereby fluid flows between the microchannel walls 110
along a fluid path. Alternatively, the microchannel walls 110
have non-parallel configurations.

[0047] It is apparent to one skilled in the art that the
microchannel walls 110 are alternatively configured 1n any
other appropriate configuration depending on the factors
discussed above. In addition, the microchannel walls 110
have dimensions which minimize the pressure drop or
differential within the interface layer 102. It 1s also apparent
that any other features, besides microchannel walls 110 are
also contemplated, including, but not limited to, pillars 203
(FIG. 5), roughed surfaces, and a micro-porous structure,
such as sintered metal and silicon foam 213 (FIG. 5) or a
combination. An alternative interface layer 202 incorporat-
ing both pillars 203 and foam microporous 213 inserts 1s
depicted 1n FIG. 5. However, for exemplary purposes, the
parallel microchannel walls 110 shown 1n FIG. 4B 1s used
to describe the interface layer 102 1n the present invention.

[0048] Referring back to the assembly in FIG. 4B, the top
surface of the manifold layer 106 is cut away to 1llustrate the
channels 116, 122 and fingers 118, 120 within the body of
the manifold layer 106. The locations 1n the heat source 99
that produce more heat are hereby designated as hot spots,
whereby the locations in the heat source 99 which produce
less heat are hereby designated as warm spots. As shown 1n
FIG. 4B, the heat source 99 1s shown to have a hot spot
region, namely at location A, and a warm spot region,
namely at location B. The arecas of the interface layer 102
which abut the hot and warm spots are accordingly desig-
nated interface hot spot regions. As shown in FIG. 4B, the
interface layer 102 includes interface hot spot region A,
which 1s positioned above location A and interface hot spot
region B, which 1s positioned above location B.

[0049] As shown in FIGS. 4A and 4B, fluid initially
enters the heat exchanger 100 through one inlet port 108.
The fluid then flows to one 1nlet channel 116. Alternatively,
the heat exchanger 100 includes more than one inlet channel
116. As shown 1n FIGS. 4A and 4B, fluid flowing along the
inlet channel 116 from the inlet port 108 initially branches
out to finger 118D. In addition, the fluid which continues

along the rest of the inlet channel 116 flows to 1ndividual
fingers 118B and 118C and so on.

[0050] In FIG. 4B, fluid is supplied to interface hot spot
region A by flowing to the finger 118A, whereby tluid
preferably flows down through finger 118A to the 1nterme-
diate layer 104. The fluid then flows through the inlet
conduit 105A, positioned below the finger 118A, to the
interface layer 102, whereby the fluid undergoes thermal
exchange with the heat source 99. The fluid travels along the
microchannels 110 as shown 1n F1G. 4B, although the fluid
may travel in any other direction along the interface layer
102. The heated liquid then travels upward through the
conduit 105B to the outlet finger 120A. Similarly, fluid tlows
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down 1n the Z-direction through fingers 118E and 118F to
the intermediate layer 104. The fluid then flows through the
inlet conduit 105C down in the Z-direction to the interface
layer 102. The heated fluid then travels upward in the
Z-direction from the interface layer 102 through the outlet
conduit 105D to the outlet fingers 120E and 120F. The heat
exchanger 100 removes the heated fluid 1n the manifold
layer 106 via the outlet fingers 120, whereby the outlet
fingers 120 are 1n communication with the outlet channel
122. The outlet channel 122 allows fluid to flow out of the
heat exchanger through one outlet port 109.

[0051] The inflow and outflow conduits 105 are also

positioned directly or nearly directly above the appropriate
interface hot spot regions to directly apply fluid to hot spots
in the heat source 99. In addition, each outlet finger 120 1s
preferably configured to be positioned closest to a respective
inlet finger 119 for a particular 1nterface hot spot region to
minimize pressure drop therebetween. Thus, fluid enters the
interface layer 102 via the inlet finger 118 A and travels the
least amount of distance along the bottom surface 103 of the
interface layer 102 before 1t exits the mnterface layer 102 to
the outlet finger 120A. It 1s apparent that the amount of
distance which the fluid travels along the bottom surface 103
adequately removes heat generated from the heat source 99
without generating an unnecessary amount of pressure drop.
In addition, as shown in FIGS. 4A and 4B, the comers 1n the
fingers 118, 120 are curved to reduce pressure drop of the
fluid flowing along the fingers 118.

[0052] It is apparent to one skilled in the art that the
configuration of the manifold layer 106 shown 1n FIGS. 4A
and 4B is only for exemplary purposes. The configuration of
the channels 116 and fingers 118 1n the manifold layer 106
depend on a number of factors, including but not limited to,
the locations of the interface hot spot regions, amount of
flow to and from the interface hot spot regions as well as the
amount of heat produced by the heat source in the interface
hot spot regions. Any other configuration of channels 116
and fingers 118 1s contemplated.

[0053] Referring to FIG. 4B, the preferred embodiment of
the present invention includes microchannels 110 in the
interface layer 102. In order to achieve the desired decrease
in convection resistance as described previously, the internal
feature size of the microchannels 110 are in the range of
15-300 microns, and the surface to volume ratios of the
microchannels are greater than 1000 m™'. Of course, the
present 1mvention contemplates further embodiments con-
templating microchannels not entirely within the stated
ranges.

[0054] Referring now to FIG. 5, further embodiments also
contemplate utilizing alternatives to the microchannels 110
(FIG. 4B) of the preferred embodiment such as pillars 203,
roughed surfaces or a micro-porous structure, such as sin-
tered metal and silicon foam 213. Furthermore, any of these
alternatives could be used 1nstead of the microchannels 110,
or they could be used in combination as an alternative
interface layer 202. Furthermore, these alternatives may be
used 1n any conceivable combination with the microchan-
nels 110. Of course, any alternative listed above or combi-
nation thereof has internal features sizes and a surface to
volume ration that conforms to those set out in the preferred
embodiment of the present invention.

[0055] Also critical in achieving the desired relative resis-
tance levels 1s the fluid composition used 1n the pumped fluid
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system on the preferred embodiment of the present inven-
fion. Specifically, the heat capacity and viscosity become
important when the desired relative resistance levels are
achieved. Using micro dimensions as those described in the
preferred embodiment can dramatically increase the pump-
ing pressure drop. Using low fluid flowrates makes the
performance highly sensitive to the fluid heat capacity per
unit mass, which governs its heat absorbing properties.

[0056] Therefore, in order for the system to operate prop-
erly with the desired relative resistance levels, fluid with
very high heat capacity per unit mass (enabling high absorp-
tion) and low viscosity (enabling low pressure drop in a
micro hx) are required. Preferably, a fluid at its average
temperature 1n the heat exchanger, having a wviscosity,
oreater than 150% of the viscosity of water and a heat
capacity greater than 80% of water 1s required. Also 1n the
preferred embodiment of the present invention, the fluid
consists of at least 90% of water by mass.

[0057] FIG. 6 depicts a method of efficiently cooling a
device 1n a pumped fluid cooling system 400 of the preferred
embodiment of the present invention. The method 400 starts
in step 410, by decreasing the relative spread resistance 1n a
pumped fluid system. This 1s achieved by limited the size of
the cooling surface of the micro hx relative to the surface of
the device being cooled. Preferably, to equal to or less than
150% of the surface of the device being cooled. In step 420,
the relative convection resistance of the pumped fluid sys-
tem 1s decreased by increasing the total wetted surface arca
in the micro hx. This 1s accomplished by reducing the
internal feature sizes of the micochannels in the micro hx,
preferably to a size 1n the range of 15-300 microns, with a
surface to volume ratio of 1000 m™".

[0058] Still referring to FIG. 6, in step 430 the relative
advection resistance for the pumped fluid system 1s
increased. This 1s preferably done by decreasing the flowrate
m, where the advection resistance equals C/mc, where C 1s
a constant near 0.5 and c 1s the specific heat capacity per unit
mass. The last step 1n this method 400 1s step 440, by
adjusting the fluid composition 1n the pumped fluid system
such that the fluid has a relatively high heat capacity and a
low viscosity. Preferably, the viscosity of the fluid at its
average temperature 1n the heat exchanger 1s less than 150%
of the viscosity of water and the heat capacity per unit mass
of the fluid at 1ts average temperature 1n the heat exchanger
1s greater than 80% of the heat capacity per unit mass of
water. This 1s preferably achieved by adjusting the fluid such
that i1t consists of at least 90% water by mass.

[0059] The present invention has been described in terms
of specific embodiments incorporating details to facilitate
the understanding of the principles of construction and
operation of the invention. Such reference herein to speciiic
embodiments and details thereof 1s not intended to limit the
scope of the claims appended hereto. It will be apparent to
those skilled 1n the art that modifications can be made 1n the
embodiment chosen for 1llustration without departing from
the spirit and scope of the invention. Specifically, it will be
apparent to one of ordinary skill 1n the art that the device of
the present invention could be implemented in several
different ways and have several different appearances.

What 1s claimed 1s:
1. Apumped fluid cooling system for cooling a device, the
pumped fluid cooling system comprising:
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a. a heat exchanger, the heat exchanger including an
interface layer coupled to the device for cooling the
device; and

b. a fluid pumped through the interface layer of the heat
exchanger, the fluid having an 1nlet temperature and an
outlet temperature,

wherein the pumped fluid cooling system 1s configured
such that the difference between the fluid outlet tem-
perature and the fluid inlet temperature 1s at least 30%
of the difference between a hottest temperature of the
fluid 1n the heat exchanger and the fluid inlet tempera-
tfure.
2. The pumped fluid cooling system as claimed in claim
1 further comprising a plurality of microchannels configured
in a predetermined pattern along the mterface layer wherein
the plurality of microchannels have an internal feature size
in the range of 15-300 microns.
3. The pumped fluid cooling system as claimed in claim
2 wherein the plurality of microchannels have a surface to
volume ratio greater than 1000 m™".
4. The pumped fluid cooling system as claimed 1n claim
1 further comprising a plurality of pillars configured 1n a
predetermined pattern along the interface layer wherein the
plurality of pillars have an internal feature size in the range
of 15-300 microns.
5. The pumped fluid cooling system as claimed 1n claim
4 wherein the plurality of pillars have a surface to volume
ratio greater than 1000 m™".
6. The pumped fluid cooling system as claimed 1n claim
1 further comprising a microporous structure disposed on
the interface layer wherein a plurality of pores in the
microporous structure have an internal feature size in the
range ol 15-300 microns.
7. The pumped fluid cooling system as claimed 1 claim
6 wherein the plurality of pores of the microporous structure
have a surface to volume ratio greater than 1000 m™".
8. The pumped fluid cooling system as claimed 1 claim
1 wherein a first surface area of the interface layer that 1s
coupled to the device 1s less than or equal to 150% of a
second surface arca of the device that 1s coupled to the
interface layer.
9. The pumped fluid cooling system as claimed 1n claim
1 wherein the viscosity of the fluid at its average temperature
in the heat exchanger 1s less than 150% of the viscosity of
walter.

10. The pumped fluid cooling system as claimed 1n claim
1 wherein the heat capacity per unit mass of the fluid at its
average temperature in the heat exchanger 1s greater than
80% of the heat capacity per unit mass of water.

11. The pumped fluid cooling system as claimed 1n claim
1 wherein the fluid consists of at least 90% water by mass.

12. A method of efficiently cooling a device in a pumped
fluid cooling system, the method comprising:

a. decreasing a spread resistance between an interface
layer of a heat exchanger and the device;

b. decreasing a convection resistance between a fluid and
the 1nterface layer of the heat exchanger, wherein the
fluid 1s pumped through the interface layer, and further
wherein the fluid has an 1nlet temperature and an outlet
temperature;

C. Increasing an advection resistance; and
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d. adjusting the composition of the fluid to increase the
heat capacity per unit mass and decrease the viscosity,

wherein the difference between the fluid outlet tempera-
ture and the fluid 1nlet temperature 1s at least 30% of the
difference between a hottest temperature of the fluid 1n
the heat exchanger and the fluid inlet temperature.

13. The method as claimed in claim 12 wherein the step
of decreasing the convention resistance includes configuring
a plurality of microchannels 1n a predetermined pattern
along the mterface layer wherein the plurality of microchan-
nels have an internal feature size in the range of 15-300
microns.

14. The method as claimed in claim 13 wherein the

plurality of microchannels have a surface to volume ratio
greater than 1000 m™".

15. The method as claimed in claim 12 wherein the step
of decreasing the convection resistance includes configuring
a plurality of pillars 1n a predetermined pattern along the
interface layer wherein the plurality of pillars have an
internal feature size in the range of 15-300 microns.

16. The method as claimed 1n claim 15 wherein the

plurality of pillars have a surface to volume ratio greater
than 1000 m™".

17. The method as claimed in claim 12 wherein the step
of decreasing the convection resistance imncludes disposing a
microporous structure on the interface layer wherein a
plurality of pores i1n the microporous structure have an
internal feature size in the range of 15-300 microns.

18. The method as claimed in claim 17 wherein the
plurality of pores of the microporous structure have a
surface to volume ratio greater than 1000 m™.

19. The method as claimed 1n claim 12 wherein the step
of decreasing the spread resistance includes reducing a first
surface area of the interface layer that 1s coupled to the
device such that the first surface area 1s less than or equal to
150% of a second surface area of the device that 1s coupled
to the interface layer.

20. The method as claimed 1n claim 12 wherein the step
of adjusting the composition of the fluid includes decreasing
the viscosity of the fluid at 1ts average temperature 1n the
heat exchanger, such that the viscosity 1s less than 150% ot
the viscosity of water.

21. The method as claimed 1n claim 12 wherein the step
of adjusting the composition of the fluid includes increasing
the heat capacity per unit mass of the fluid at its average
temperature 1n the heat exchanger, such that the heat capac-
ity per unit mass 1s greater than 80% of the heat capacity per
unit mass of water.

22. The method as claimed 1n claim 12 wherein the fluid
consists of at least 90% water by mass.

23. A pumped fluid cooling system for cooling a device,
the pumped fluid cooling system comprising:

a. means for decreasing a spread resistance between an
interface layer of a heat exchanger and the device;

b. means for decreasing a convection resistance between
a fluid and the interface layer of the heat exchanger,
wherein the fluid 1s pumped through the interface layer,
and further wherein the fluid has an inlet temperature
and an outlet temperature,

c. means for increasing an advection resistance; and
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d. means for adjusting the composition of the fluid to
increase the heat capacity per unit mass and decrease
the viscosity,

wherein the difference between the fluid outlet tempera-
ture and the fluid inlet temperature 1s at least 30% of the
difference between a hottest temperature of the fluid 1n
the heat exchanger and the fluid inlet temperature.

24. The pumped fluid cooling system as claimed 1n claim
23 wherein the means for decreasing the convention resis-
tance 1ncludes means for configuring a plurality of micro-
channels 1n a predetermined pattern along the interface layer
wherein the plurality of microchannels have an internal
feature size 1n the range of 15-300 microns.

25. The pumped fluid cooling system as claimed 1n claim
24 wherein the plurality of microchannels have a surface to
volume ratio greater than 1000 m™".

26. The pumped fluid cooling system as claimed 1n claim
23 wherein the means for decreasing the convection resis-
tance includes means for configuring a plurality of pillars 1n
a predetermined pattern along the interface layer wherein the
plurality of pillars have an internal feature size in the range
of 15-300 microns.

27. The pumped fluid cooling system as claimed 1n claim
26 wherein the plurality of pillars have a surface to volume
ratio greater than 1000 m™"'.

28. The pumped fluid cooling system as claimed 1n claim
23 wherein the means for decreasing the convection resis-
tance mcludes means for disposing a microporous structure
on the interface layer wherein a plurality of pores m the
microporous structure have an internal feature size in the
range of 15-300 microns.

29. The pumped fluid cooling system as claimed 1n claim
28 wherein the plurality of pores of the microporous struc-
ture have a surface to volume ratio greater than 1000 m™".

30. The pumped fluid cooling system as claimed 1n claim
23 wherein the means for decreasing the spread resistance
includes means for reducing a first surface arca of the
interface layer that 1s coupled to the device such that the first
surface area 1s less than or equal to 150% of a second surface
arca of the device that 1s coupled to the interface layer.

31. The pumped fluid cooling system as claimed 1n claim
23 wherein the means for adjusting the composition of the
fluid mmcludes means for decreasing the viscosity of the fluid
at 1ts average temperature 1n the heat exchanger, such that
the viscosity 1s less than 150% of the viscosity of water.

32. The pumped fluid cooling system as claimed 1n claim
23 wherein the means for adjusting the composition of the
fluid includes means for increasing the heat capacity per unit
mass of the fluid at its average temperature in the heat
exchanger, such that the heat capacity per unit mass 1is
oreater than 80% of the heat capacity per unit mass of water.

33. The pumped fluid cooling system as claimed 1n claim
23 wherein the fluid consists of at least 90% water by mass.
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34. An apparatus for cooling an integrated circuit, the
apparatus comprising:

a. a heat exchanger including an mterface layer coupled to
the 1ntegrated circuit, wherein a first surface area of the
interface layer that 1s coupled to the integrated circuit
1s less than or equal to 150% of a second surface area
of the integrated circuit that 1s coupled to the interface
layer, such that a spread resistance between the inter-
face layer and the integrated circuit 1s decreased;

b. a plurality of microchannels configured in a predeter-
mined pattern along the interface layer wherein the
plurality of microchannels have an internal feature size
in the range of 15-300 microns and a surface to volume
ration greater than 1000 m™', such that a convection
resistance 1S decreased; and

c. a fluid pumped through the heat exchanger, such that a
fHlowrate of the fluid increases an advection resistance,

wherein the fluid consists of at least 90% water by mass.

35. The apparatus as claimed 1n claim 34 wherein the
viscosity of the fluid at its average temperature in the heat
exchanger 1s less than 150% of the viscosity of water.

36. The apparatus as claimed in claim 34 wherein the heat
capacity per unit mass of the fluid at its average temperature
in the heat exchanger 1s greater than 80% of the heat
capacity per unit mass of water.

37. A pumped fluid cooling system for cooling a device,
the pumped fluid cooling system comprising:

a. a spread resistance, wherein the spread resistance 1s
decrease when a heat exchanger including an interface
layer 1s coupled to the device, further wherein a first
surface area of the interface layer that 1s coupled to the
device 1s less than or equal to 150% of a second surface
area of the device that 1s coupled to the interface layer;

b. a convection resistance, wherein the convection resis-
tance 1s decreased when a plurality of microchannels 1s
configured 1n a predetermined pattern along the inter-
face layer, and further wherein the plurality of micro-
channels have an internal feature size in the range of

15-300 microns and a surface to volume ration greater
than 10000 m™; and

c. an advection resistance, wherein the advection resis-
tance 1s 1ncreased when a fluid 1s pumped through the
heat exchanger, such that a flowrate of the fluid
decreases,

wherein the fluid consists of at least 90% water by mass.
38. The pumped fluid cooling system as claimed 1n claim
3’7 wherein the fluid 1s water.
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