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ENHANCED BOILING WITH SELECTIVE
PLACEMENT OF NUCLEATION SITES

CROSS REFERENCE

This application claims the benefit of the filing date of
U.S. Provisional Patent Application Ser. No. 61/981,268,
filed Apr. 18, 2014 and International Application No. PCT/
US2015/026377, filed May 18, 2015, which are hereby
incorporated by reference in their entirety.

FIELD

The present disclosure relates to enhanced boiling with
selective placement of nucleation sites on a heat transfer
surface, and particularly, to enhanced boiling heat transfer
with regions having selectively placed nucleation sites and
regions lacking selectively placed nucleation sites on a heat
transfer surface.

BACKGROUND

There is an increased demand for improved functionality
and reliability of microelectronic devices in many diverse
applications. Since these factors are adversely affected by
temperature, thermal management of these devices is
becoming an important consideration. The conventional air
cooling systems do not meet the cooling needs of these
devices due to low heat transfer performance associated with
air cooled systems. Compared to other cooling techniques,
pool boiling is attractive due to its ability to remove large
amounts of heat at low wall superheats, and absence of any
moving parts. Improving pool boiling performance in vari-
ous heat exchangers is also beneficial in other applications
such as power generation, refrigeration, air conditioning,
petrochemical, chemical, pharmaceutical and process indus-
tries. Improvement in heat transfer will result in lower sizes
of equipment being used, higher efficiency and reduced
consumption of fossil fuels. This heat transfer can be
enhanced either by using active devices such as ultrasonic
vibrations, electrostatic fields, and the like, or passive tech-
niques such as porous/microporous surfaces, structured sur-
faces such as open microchannels (microgrooves), finned or
knurled surfaces, and the like. Thus, for enhancement in
pool boiling heat transfer performance, enhancement in both
the critical heat flux (CHF) and heat transfer coefficient
(HTC), is desired. Similarly, flow boiling is used in many
applications and enhancement in flow boiling systems,
enhancement in both the CHF and HTC is also desired.

Heat transfer during boiling involves bubble nucleation,
its rapid growth and departure. The time from bubble
departure to the onset of next bubble nucleation at the same
site is the waiting time, and the time it takes from bubble
nucleation to reach the departure stage is the growth time.
During this cycle, the bubble interface movement causes
liquid around it to flow over the surrounding heat transfer
surfaces. The periodic bubble departure causes the heater
surface to undergo a transient temperature cycle, which
provides heat to the renewed liquid layer as it replaces the
liquid displaced by the bubble. In flow boiling, the localized
velocity fields generated by the departure of the nucleating
bubbles play a similar role, although the flow of liquid and
vapor in the bulk flow modified this behavior to some extent
depending on the bulk flow velocity and heat flux levels.
Nevertheless, enhancing heat transfer performance due to
nucleating bubbles is beneficial in flow boiling systems as
well.
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2
SUMMARY

In accordance with one aspect of the present disclosure,
there is provided a heat transfer system including a substrate
having a heat exchange region including a surface having an
enhancement region including alternating regions of selec-
tively placed plurality of nucleation sites and regions lacking
selectively placed nucleation sites, wherein a width of the
region of selectively placed nucleation sites includes a
distance of from about 100 um to about 4 mm and a width
of the region lacking selectively placed nucleation sites
includes a distance of from about 100 um to about 4 mm,
such that bubble formation and departure in the region of
selectively placed nucleation sites during boiling of a liquid
in contact with the enhancement region induces liquid
motion over the surface of the regions lacking selectively
placed nucleation sites sufficient to enhance both the critical
heat flux and heat transfer coefficient at the critical heat flux
in the enhancement region of the system as compared to the
heat exchange region surface wherein the enhancement
region is replaced by a plain surface.

These and other aspects of the present disclosure will
become apparent upon a review of the following detailed
description and the claims appended thereto.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a drawing of a schematic of an embodiment
displaying liquid motion caused by bubble departure of the
present disclosure;

FIG. 2 is a drawing showing examples of enhancement
regions where regions of selectively placed plurality of
nucleation sites are shown as shaded regions on microchan-
nel surfaces in accordance with the present disclosure;

FIG. 3 illustrates examples of shapes and arrangements of
enhancement regions where regions of selectively placed
plurality of nucleation sites are shown as shaded regions on
a heater surface in accordance with the present disclosure;

FIG. 4 is an angled SEM of a fin showing (a) lower
magnification view of sidewall, fin top, and base of the
channel showing fin tops coated with a microporous layer
and (b) side wall showing machine marks indicating no
traces of deposition on the sidewalls;

FIG. 5 is a graph showing pool boiling curves for test
chips, using projected heater area with saturated distilled
water at atmospheric pressure;

FIG. 6 is a graph showing heat transfer coeflicient of the
test chips using projected area during saturated pool boiling
of distilled water at atmospheric pressure;

FIG. 7 is a graph showing heat transfer coefficient varia-
tion of test chips with channel depth;

FIG. 8 shows two graphs illustrating effect of channel
width on (a) critical heat flux and (b) heat transfer coeffi-
cient;

FIG. 9 shows two graphs illustrating effect of fin widths
on (a) critical heat flux and (b) heat transfer coefficient;

FIG. 10 is a graph of pool boiling curves showing
comparison of (i) a microchannel chip with microporous
coating on the fin top (Chip 12), (ii) a microchannel chip
without any porous coating (Chip 12 without any coating),
and (iii) a plain chip (no microchannels, no coating);

FIG. 11 is a graph of pool boiling curves showing
comparison of heat transfer coefficients for (i) microchannel
chip with porous coatings on the top (Chip 12), (ii) micro-
channel chip without any porous coating, and (iii) a plain
chip (no microchannels, no coating);
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FIG. 12 is a graph of a comparison of pool boiling curves
of Chips 3, 9 and 12 with published results;

FIG. 13 is a graph of a comparison of heat transfer
coeflicients of Chips 3 and 12 with published results;

FIG. 14 is a graph of pool boiling results obtained with a
chemical liquid (FC-87) used for electronics cooling at
atmospheric pressure; and

FIG. 15 is a heat transfer coefficient plot for a plain chip
and Chips 3, 4, 6, 10, and 12 with a chemical liquid (FC-87)
used for electronics cooling at atmospheric pressure.

DETAILED DESCRIPTION

The present disclosure relates to a heat transfer system
including a substrate for liquid boiling. The substrate can
include copper, copper alloy, aluminum, steel, nickel, tita-
nium, alloys, silicon, germanium, a composite of different
materials including films, or any suitable material for boiling
applications. The heat transfer system in accordance with the
present disclosure includes a substrate for liquid boiling
having a heat exchange region in which heat is transferred
between the substrate and a fluid in communication with the
substrate. The substrate can include a planar surface, curved
surface, tubular surface, or combinations thereof.

The heat exchange region includes a heat transfer surface
having an enhancement region having regions of selectively
placed plurality of nucleation sites (NS region) and regions
lacking selectively placed nucleation sites (LNS region).
The regions of selectively placed nucleation sites induce
bubble formation and departure that cause convective liquid
flow over regions lacking selectively placed nucleation sites
enhancing both critical heat flux and heat transfer coeffi-
cient. The enhancement region is composed of the combi-
nation of the NS and LNS regions, which may be placed in
specific regions of the heat transfer region. The enhancement
region may include alternating NS and LNS regions and
may be surrounded by an NS region, an LNS region or any
other type of surface. Selectively placed nucleation sites
nucleate at low wall superheat as compared to regions
lacking selectively placed nucleation sites. Nucleation sites
may be selectively placed by a microporous layer, laser
holes, reentry cavity formation, and other surface geometry
suitable for nucleating bubbles at lower wall superheats. Tall
nanowires result in bunching and provide nucleation sites
along with improved wettability. The regions of selectively
placed nucleation sites and regions lacking selectively
placed nucleation sites can be on the surface of the substrate
or on the top or side surface of microstructures, which may
be located on the substrate.

Regions lacking selectively placed nucleation sites may
include features or coatings to change the surface wettability
characteristics. When the coatings are hydrophilic, they will
enhance liquid wetting and delay CHF. Although, tall
nanowires result in bunching and provide nucleation sites
along with improved wettability, short nanowires do not
bunch and may provide only wettability improvements and
not nucleation sites. Such wettability improving, non-nucle-
ating nanowires may be placed in the LNS region. A wicking
structure may also be used to improve the wettability. Such
wicking structure on the LNS surface provides an added
advantage of providing a liquid pathway on the surface in
the lateral (along the surface) direction.

The LNS region may be obtained by removing the nucle-
ation sites placed initially in these regions. For example, a
surface may be initially coated with a microporous layer for
creating nucleation sites and then removing this coating
from the regions where LNS region is desired. The LNS
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region may be covered with microstructures or surface
features to enhance convective heat transfer with the liquid.
Suitable microstructures include a microchannel, fin, pin fin,
a microporous layer, and the like.

This disclosure deals with boiling of liquids wherein
bubble nucleation occurs and is accompanied with transfer
of heat from a surface to the boiling liquid. A nucleation site
is defined as the location where a bubble nucleation occurs.
Selective placement of nucleation sites is identified as the
region where a plurality of nucleation sites is placed on the
heat transfer surface to enhance nucleation. The nucleation
occurring in the region of selectively placed nucleation sites
supports the mechanism of liquid-vapor circulation and heat
transfer described herein. A region lacking selectively
placed nucleation sites refers to a region of the heat transfer
surface where nucleation sites are not placed, although some
nucleation may occur in this region, from for example,
naturally occurring nucleation sites as a result of fabrication
process. A microstructure is defined as a structure generally
from about 0 micrometer to about 4 millimeters in one of its
dimensions on the heat transfer surface. It also forms part of
the heat transfer surface. It includes, but is not limited to
microchannels, pin fins, and elevated or depressed regions.
A liquid channel is defined as a region which experiences a
liquid flow on the heat exchange surface as a result of bubble
activity in the adjacent regions, which is generally the region
with selectively placed nucleation sites. This liquid flow
does not refer to liquid motion immediately around a nucle-
ating bubble in what is called as the influence region around
a bubble. The channel can be flush with the heat transfer
surface, or it may be elevated or depressed from the heat
transfer surface. A liquid channel can be formed due to the
selective placement of the nucleation sites or could be
created through the placement of microstructures or through
a combined effect of the two. Microstructures can be
arranged such that there is spacing between the structures to
permit convective liquid flow about the structures induced
by bubble departure from the NS regions.

Selective placement of nucleation sites refers to place-
ment of nucleation sites in a region on the heat transfer
surface and on any microstructures present on the heat
transfer surface. Examples of selective placement of nucle-
ation sites include, but are not limited to: placing nucleation
sites on (1) part or the whole top region of fins forming a
microchannel or any microstructure, (ii) part or the whole
region of side walls of a microstructure, (iii) part and the
whole region of: side walls and/or bottom regions of a
microchannel or a microstructure, or (iv) patterns created by
nucleating regions in strips, bands or any other shape. These
nucleation regions provide a region where bubbles are
nucleated preferentially and liquid flows over the regions or
channels lacking selectively placed nucleation sites.

Wall superheat is defined as the difference between the
substrate surface temperature and the saturation temperature
of the liquid. Heat transfer coefficient is defined as the ratio
of heat flux dissipated by the substrate and the wall super-
heat. The CHF condition is initiated by a blanket of vapor
over the heater surface preventing the liquid from coming in
contact with the heater surface. Under constant heat flux
heating condition, reaching CHF leads to a rapid increase in
heater surface temperature and may cause thermal damage
to the surface (also known as burnout). In a boiling curve,
the wall superheat is plotted on the x-axis against the heat
flux on the y-axis. CHF represents the highest heat flux
beyond which an increase in heat flux is accompanied with
a significant rise in wall temperature and a dramatic reduc-
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tion in heat transfer coeflicient as compared to the boiling
prior to reaching the CHF condition.

The widths of the two regions, one with selective place-
ment of nucleation sites (NS region) and one lacking selec-
tively placed nucleation sites (LNS region) are important
parameters that influences the enhancement in both critical
heat flux (CHF) and heat transfer coefficient (HTC) in the
following ways. Nucleation occurs over the NS region and
bubbles depart from this region. This induces liquid from the
bulk to flow toward the region lacking selectively placed
nucleation sites (LNS region). Liquid flow along the heater
surface in the LNS region is also induced due to flow paths
available in the LNS region. Liquid is supplied to the NS
region from the boundaries of the LNS and NS region and
also from some counterflow of liquid in the chaotic motion
of bubbles as they depart the heat exchange surface. Having
an NS region too wide reduces the available area in the LNS
region where substantial enhancement can occur and may
weaken the liquid convection current over the LNS region.
Providing an LNS region between two adjacent NS regions
causes the liquid from the bulk to flow towards the LNS
region. This causes a convection current over the LNS
region. Making the LNS region width too large makes the
convection current weak and also there is a loss of area
available for nucleation in the NS region as a larger fraction
of the surface is occupied by the LNS region. The net result
of making the widths of the NS and LNS regions wide
beyond certain points is a loss in performance in either CHF
or HTC, or both.

On the other hand, making the LNS region width (spacing
between two NS regions covered by the LNS region) too
small makes it difficult for the liquid from the bulk to flow
toward the LNS region. The bubbles departing the heater
surface adversely affect the flow of liquid towards the LNS
region. The resulting weak convection currents reduce the
convective heat transfer in the LNS region and the overall
heat transfer performance. The interaction of the incoming
liquid with the outgoing bubbles near the heat exchange
surface adversely affects the liquid convection currents.
There are many additional effects due to bubble coalescence
and instabilities of the liquid-vapor interface and flow that
influence the velocity of liquid in the LNS region. When the
width of the LNS region is near optimum, the incoming
liquid velocity is high since the width is not too large and the
interaction with the departing bubbles is small because the
width in not too small. The liquid flow in the LNS region is
also induced laterally in the LNS region as a result of the
bubbles departing from the NS region due to the heater
surface topography. Making the width of the NS region too
small may reduce the nucleating bubble density and the
resulting liquid convective current in the LNS region may be
weak.

In an embodiment, the bubble escape pathway is in the
vertically upward direction from the region of selectively
placed nucleation sites (NS) from a horizontal heat exchange
surface in a gravity driven system. However, the bubbles
may be removed under the influence of any other force away
from the nucleation sites in this or other orientations such
that they do not interfere with the convective liquid flow
pathway towards the regions lacking selectively placed
nucleation sites (LNS).

The flow resistance offered by a bubble removed from the
region with the selectively placed nucleation sites (NS) to
the convective flow of the liquid over the region lacking
selectively placed nucleation sites (LNS) can be minimized
by providing a spacing of the region lacking selectively
placed nucleation sites (LNS) such that the CHF is enhanced

10

15

20

25

30

35

40

45

50

55

60

65

6

by at least about 50 percent as compared to a plain surface
and HTC at CHF is enhanced by at least about 50 percent as
compared to a plain surface. Further, in another embodiment
the CHF is enhanced at least by about 100 percent as
compared to a plain surface and HTC at CHF is enhanced at
least by about 50 percent as compared to a plain surface. In
yet another embodiment, the CHF is enhanced by at least
about 150 percent as compared to a plain surface and the
HTC at CHF is enhanced by at least about 50 percent as
compared to a plain surface. In yet another embodiment, the
CHF is enhanced by at least about 200 percent as compared
to a plain surface and the HTC at CHF is enhanced by at
least about 50 percent as compared to a plain surface. A
comparative plain surface is defined as a surface lacking
microchannels, coatings, and selectively placed nucleation
sites.

In another embodiment, the CHF is enhanced at least by
about 100 percent and the HTC at 80% of the CHF is
enhanced by at least about 50 percent.

In another embodiment, the CHF is enhanced at least by
about 100 percent and the HTC at 80% of the CHF is
enhanced by at least about 100 percent.

In another embodiment, the CHF is enhanced at least by
about 100 percent and the HTC at 80% of the CHF is
enhanced by at least about 150 percent.

In another embodiment, the CHF is enhanced at least by
about 200 percent and the HTC at 80% of the CHF is
enhanced by at least about 50 percent.

In another embodiment, the CHF is enhanced at least by
about 200 percent and the HTC at 80% of the CHF is
enhanced by at least about 100 percent.

In another embodiment, the CHF is enhanced at least by
about 200 percent and the HTC at 80% of the CHF is
enhanced by at least about 150 percent.

In another embodiment, the CHF is enhanced at least by
about 100 percent and the HTC at 60% of the CHF is
enhanced by at least about 50 percent.

In another embodiment, the CHF is enhanced at least by
about 100 percent and the HTC at 60% of the CHF is
enhanced by at least about 100 percent.

In another embodiment, the CHF is enhanced at least by
about 100 percent and the HTC at 60% of the CHF is
enhanced by at least about 150 percent.

In another embodiment, the CHF is enhanced at least by
about 200 percent and the HTC at 60% of the CHF is
enhanced by at least about 50 percent.

In another embodiment, the CHF is enhanced at least by
about 200 percent and the HTC at 60% of the CHF is
enhanced by at least about 100 percent.

In another embodiment, the CHF is enhanced at least by
about 200 percent and the HTC at 60% of the CHF is
enhanced by at least about 150 percent.

The desirable spacing range between the regions depends
on the liquid and vapor properties and the bubble nucleation
characteristics in the NS region. It is found from current
experiments that a suitable range is between about 100 um
and about 4 mm. A heat exchange region may be designed
for improving heat transfer coefficient at lower heat fluxes or
for extending the CHF or extending the CHF while simul-
taneously improving the HTC at CHF. The specific dimen-
sions of the NS and NS regions and the bubble nucleation
characteristics in the NS regions can be determined accord-
ingly.

In an embodiment, a heat transfer system includes a
substrate having a heat exchange region. At least a portion
of the surface of the heat exchange region includes an
enhancement region. The enhancement region includes
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alternating regions of selectively placed plurality of nucle-
ation sites and regions lacking selectively placed nucleation
sites. A width of the regions of selectively placed nucleation
sites includes a distance of from about 100 um to about 4
mm and a width of the regions lacking selectively placed
nucleation sites includes a distance of from about 100 pum to
about 4 mm. Thus, these regions may include other width
distances outside this range, so long as they contain suffi-
cient width distances within this range to provide the desired
enhancement. The architecture is such that bubble formation
and departure during boiling of a liquid in contact with the
enhancement region induces liquid motion over the surface
of the regions lacking selectively placed nucleation sites
sufficient to enhance both the critical heat flux and heat
transfer coefficient in the enhancement region of the system
as compared to the heat exchange region surface wherein the
enhancement region is replaced by a plain surface.

The enhancement region can further include microstruc-
tures having a height of from about O um to about 4 mm. The
microstructures can have a width of from about 100 pm to
about 4 mm. The channel gap between the microstructures
can have a width of from about 100 um to about 4 mm.

In an embodiment, the enhancement region surface can
include, for example, a plurality of microstructures having
side and top surfaces extending from the substrate surface
resulting in a cross-section of microstructure top surfaces,
microstructure side surfaces, and substrate surfaces. At least
one of the microstructure top surfaces, microstructure side
surfaces, and substrate surfaces includes regions of selec-
tively placed plurality of nucleation sites and the other of
those surfaces not having such nucleation sites include
regions lacking selectively placed nucleation sites, such that
during boiling of a liquid within the enhancement region
bubble formation at the surfaces of the regions of selectively
placed nucleation sites is preferred over bubble formation at
the other surfaces to the extent of inducing and sustaining
convective liquid flow over the other surfaces lacking selec-
tively placed nucleation sites of the enhancement region.
Thus, the other surfaces which have regions lacking selec-
tively placed nucleation sites can be the microstructure side
surfaces and the substrate surfaces; the microstructure top
surfaces and the microstructure side surfaces; the micro-
structure top surfaces and the substrate surfaces; the micro-
structure top surfaces; or the substrate surfaces. In an
embodiment, nucleation sites may be selectively placed on
a portion of the microstructure. Thus, a region of selectively
placed plurality of nucleation sites may overlap different
portions or surfaces of a microstructure.

FIG. 2 illustrates examples of enhancement regions of
selectively placed nucleation sites and regions lacking selec-
tively placed nucleation sites on a heat transfer surface.
Selectively placed nucleation sites are shown as shaded
regions on the heat transfer surface. FIGS. 2(A)-2(D) show
selective placement of nucleation sites on different regions
of' a microchannel. FIG. 2(A) shows nucleation sites on top
of'the fin; FIG. 2(B) shows nucleation sites on the side walls;
FIG. 2(C) shows nucleation sites on the bottom walls of a
microchannel; FIG. 2(D) shows nucleation sites on the side
and bottom walls of a microchannel; FIG. 2(E) shows
surface regions of selectively placed nucleation sites pro-
truding above surface regions lacking selectively placed
nucleation sites; and FIG. 2(F) shows surface regions of
selectively placed nucleation sites flush with surface regions
lacking selectively placed nucleation sites.

FIG. 3 illustrates examples of different shapes and differ-
ent arrangements of enhancement regions of regions of
selectively placed nucleation sites and regions lacking selec-
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tively placed nucleation sites on a heater surface suitable for
use in the present disclosure. Selectively placed nucleation
sites are shown as shaded regions on the heat transfer
surface. FIGS. 3 (A)-3(F) show different configurations of
regions of selectively placed nucleation sites. FIG. 3(A)
shows strips placed parallel and a spacing; FIG. 3(B) shows
a star shaped configuration; FIG. 3 (C) shows concentric
annular rings; FIG. 3 (D) shows annular rings placed in a
pattern; FIG. 3 (E) shows circular regions placed in a
pattern; and FIG. 2 (F) shows strips placed in multiple +
symbols. The liquid flow and enhancement in these geom-
etries is determined by the cumulative effect of different
spacing at different specific locations across the NS and LNS
region. Although at least a portion of the preferred spacing
is present, the configurations may also contain spacing
beyond the maximum and minimum specified earlier, so
long as the overall influence of these geometrical placements
on the bubble flow path and its interaction with the liquid
flow meet the desired performance parameters. For example,
a + shaped NS region allows for the varied spacing of the
LNS region to extend from zero at the intersection of the two
NS regions of the + shape, but the performance may be
improved due to liquid flow from other broader LNS regions
farther away from the crossing point of the + shape. Simi-
larly, other shapes and placements of multiple shapes of the
NS region separated by the LNS region may provide
enhanced performance. While such configurations are devel-
oped, it is important to select the desired widths and spacing
of the NS and LNS regions and shapes so as to avoid
formation of localized regions where liquid cannot reach the
LNS region because of the departing bubbles, or liquid
cannot reach the nucleation sites in the NS region.

The regions of nucleation sites may be formed by any
technique that promotes bubble nucleation during boiling.
This includes, but is not limited to, sintering of metal
particles, etching, electrochemical deposition, chemical
vapor deposition, roughening, scraping, and the like.

An intrinsic mechanism relating to this disclosure is that
the bubbles generated over the selectively placed nucleation
sites generate a liquid flow over, including flow towards the
substrate and along the substrate, the regions lacking selec-
tively placed nucleation sites or channels such that critical
heat flux for the combined surface is enhanced at least by
about 100 percent as compared to a plain surface without
any microstructures and the maximum heat transfer coeffi-
cient in the vicinity of critical heat flux is enhanced by at
least about 50 percent as compared to a plain surface.

Suitable microchannels can be formed by plain or con-
toured sidewalls which are from O to about 4 mm deep and
from about 100 micrometer to about 4 mm wide. The
microchannels may be straight, with sharp or smooth turns,
or with specific shapes such as spiral, wavy, star-shaped, and
the like. The cross-section of the microchannel may be
rectangular, triangular or any other shape. Regions of selec-
tively placed nucleation sites can be placed on the top of the
fins, or on the bottom of the microchannel, or on the
sidewalls of the microchannels, or any combination, or
portions thereof. The remaining regions can be regions
lacking selectively placed nucleation sites.

The substrate may be plain or it may have suitable
microstructures of different shapes, including pin fins of any
cross-section or dimension. The height of the microstruc-
tures is in the range of 0 (for a plain surface) or up to about
4 mm, with preferred nucleation regions placed on any of the
top regions, side regions, bottom regions, or any combina-
tion, or portions thereof. In an embodiment, strips of selec-
tively placed nucleation sites are from about 100 microm-






