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Description
Field of the Invention

[0001] This invention relates generally to the field of liquid wicks, and more particularly to microfluidic wicks capable
of pumping liquids at large negative pressures.

Background of the Invention

[0002] The design of heat transfer systems for applications in aircraft and other dynamic contexts involves stringent
constraints on weight, form factor, breadth of operating conditions, and robustness of operation. Conventional heat
exchangers based on convective heat transfer face a number of challenges for these applications: the need for dedicated
active pumps to drive flow; the requirement of large volumes of the working fluid due to the inherently poor efficiency of
sensible heat transfer, and the requirement of large temperature differentials to drive significant rates of transfer.
[0003] Heatpipes are an attractive alternative to conventional heat exchangers. Heat pipes utilize evaporative cooling
to transfer thermal energy from a heat source to a heat sink by evaporation and condensation of a working fluid. Evap-
orative cooling has the capability to remove up to ten times the thermal energy of an equivalent volume of liquid by
sensible cooling (e.g., circulating coolant loop). A typical heat pipe includes a sealed pipe containing a quantity of working
fluid and a capillary wick arranged along the inner wall of the pipe. As one end of the heat pipe is exposed to the heat
source, the working fluid in that end draws thermal energy from the heat source and vaporizes, increasing the local
vapor pressure in the tube. The latent heat of evaporation absorbed by the vaporization of the working fluid reduces the
temperature at the hot end of the pipe. The vapor pressure over the working fluid at the heat source side of the pipe is
higher than the equilibrium vapor pressure over the condensing working fluid at the cooler end of the pipe, and this
pressure difference drives a rapid mass transfer to the condensing end where the excess vapor condenses, releases
its latent heat, and warms the cool end of the pipe. The condensed working fluid, now a liquid, is transferred back to the
heat source by the capillary wick.

[0004] Recentadvancementsin heat pipe fabrication have resulted in microfluidic heat pipes for very small applications,
such as for cooling microelectronics. Thin, planar heat pipes have also emerged as a leading technology to cool circuit
boards, laptop computers, or other applications having height restrictions. In one example, a microfluidic heat pipe
structure is etched into a silicon wafer using conventional microchip fabrication techniques. Capillary channels etched
into the structure are augmented with wicking material to provide a means to return condensed working fluid back to the
evaporator.

[0005] Other heat pipe structures include porous valve metals disposed between the liquid/vapor interface of the
evaporator. The porous valve, typically made of a sintered powdered metal, has interstitial voids that act as capillaries
to wick the working fluid through the porous metal as the working fluid evaporates.

WO 1999-058223 A1 discloses a composite porous media for either gas or liquid flow. The porous media can be a
composite of a metal, an aerogel or a ceramic foam. While the document is mainly concerned with air and liquid filtration
devices, the use as a wick in a heat pump is also suggested. The composite porous media has a reticulated inter-cellular
structure in which the interior cells are interconnected to provide a multiplicity of pores passing through the volume of
the structure, the walls of the cells themselves being substantially continuous and non-porous and the volume of the
cells relative to that of the material forming the cell walls is such that the overall density of the intercellular structure is
in the range of about 20 % to about 35 % of theoretical density. The pore structure is formed by the sintered powder
that fills the foam pores (and in some embodiments forms a skin on the foam surface) and will define pores that are at
least one or two orders of magnitude smaller, e.g., typically pore size will be not more than about 2 to 10 micrometers
and preferably about 2 micrometers for composite media intended for gas flow operation and not more than 1 to 100
micrometers and preferably about 1 to 20 micrometers for liquid flow applications. It is also suggested in the context of
ceramic or metal gas filters to use a small pore aerogel (e.g., pores of 10 to 100 nanometers in size) to fill the pores of
the filter.

US 5,037,859 discloses a composite foam comprising a first rigid, microcellular, open-celled organic polymer foam
having a density of from about 0.015 g/cm?3 to about 0.20 g/cm3 and a pore size of from about 1 micrometer to about 30
micrometers. The first foam contains a second polymer having a density of from about 0.015 g/cm3 to about 0.20 g/cm3
or a second polymer foam having a density of from about 0.015 g/cm3 to about 0.20 g/cm3 and a pore size of from about
0.01 micrometers to about 1.0 micrometers within the open cells of the first foam. The second polymer foam may coat
the walls of the open cells of the first foam and it may also substantially completely fill the open cells of the first open
cells of the first foam. The second polymer foam may coat the walls of the open cells of the first foam and it may also
substantially completely fill the open cells of the firstfoam. The composite foam can be rugged, easily machinable, and
having the small cell size is necessary for good wicking of liquids.

WO 2006-007721 A1 discloses hybrid wicking materials for use in high performance heat pipes where a bi-modal
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distribution of pore sizes offers advantages over a homogeneous monolithic porous structure. In one aspect, a wick is
comprised of sintered metal powder formed onto the inside walls of a foam, felt, screen or mesh metal substrate. A fine
pore structure is formed by the metal powder while the substrate is comprised of large pores. The large pores are several
times, preferably five times to several orders of magnitude larger in size than the small pores, a preferred range being
from about 0.5 to about 50 micrometers for the small pores and from about 50 to about 1000 micrometers for the large
pores. The sintered powder metal and the metal substrate may be made of nickel, copper, molybdenum, niobium,
aluminium, iron, cobalt, titanium and alloys based on these metals, and combinations thereof.

Seung Ho Yang et al. in "Nanoscale water capillary bridges under deeply negative pressure", Chemical Physics Letters,
451 (2008), 88-92 report atomic force microscope (AFM) measurements of the negative Laplace pressure inside water
capillary bridges between two bodies by means of their contribution to the pull-off adhesion force between a nanoscale
AFM tip and a silicon wafer in air and in ultrahigh vacuum (UHV). They find deeply negative pressures, down to -160 MPa.
Finally, Ruijing Zhang et al. in "Negative capillary-pressure-induced cavitation probability in nanochannels", Nanotech-
nology, 21 (2010), 105706 report investigations of capillary-induced negative pressure of water flow in nanochannels of
rectangular cross section by using computational fluid dynamics (CFD) simulation. The authors find that the diametrical
characteristics of the channels influence the cavitation probability.

[0006] One of the primary challenges faced by heat pipe designers is assuring the wick provides positive liquid flow
from the condenser region to the evaporator region. The pumping capability of the wick is adversely affected by height
(operation against gravity) and length (mass flow resistance). Careful design consideration must be given to the amount
of heat that must be removed via evaporative cooling and assuring an adequate supply of working fluid to accomplish
the heat removal. In microfluidic heat pipe applications, capillary channels and wicking structures are typically utilized
to accomplish this purpose. However, the wicking structure must generate sufficient capillary force to assure positive
liquid flow.

[0007] One drawback noted with current heat pipes is that the capillary wicking force, either in the capillaries or in the
wicking material, is not always sufficient to overcome the dynamic forces that may be introduced to the system. Current
wicks generate only a fraction of one bar (< 1 bar, < 1 atmosphere) of pumping pressure. This small pressure difference
is easily overwhelmed by gravity or by inertial forces (e.g., acceleration along the axis of the wick). In the presence of
these external forces, the heat pipe is prone to failure due to dry-out of the evaporator. For example, the design of heat
pipe structures in aerospace applications is particularly challenging. The evaporator and condenser sections may need
to be spaced more than 1 meter apart for proper thermal differential. Additionally, the aircraft may develop dynamic
forces of acceleration that may exceed three times the force of gravity (3 g). In extreme situations, such as when
aerospace vehicles travel at or near the edge of space, the dynamic loads may be as high as ten times the force of
gravity (10 g). In these situations, a wicking structure is required that will overcome more than 1 bar (1 atmosphere, 0.1
megapascals) of pressure head. There are no known wicking structures that will generate sufficient wicking forces to
overcome static and dynamic loads of this magnitude.

Summary of the Invention

[0008] In view of the background, it is therefore an object of the present invention to provide a wicking apparatus that
overcomes external influences such as force of gravity, inertial forces, and resistance to viscous flow by operating at a
large negative pressure. Briefly stated, a wicking apparatus includes a composite condenser membrane comprising a
substrate layer, a vapor inlet end, a liquid discharge end, a plurality of cavities disposed in the substrate layer fluidly
coupling the vapor inlet end to the liquid discharge end, and a nanoporous filler material disposed within the plurality of
cavities. The nanoporous filler material has a first plurality of open pores with a maximum diameter in the range of 0.2
to 200 nanometers. The wicking apparatus further includes a liquid conduit having a first end and a second end. The
first end of the liquid conduit is fluidly coupled to the liquid discharge end of the composite condenser membrane. The
wicking apparatus further includes a composite evaporator membrane comprising a substrate layer, a liquid inlet end,
a vapor discharge end, a plurality of cavities disposed in the substrate layer fluidly coupling the liquid inlet end to the
second end of the liquid conduit, and a nanoporous filler material disposed within the plurality of cavities. The nanoporous
filler material has a second plurality of open pores with a maximum diameter in the range of 0.2 to 200 nanometers.
[0009] According to the invention, the use of a composite membrane for a capillary wick includes a substrate layer
having a liquid end, a vapor end, and a plurality of cavities fluidly coupling the liquid end to the vapor end for operation
of the capillary wick at a hydrostatic pressure at the liquid inlet of the wick that is lower than the saturation vapor pressure
atthe vapor discharge of the wick by atleast 0,10 bar (0,1 atmospheres), preferably by atleast 10 bar (10,1 atmospheres).
A filler material having a plurality of open pores is disposed within the plurality of cavities. The pores have a maximum
diameter in the range of 0.2 to 100 nanometers.

[0010] According to a further use of the composite membrane, a wicking apparatus is provided wherein the porous
substrate layer comprises single crystalline porous silicon.

[0011] According to a further use of the composite membrane, the nanoporous filler material disposed within the
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cavities of at least the composite evaporator membrane comprises a molecular gel.

[0012] According to a further use of the composite membrane, the molecular gel disposed within the cavities of at
least the composite evaporator membrane is a sol-gel, that is the filler material is a sol-gel.

[0013] According to a further use of the composite membrane, the molecular gel disposed within the cavities of at
least the composite evaporator membrane is a hydrogel.

[0014] According to a further use of the composite membrane, the maximum diameter of the plurality of pores is in
the range of 1 to 10 nanometers.

[0015] Furthermore, theinvention comprises the use ofthe composite membrane in aheat pipe comprisingacondenser,
a liquid conduit fluidly coupling the condenser to the composite evaporator membrane, a vapor conduit fluidly coupling
the composite evaporator membrane to the condenser, and a working fluid within the liquid conduit, for maintaining the
working fluid in the liquid conduit at a hydrostatic pressure at the liquid inlet of the wick that is lower than the saturation
vapor pressure at the vapor discharge of the wick by at least 0,10 bar (0,10 atmospheres), preferably by at least 10 bar
(10,1 atmospheres).

[0016] According to a further use of the composite membrane in a heat pipe the composite condenser membrane
comprises a second plurality of open pores having a maximum diameter in the range of 0.2 to 100 nanometers.
[0017] According to a further use of the composite membrane in a heat pipe the first plurality of open pores have a
maximum diameter in the range of 1 to 10 nanometers.

[0018] According to a further use of the composite membrane in a heat pipe the fluid is water.

[0019] According to a further use of the composite membrane in a heat pipe the liquid conduit further comprises a
vapor block and a porous body member disposed adjacent to the vapor block, the vapor block configured to redirect a
flow of working fluid through the porous body member, the porous body member having pores in the range of 1 to 100
nanometers.

Brief Description of the Drawings

[0020] The novel features that are characteristic of the preferred embodiment of the invention are set forth with par-
ticularity in the claims. The invention itself may be best be understood, with respect to its organization and method of
operation, with reference to the following description taken in connection with the accompanying drawings in which:

FIG. 1A shows a simplified cross-sectional view of a heat pipe;

FIG. 1B is a graph of the pressure profile of the heat pipe shown in FIG. 1A;

FIG. 2 shows a top schematic view of a wicking apparatus according to a use of the invention;

FIG. 3 shows a cross-sectional view of the wicking apparatus shown in FIG. 2;

FIG. 4 shows a perspective cross-sectional view of the composite membrane shown in FIG. 3;

FIG. 5 shows a perspective cross-sectional view of an alternative to the composite membrane shown in FIG. 3;
FIG. 6 shows a perspective cross-sectional view of another alternative to the composite membrane shown in FIG. 3;
FIG. 7 shows a cross-sectional view of a heat pipe suited for the use of the invention;

FIG. 8 shows a cross-sectional view of the composite membrane shown in FIG. 3;

FIG. 9 shows a top view of the vapor block lattice of FIG. 8; and

FIG. 10 shows a top view of the liquid conduit shown in FIG. 2.

Detailed Description

[0021] A conventional heat pipe includes a mechanically robust shell formed in a material of high thermal conductivity,
a vapor conduit through which vapor flows from the evaporator to the condenser, and a wick through which liquid flows
back to the evaporator. Several design constraints are imposed on the wick. First, the wick must be designed for low
hydraulic resistance to liquid flow. Second, the wick must have the capacity to generate large capillary stresses in the
liquid to pull the liquid from the condenser to the evaporator. Third, the wick must have high thermal conductivity to carry
heat efficiently to the evaporative surface of the evaporator region.

[0022] One design approach to accomplish these requirements is to construct the wick from a microporous membrane
evaporator coupled to a liquid conduit. The conduit, in turn, is coupled to a liquid reservoir. In this arrangement, the
working fluid is pulled through the liquid conduit by capillary action as the working fluid evaporates through the pores in
the membrane. A loop heat pipe may be constructed from this arrangement by further including a vapor conduit and a
condenser. The vapor conduit couples the evaporator vapor to the inlet of the condenser, and the liquid-side of the
condenser is coupled to the liquid conduit. Referring to FIG. 1A of the drawings, a simplified representation of a wicking
apparatus 1 is illustrated that includes microporous membranes. The wicking apparatus 1 includes two microporous
membranes 2, 3 coupled to a liquid-filled conduit 4. In this simplified example, the first microporous membrane 2 acts
as the evaporator and the second microporous membrane 3 acts as the condenser. A working fluid 5 such as water is
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disposed in the conduit 4. A heat source 6 coupled to evaporator membrane 2 causes the working fluid 5 to vaporize.
A heat sink 7 coupled to the condenser membrane 3 condenses the working fluid 5 from a vapor back to liquid. Flow of
the working fluid 5 through the conduit 4 is resisted by the hydraulic resistance, R, and acceleration, g.

[0023] The maximum capillary pressure APC'::" -in the microporous membranes 2, 3 is set by the pore diameter d';“a"

according to the Young-Laplace equation:

AP _ _dycosb,

cap vap_ liq_W’
p

(D

where Pvap and P,,-q are the pressures of the vapor above the pore and of the liquid in the pore, }[N/m] is the surface
tension, and 4, is the receding contact angle in the pore (a wetting characteristic).

[0024] Therate of heat transfer g through the heat pipe 1 may be expressed as q = -q;opg = Gevap [W]. Ignoring leakage
heat, the coupling between the rates of heat and mass transfer may be expressed as:

) fond _pow ) 5 L
q - Mﬂ — ( lig lig ) plzqg /1 , (2)
wick

where M [kg/s] is the mass flow rate, A [J/kg] is the latent heat of vaporization, Plg’”d and Pl;""” [Pa] are the pressures
in the working fluid 5 in the condenser and evaporator, Plig [kg/m3] is the density of the liquid, g [m/s?] is the sum of

gravitational and dynamic acceleration, and L [m] is the length of the conduit 4. Solving Equation 2 for Pl;v“” , the
origin of reduced pressure in the liquid phase of the heat pipe 1 may be expressed as:

evy, con 4Rwic
lig P = lig ‘ _( /,qu +plgL)' . (3)

[0025] Equation 3 predicts that, as g, g, L or Rz grow, the pressure in the liquid phase within the evaporator will

inevitably drop and eventually become negative: a long heat pipe operating against gravity and adverse accelerations
will need to be able to operate at negative pressure; the pores in the evaporator must be sufficiently small to maintain

this condition ( Apc':;" > R;‘;,"d - P‘:"’,"l’ )

[0026] Solving for 1:;_00'“’ , the condition of local thermodynamic equilibrium of the working fluid 5 between the liquid
i

and vapor phases at the surface of the condenser gives:

) cond
cond __ Pcond + RTcond 1 p vap (4)
lig — “vap — n (T ) ’
4 psat cond
where R;‘;”d = :Z;:d [Pa] is the total pressure in the vapor in the condenser cavity, R [J/mole °C] is the gas constant,

and v [m3/mole] is the molar volume of working fluid 5. Equation 4 predicts that B_co"d will become negative for even
q
the slightest degree of sub-saturation, because RTiv > 108 bar (103 atmospheres) for water at room temperature, and
the ln( cond (T )) term becomes negative for a sub-saturated vapor (the ratio of vapor pressures is less than
pvap p.ml cond

1).
[0027] FIG. 1B illustrates the expected pressure distribution along the length of the heat pipe 1. The pressure drop
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from point 1 to point 2 on the graph represents the pressure differential across the condenser membrane 3; the pressure
drop from point 2 to point 3 represents the pressure drop through the conduit 4; and the pressure drop from point 4 to
point 3 represents the pressure differential across the evaporator membrane 2. As can be seen with reference to the
plot, a negative pressure is developed in the working fluid 5 within the conduit 4.

[0028] Conventional heat pipe systems and wicking apparatuses typically avoid operating the working fluid at negative
pressures because of the increased probability of cavitation, that is, the spontaneous formation of vapor bubbles that
may occur when the pressure of the liquid is less than the vapor pressure. A cavitation event may be triggered by
mechanical, chemical, or thermal perturbations, or by impurities present in the working fluid. The cavitation bubbles
block the flow in the liquid conduit, thereby reducing the amount of fluid available for evaporative heat transfer. The
reduced heat transfer may result in overheating.

[0029] The negative pressure condition at the evaporator end of the wick is typically avoided by limiting the length and
resistance of the liquid conduit, avoiding operation against gravity, and avoiding excessively high heat flux and thus
mass flow through the wick.

[0030] The negative pressure condition at the condenser is typically avoided in conventional heat pipes by charging
the system with an excess of fluid, such that some liquid is always present in the vapor cavity and saturation is ensured
at the condenser Many prior art heat pipe systems utilize a reservoir for this purpose. Charging the system prevents a

condition known as "dry-out" at the condenser. In this manner, the ln(pcond /P (T . )) term goes to zero (because
vap sat \" con

the ratio equals 1), and the condenser liquid pressure will equal the condenser vapor pressure.

[0031] The excess liquid in the condenser inlet of conventional heat pipes has been noted to cause several problems.
First, the premature condensation of liquid in the vapor conduit can impede the vapor flow. Second, bulk liquid in the
condenser presents an added resistance to heat transfer between the heat sink and the surface at which condensation
occurs. Third, in highly dynamic environments, liquid in the vapor channels could pose additional problems if it were
driven by an inertial force back to the evaporator region.

[0032] The inventors of the present invention have determined that these important problems could be eliminated by
"under charging" the system, that is, by arranging a system such that no liquid exists in the vapor path. The inventors
have noted that operating in this regime requires that the pores in the evaporator and the condenser be small enough

to generate negative pressures in the liquid phase of the wick, that is, Plcond =—RT d/VID(pcand/p )< 0 such that
ig on vap sat *

pcond/p <1 Referring to FIG. 1B, a condenser operating in a sub-saturated regime would shift point 1 on the graph
ap sat '

to the left, resulting in a larger negative pressure. Increasing the length of the wick would increase the negative pressure
further because the pumping force of the wick must overcome the additional hydraulic resistance.

[0033] The inventors have further recognized that the desire for low hydraulic resistance to liquid flow and the capacity
to generate large capillary stresses push the structural design of the heat pipe in opposite directions, as lower hydraulic
resistance requires larger pores while raising the maximum capillary stresses requires smaller pores. Stated another
way, the hydraulic resistance of a conventional pore wick R, is proportional to 1/dp2, where dp is the pore diameter,

and the maximum capillary stress, ARZ‘;" is proportional to 1/dp. In the most common heat pipe design, the wick is

formed via sintering a metal powder to form a structure with pores of a single scale. In that design, the hydraulic resistance
and capillary performance cannot be optimized simultaneously. To accommodate these divergent design criteria, wick
designs with large-scale axial conduits coupled to small-scale pores in the evaporator have been introduced, but to date
pore dimensions within the wicks have remained on a macroscopic level (e.g., d, >> 1 micrometer). Accordingly, the

resulting capillary stress AP;‘;" remains near or below 1 bar (1 atmosphere). This capillary limitation has strongly

constrained the dimension, performance, and applications of heat pipes.

[0034] In offering a solution to the problems noted above, the inventors have provided a heat pipe wherein the evap-
oration and condensation process occurs at a sub-saturated vapor pressure. Further provided is a wick arrangement
that supports large negative pressures in the liquid phase at both the evaporator and the condenser. In some composite
membranes a negative pressure down to -71 bar (-70 atmospheres) has been demonstrated, thereby permitting much
longer liquid conduit lengths.

[0035] Theinventorshave recognized thatthe pore sizes in the wick arrangementrequired to achieve the large negative
pressures may be an order of magnitude smaller than existing structures in the art. Candidate materials were evaluated,
and the inventors concluded that the materials that worked best did not provide sufficient strength to withstand the large
negative pressures contemplated by the present invention. In some aspects of the invention then, a composite structure
is formed comprising a structural backbone, cavities in the backbone, and a filler material to fill the cavities in the
backbone. The filler material may be chosen to provide the necessary pore size required to achieve the large negative
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pressures.
[0036] Referring to FIG. 2 of the drawings, a top view of an example wicking apparatus 10 is shown. The wicking
apparatus 10 includes a composite evaporator membrane 12, a composite condenser membrane 14, and a liquid conduit
16. The top view illustrates a mesh-like structure for the evaporator membrane 12 and the condenser membrane 14
comprising a substrate and molecular-scale porous filler to aid in the respective evaporative and condensing functions,
as will be explained in detail below.

[0037] Referring to FIG. 3 of the drawings, the wicking apparatus 10 includes a glass layer 18 and a substrate layer
20. The glass layer 18 and substrate layer 20 are bonded together to form a leak-tight seal. The composite evaporator
membrane 12 includes the substrate layer 20, a liquid inlet end 22, and a vapor discharge end 24. The liquid inlet end
22 fluidly couples the liquid conduit 16 and the composite evaporator membrane 12, and may be described as the liquid
interface. The composite condenser membrane 14 includes the substrate layer 20, a vapor inlet end 26, and a liquid
discharge end 28, the liquid discharge end 28 also being coupled to the liquid conduit 16.

[0038] The substrate layer 20 provides the primary structure or backbone for the wicking apparatus 10. In the disclosed
use the substrate layer 20 is single crystalline porous silicon. The porous silicon maintains a high elastic modulus at
high porosities (e.g., 28 GPa at 50% pore volume). The silicon also provides high thermal conductivity (k7 ~100 W/m
°C), which is advantageous for heat transfer functions, such as with a heat source and a heat sink. The silicon also
provides compatibility with micro-fabrication techniques, including on-substrate integration of sensing elements, such
as pressure sensors (not shown). Because the silicon lends itself to micro-fabrication techniques, design features such
as controlled porosity may be obtained by electrochemical etching. Other substrate materials are contemplated without
departing from the scope of the invention, such as other semiconductor materials, metals, oxides, or ceramics. However,
alternate materials may not optimize the requirements for the overall design.

[0039] Turning to FIG. 4 of the drawings, an enlarged section of the composite evaporator membrane 12 from FIG. 3
is shown. The evaporator membrane 12 includes a plurality of cavities 30 fluidly coupling the liquid inlet end 22 to the
vapor discharge end 24. In this evaporator membrane the cavities 30 have a diameter in the range of 1 to 10 micrometers,
and extend straight through the substrate layer 20. The cavities 30 may be formed in the silicon substrate layer 20 by
electrochemically etching the silicon substrate layer through a lithographically patterned mask, for example. One example
fabrication method includes etching the cavities 30 from the liquid-side of the substrate layer 20, which corresponds to
the bottom or underside of the layer shown in FIG. 3. As shown, the etch is performed through a portion (approximately
half) of the substrate layer thickness. Then, material is removed from the opposing side of the substrate layer 20 until
break-thru occurs with the cavities 30. The resulting membrane 12, 14 may have a thickness in the range of 100 to 500
micrometers.

[0040] A nanoporous filler material 32 is disposed within the plurality of cavities 30. The filler material 32 includes a
plurality of molecular-scale open pores 34 (not shown) fluidly coupling the liquid conduit 16 (FIG. 3) to the vapor discharge
end 24. The pores 34 are sized to provide a pre-determined pressure differential across the evaporator membrane 12,
in accordance with Equation 1 above. As used herein, the term "open pore" means an open passageway from the vapor-
side to the liquid-side of the substrate. The open passageway may be straight-through, tortuous, or branched.

[0041] In one embodiment, the filler material 32 comprises a molecular gel. As used herein, a molecular gel is a
substantially dilute crosslinked system comprising an amorphous mixture of an interconnected phase and a solvent.
The three-dimensional crosslinked network within the solvent provides a molecular-scale pathway through the structure
of the gel, herein referred to as the open pores 34. The diameter of the pores 34 in the molecular gels range from 1 to
100 nanometers. The molecular gel may include both organic forms and inorganic forms. In one example, an organic
form is a hydrogel. In another example, an inorganic form is a sol-gel. One example of a sol-gel that is particularly well-
adapted for use in the present invention is an amorphous silica sol-gel comprising a tetraethoxysilane precursor and
having a pore size in the range of 1 to 2 nanometers. With reference to the equations above, this filler material 32 may
provide negative pressures in the liquid conduit 16 of less than -101 bar (-100 atmospheres, -10 megapascals). The sol-
gel may be formed via spin-coating the precursor solutions onto the etched cavities 30. Alternately, the composite
comprising porous silicon and silica sol-gel may be formed in the cavities 30 by drop-casting the pre-gel solution onto
the porous matrix. The reagents will wick into the cavities 30 prior to thermal curing in ethanol.

[0042] In other embodiments, the filler material 32 may comprise nanoporous materials such as zeolytes, ceramics,
and porous oxides such as alumina and silica. The size of the pores 34 in these examples may range from 0.2 nanometers
(for zeolytes) to 200 nanometers (for porous silicon). In one example, the filler material 32 is porous silicon having a
mean pore diameter of approximately 20 nanometers. The corresponding negative pressure in the liquid conduit 16 may
be less than -0.1 bar (-0.1 atmospheres, - 0.01 megapascals), and in some examples, may be less than -10 bar (-10
atmospheres, -1.0 megapascals).

[0043] Tuning to FIG. 5 of the drawings, another composite evaporator membrane 12 is shown wherein the cavities
30 are the interstitial voids formed in the lattice structure of the substrate layer 20. Stated another way, the cavities 30
occupy the region situated in-between the atoms that corresponds to the maximum diameter sphere which can fit in the
free space bounded by the neighboring atoms. The mean diameter of the interstitial voids may be calculated or exper-
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imentally determined using known techniques. The interstitial voids may be formed in the crystalline structure or the
amorphous structure of silicon, for example. In the example of single crystalline silicon, the interstitial voids provide a
fluid path that, although somewhat tortuous, will fluidly couple a working fluid and the vapor discharge end 24. The
cavities 30 (interstitial voids) have a mean diameter in the range of 20 to 200 nanometers.

[0044] Theinventors have recognized that the interstitial voids by themselves may develop sufficient negative pressure
in the liquid conduit 16 for some applications, but to achieve very large negative pressure the filler material 32 may be
disposed into the interstitial voids, as shown in FIG. 5.

[0045] TurningtoFIG. 6 ofthe drawings, yet another composite evaporator membrane 12 is shown wherein a molecular
membrane 36 is disposed adjacent to the filler material 32 to add an extra measure of robustness. In one example, the
molecular membrane 36 is a hydrogel membrane disposed on the vapor-side of the composite evaporator membrane
12. The inventors have determined that the hydrogel membrane 36, being a molecular-scale mixture of polymer and
water, is able to mediate the generation of negative pressures through an osmosis-like mechanism and provides excellent
wicking capability. In another example, the molecular membrane 36 comprises a solution of acrylate monomer (or
oligomers), a cross-linker, an initator, and an acrylo-silane binder. The hydrogel solution may be spin cast onto the
external surface of the sol-gel filled, porous silicon, then cured.

[0046] Referring to FIG. 7 of the drawings, the wicking apparatus 10 is shown adapted for use as a loop heat pipe
200. In addition to the previously disclosed composite evaporator membrane 12, composite condenser membrane 14,
glass layer 18, substrate layer 20, and liquid conduit 16, the heat pipe 200 further includes a cover plate 38 and a vapor
conduit40. The cover plate 38 is removable from the substrate layer 20 for access to the composite evaporator membrane
12 and composite condenser membrane 14, and may be sealed using conventional o-ring seals 42a, 42b. The vapor
conduit 40 fluidly couples the vapor discharge from the composite evaporator membrane 12 to the vapor inlet of the
composite condenser membrane 14. A heat source 44 proximate to the composite evaporator membrane 12 provides
the thermal energy to vaporize a working fluid 46 disposed in the liquid conduit 16. The heat source 44 may be any
source of heat for which temperature control is desired, such as cooling a computer processor or extracting heat from
the leading edge of a hypersonic aircraft, for example. A heat sink 48 proximate to the composite condenser membrane
14 is adapted to draw thermal energy from the condenser so as to cause the working fluid 46 to condense. The heat
sink 48 may be ambient air, ambient air moved by a fan, cooling fins to radiate heat, or circulating coolant, for example.
[0047] In the illustrated example, the composite condenser membrane 14 is preferred. However, a conventional con-
denser may replace the composite membrane 14. One example of a conventional condenser may be those utilized in
cooling electronic circuits, wherein a region exposed to a heat sink includes microfluidic grooves or channels. As the
vapor condenses to liquid in the condenser region, the liquid may be wicked by capillary action through the grooves
back to the composite evaporator membrane 12. In this manner, the performance of the heat pipe 200 (or wicking
apparatus 10 for that matter) would be degraded because the system cannot operate in an under-charged regime, but
the performance may be sufficient for the intended purpose.

[0048] The substrate layer 20 further defines the composite condenser membrane 14 to fluidly couple the vapor inlet
end 26, which may be further defined by a recess in the cover plate 38, to the liquid conduit 16. Although not required,
for best performance the construction and arrangement of the condenser membrane 14 may be identical to the evaporator
membrane 12. Referring to FIGS. 4-6, the condenser membrane 14 may include a plurality of cavities 52 fluidly coupling
the vapor inlet end 26 to the liquid discharge end 28. A nanoporous filler material 54 including a plurality of molecular-
scale open pores 50 (not shown) may be disposed within the cavities 52. The pores 50 are sized to provide a pre-
determined pressure differential across the condenser membrane 14, in accordance with Equation 1 above. The cavities
52 may have a diameter in the range of 1 to 10 micrometers. Alternately, the cavities 52 may be the interstitial voids
formed in the lattice structure of the substrate layer 20, having a mean diameter in the range of 20 to 200 nanometers.
The filler material 54 may be a molecular gel having a pore size in the range of 1 to 200 nanometers, preferably 1 to 2
nanometers as this diameter provides the greatest pressure drop across the condenser membrane 14. For additional
robustness, a molecular membrane 56 such as a hydrogel membrane may be disposed adjacent the filler material 54.
The molecular membrane 56 may be constructed and arranged in the same manner as disclosed with reference to the
composite evaporator membrane 12.

[0049] In some composite membranes the substrate layer 20 for the composite condenser membrane 14 is illustrated
as integral with the composite evaporator membrane 12. However, in some circumstances when the liquid conduit 16
is greater than 1 meter in length, the substrate layer 20 may comprise a separate structure in the composite condenser
membrane 14. In fact, the substrate layer 20 may comprise an altogether different structure from the substrate layer 20
of the composite evaporator membrane 12. For example, the substrate layer 20 of the composite evaporator membrane
12 may be comprised of single crystalline porous silicon, and the substrate layer 20 of the composite condenser membrane
14 may be comprised of a non-porous material having the plurality of cavities 52 filled with the filler material 32. Additional
combinations are contemplated without departing from the scope of the invention.

[0050] Referring now to FIG. 8 of the drawings, the large negative pressure regime within which the working fluid 46
operates may be prone to cavitation due to mechanical, chemical, or thermal perturbations to the system. Impurities or
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pre-existing bubbles in the working fluid may also trigger a cavitation event. A cavitation event occurs when a vapor
bubble forms in the liquid. Typically, the vapor bubble grows and clings to a surface of the liquid conduit, and is very
difficult to jar loose. Often, the vapor bubble or bubbles will obstruct the liquid flow within the conduit. The resulting
decrease in mass flow rate M further causes a decrease in the rate of heat transfer g through the heat pipe (Equation
2). The loss of heat transfer may cause the heat pipe 200 to overheat and dry out, resulting in a total failure of the system
being cooled.

[0051] A vapor block 58 or a lattice of vapor blocks may be arranged in periodic fashion in the liquid conduit 16,
preferably beneath the composite evaporator membrane 12, but also beneath the composite condenser membrane 14.
The vapor block 58 periodically obstructs the liquid flow of the working fluid 46 and forces it to redirect through a porous
body member 60. The porous body member 60 may be the porous composite membrane 12, 14, for example single
crystalline silicon having interstitial voids with a mean diameter in the range of 20 to 200 nanometers. Alternatively, the
vapor block 58 is comprised of the porous body member 60. In this case, a portion of the vapor block 58 may be porous,
having a pore diameter on the same scale as the pores 34 in the composite evaporator membrane 12, for example 1 to
10 nanometers.

[0052] As designated by the arrow labeled "A" in FIG. 8, the working fluid 46 typically passes through the vapor block
58 when it is porous. If the vapor block 58 is solid, the working fluid 46 passes through the porous body member 60, as
indicated by the arrow labeled "B". Also shown in FIG. 8 is a vapor bubble 62 impeding the flow of the working fluid 46.
The vapor bubble 62 is trapped by and clings to the vapor block 58, thereby isolating it. The flow of the working fluid 46
is locally disrupted, but may redirect itself through the porous body member 60 so as to maintain the total mass flow rate.
[0053] Turning now to FIG. 9 of the drawings, a lattice of porous body members 60 are shown along with the vapor
bubble 62. The flow of the working fluid 46 may divert laterally around the liquid compartment in which the vapor bubble
62 resides, as indicated by the arrow labeled "C". In the illustrated example, the vapor block 58 is also the porous body
member 60. In this manner, the vapor bubble 62 is isolated to a single liquid cavity, and is prevented from expanding
and further blocking the flow of the working fluid 46.

[0054] Referring to FIG. 10 of the drawings, the liquid conduit 16 may further include the vapor block 58 arranged in
periodic fashion within the central length of the conduit. The vapor block 58 periodically obstructs the liquid flow of the
working fluid 46 and forces it to redirect through a porous body member 60, as detailed above. In the illustrated example,
the vapor block 58 is comprised of the porous body member 60 having a pore diameter on the same scale as the pores
34 in the composite evaporator membrane 12, for example 1 to 10 nanometers. The flow of the working fluid 46 diverts
laterally around the vapor bubble 62, as indicated by the arrows labeled "D". In this manner, the total mass flow rate is
maintained. Of course, the flow may also divert vertically above the fluid conduit 16 into the porous substrate layer 20,
as best illustrated in FIG. 7.

[0055] A plurality of vapor blocks 58 may be arranged to create a plurality of segments within the liquid conduit 16.
The segments may be separated axially (in the direction of liquid flow) by vapor blocks 58 that support nano-porous
membranes (e.g., porous body member 60) that serve to isolate the vapor bubble 62 and stop its movement such that
adjacent segments remain filled with liquid under tension. The segments may be further arranged in a highly redundant
manner and interconnected laterally (transverse to the direction of liquid flow) by apertures that are obstructed by the
same nano-porous membranes (e.g., porous body member 60). These apertures may act as both a vapor lock for
cavitated segments and as shunts for flow around the vapor block 58.

[0056] Referring now back to FIG. 7, the liquid conduit 16 fluidly couples the liquid discharge end 28 of the condenser
to the liquid inlet end 22 of the composite evaporator membrane 12. Here, the liquid conduit 16 is etched into the glass
layer 18 to a depth of 100 to 500 micrometers using conventional techniques such as photolithography.

[0057] The glass layer 18 is transparent for visual observation of the working fluid 46. However, the glass layer 18
may be any suitable material, such as the same material as the substrate layer 20. As stated above, the glass layer 18
and substrate layer 20 are bonded together to form a leak-tight seal. One method to bond the glass layer 18 to the
substrate layer 20 is by anodic bonding. If the glass layer 18 is comprised of silicon, the glass layer 18 may be bonded
to the substrate layer 20 by thermal bonding.

[0058] The cover plate 38 may be made from any material suitable for use in the environment in which it will operate.
In the disclosed example, the cover plate 38 is fabricated from stainless steel. However, other materials such as high-
strength polymers are contemplated.

[0059] A support element 64 may be disposed adjacent to the vapor-side of the evaporator membrane 12 or the
condenser membrane 14. The support element 64 may mechanically support the composite membrane and provide
paths of high thermal conductivity. The thermal conductivity may be required when the heat source 30 or the heat sink
48 is disposed on the opposite side of that shown in FIG. 7. The structural support may be required when the composite
membrane 12, 14 is macroscopic in size. As the surface area of the membrane 12, 14 increases, the overall force acting
on the membrane due to the negative pressure of the working fluid 46 may become quite large and need support.
Although the support element 64 is illustrated on the vapor-side of the membrane 12, 14, it may also be disposed on
the liquid-side (not shown). The support element 64 may also be the vapor block 58. Alternatively, the support element
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64 is also the porous body member 60. The support element 64 may be fabricated from the substrate layer 20 using
conventional etching techniques, for example.

[0060] As stated above, the vapor conduit 40 fluidly couples the vapor discharge end 24 of the composite evaporator
membrane 12 to the vapor inlet end 26 of the composite condenser membrane 14. The vapor conduit 40 is preferably
constructed of a material that will minimize heat transfer losses. The vapor conduit 40 is constructed of insulated tubing.
Alternatively, the vapor conduit 40 is etched into the substrate layer 20, or machined into the cover plate 38. As a further
alternative the vapor conduit 40 is integral with the liquid conduit 16. For example, the liquid conduit 16 may be triangularly-
shaped, with the liquid flowing in the corner(s) of the triangle, and the vapor flowing in the center region.

[0061] One advantage of the heat pipe of the present invention over conventional heat exchangers is that the heat
pipe disclosed herein operates passively with no moving parts such as pumps - the temperature gradient itself drives
the phase change and mass transfer. The wicking apparatus 10 may operate with small volumes of working fluid 46 by
exploiting the latent heat of vaporization. A conventional heat exchanger utilizing sensible heat removal may require
more than ten fold more liquid volume.

[0062] Another advantage of the disclosed heat pipe is that it allows operation down to very large negative pressures,
for example as low as -101 bar (-100 atmospheres, -10.1 megapascals). Operation in this regime would allow a heat
pipe having a liquid conduit 50 meters in length to avoid dry-out even when subjected to accelerations of 10 g (~102
m/s2) along its long axis (or along any other axis).

[0063] An advantage of the disclosed wick is that it may operate in an under-charged regime. As used herein, "under-
charged regime" means the vapor phase of the working fluid is sub-saturated and the liquid phase of the working fluid
has a hydrostatic pressure lower than the saturation vapor pressure. The under-charged regime is expected to yield
faster transients due to the reduced thermal mass of the working fluid, improved heat transfer in the condenser due to
the absence of a bulk fluid layer, and reduced resistance to vapor flow due to the absence of condensate in the vapor path.
[0064] Another advantage of the disclosed heat pipe is that the vapor blocks and porous body members in the liquid
conduit may isolate cavitation events, such that the vapor bubbles do not appreciably impede the flow of the working fluid.
[0065] While the present invention has been described with reference to apparatus suited for the claimed use as
shown in the accompanying drawings, it will be understood by those skilled in the art that the invention is not limited to
the accompanying drawings. Modifications to the use of the invention can be made within the scope of the claims.
[0066] A sample of systems, methods and apparatus for the claimed use are described herein as follows:

[0067] A wicking apparatus comprising:

a composite condenser membrane comprising a substrate layer, a vapor inlet end, a liquid discharge end, a plurality
of cavities disposed in the substrate layer fluidly coupling the vapor inlet end to the liquid discharge end, and a
nanoporous filler material disposed within the plurality of cavities, the nanoporous filler material having a first plurality
of open pores, the first plurality of open pores having a maximum diameter in the range of 0.2 to 200 nanometers;

a liquid conduit having a first end and a second end, the first end of the liquid conduit being fluidly coupled to the
liquid discharge end of the composite condenser membrane; and

a composite evaporator membrane comprising a substrate layer, a liquid inlet end, a vapor discharge end, a plurality
of cavities disposed in the substrate layer fluidly coupling the liquid inlet end to the second end of the liquid conduit,
and a nanoporous filler material disposed within the plurality of cavities, the nanoporous filler material having a
second plurality of open pores, the second plurality of open pores having a maximum diameter in the range of 0.2
to 200 nanometers.

[0068] The wicking apparatus of paragraph [0067] wherein the first plurality of open pores in the composite condenser
membrane and the second plurality of open pores in the composite evaporator membrane are sized to provide a pre-
determined pressure differential across the respective composite membrane.

[0069] The wicking apparatus of paragraph [0067] wherein at least one of the substrate layer of the condenser mem-
brane and the substrate layer of the evaporator membrane is porous.

[0070] The wicking apparatus of paragraph [0069] wherein the respective substrate layer comprises silicon.

[0071] The wicking apparatus of paragraph [0069] wherein the respective plurality of cavities are interstitial voids
formed in the lattice structure of the substrate layer, the interstitial voids having a mean diameter in the range of 20 to
200 nanometers.

[0072] The wicking apparatus of paragraph [0067] wherein at least one of the first plurality of open pores and the
second plurality of open pores have a maximum diameter in the range of 1 to 10 nanometers.

[0073] The wicking apparatus of paragraph [0067] wherein the nanoporous filler material disposed within the cavities
of at least the composite evaporator membrane comprises a molecular gel.

[0074] The wicking apparatus of paragraph [0073] wherein the molecular gel is a sol-gel.

1"



10

15

20

25

30

35

40

45

50

55

EP 2 288 430 B9

[0075] The wicking apparatus of paragraph [0073] wherein the molecular gel is a hydrogel.

[0076] The wicking apparatus of paragraph [0067] further comprising a molecular membrane disposed adjacent the
composite evaporator membrane or the composite condenser membrane.

[0077] The wicking apparatus of paragraph [0076] wherein the molecular membrane is a hydrogel membrane.
[0078] The wicking apparatus of paragraph [0067] wherein the liquid conduit is greater than 1 meter in length.
[0079] The wicking apparatus of paragraph [0067] wherein the liquid conduit comprises a channel 100 to 500 microm-
eters deep.

[0080] The wicking apparatus of paragraph [0067] wherein the liquid conduit further comprises a vapor block and a
porous body member disposed adjacent to the vapor block, the vapor block configured to redirect a flow of working fluid
through the porous body member.

[0081] The wicking apparatus of paragraph [0080] wherein the porous body member has pores in the range of 1 to
100 nanometers.

[0082] The wicking apparatus of paragraph [0080] wherein a plurality of vapor blocks are arranged to create a plurality
of segments within the liquid conduit, the segments fluidly coupled in an axial direction and a lateral direction by the
porous body member.

[0083] In a heat pipe comprising a condenser, a composite evaporator membrane, a liquid conduit fluidly coupling the
condenser to the composite evaporator membrane, and a vapor conduit fluidly coupling the composite evaporator
membrane to the condenser, a method for operating the heat pipe comprising the steps of:

providing a heat source proximate to the composite evaporator membrane;

providing a heat sink proximate to the condenser;

providing a first plurality of open pores in the composite evaporator membrane, the pores having a maximum diameter
in the range of 0.2 to 100 nanometers;

providing a working fluid within the liquid conduit; and

maintaining a pressure of the working fluid in the liquid conduit at less than -0.01 megapascals.

[0084] The method of paragraph[0083] further including the step of operating the heat pipe in an under-charged regime.
[0085] The method of paragraph [0083] wherein the pressure of the working fluid in the liquid conduit is maintained
at less than -1.0 megapascals.

[0086] The method of paragraph [0085] wherein the pressure of the working fluid in the liquid conduit is maintained
at less than -5.0 megapascals.

[0087] The method of paragraph [0083] wherein the composite evaporator membrane comprises a substrate layer
having a plurality of cavities, and a filler material disposed within the plurality of cavities, the filler material having the
first plurality of open pores.

[0088] The method of paragraph [0087] wherein the filler material is a molecular gel.

[0089] The method of paragraph [0087] wherein the molecular gel is a sol-gel.

[0090] The method of paragraph [0083] wherein a maximum pore diameter of the first plurality of open pores is in the
range of 1 to 10 nanometers.

[0091] The method of paragraph [0083] wherein the condenser is a composite condenser membrane, and the method
further includes the step of providing a second plurality of open pores in the composite condenser membrane, the second
plurality of open pores having a maximum diameter in the range of 0.2 to 100 nanometers.

[0092] The method of paragraph [0091] wherein the composite condenser membrane comprises a substrate layer
having a plurality of cavities, and a filler material disposed within the plurality of cavities, the filler material having the
second plurality of open pores.

[0093] The method of paragraph [0092] wherein the filler material is a molecular gel.

[0094] The method of paragraph [0093] wherein the molecular gel is a sol-gel.

[0095] A composite membrane for use in a capillary wick, comprising:

a substrate layer having a liquid end, a vapor end, and a plurality of cavities fluidly coupling the liquid end to the
vapor end; and

a filler material disposed within the plurality of cavities, the filler material having a plurality of open pores, the pores
having a maximum diameter in the range of 0.2 to 100 nanometers.

[0096] The composite membrane of paragraph [0095] wherein the substrate layer comprises a metal.

[0097] The composite membrane of paragraph [0095] wherein the substrate layer comprises an oxide.
[0098] The composite membrane of paragraph [0095] wherein the substrate layer comprises a ceramic.
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Claims

1.

10.

1.

12.

13.

14.

15.

16.

17.

Use of a composite membrane (12) in a capillary wick (10), comprising:
a substrate layer (20) having a first end (22, 26), adapted for use as a liquid inlet of the wick (10), a second end
(24, 28), adapted for use as a vapor discharge of the wick (10), and a plurality of cavities (30) fluidly coupling
the liquid inlet to the vapor discharge; and
a filler material (32, 54) disposed within the plurality of cavities (30, 52), the filler material (32, 54) having a
plurality of open pores (34, 50), the pores (34, 50) having a maximum diameter in the range of 0.2 to 100
nanometers, for
operation of the capillary wick (10) at a hydrostatic pressure at the liquid inlet of the wick (10) that is lower than
the saturation vapor pressure at the vapor discharge of the wick (10) by at least 0,10 bar (0,10 atmospheres).
Use according to claim 1, characterized in that the wick is operated at a hydrostatic pressure at the liquid inlet of
the wick (10) that is lower than the saturation vapor pressure at the vapor discharge of the wick (10) by at least 10,1
bar (10 atmospheres).

Use according to claim 1, characterized in that the maximum diameter of the pores (34,50) is in the range of 1 to
10 nanometers.

Use according to claim 1, characterized in that the filler material (32, 54) is a molecular gel.
Use according to claim 4, characterized in that the molecular gel is organic.

Use according to claim 5, characterized in that the organic molecular gel is a hydrogel.
Use according to claim 6, characterized in that the filler material is inorganic.

Use according to claim 7, characterized in that the inorganic filler material is a sol-gel.

Use according to claim 8, characterized in that the sol-gel is a silica sol-gel.

Use according to claim 1, characterized in that it comprises a molecular gel membrane disposed adjacent the filler
material (32, 54).

Use according to claim 10, characterized in that the molecular gel membrane is a hydrogel membrane (36).

Use according to claim 11, characterized in that the molecular gel membrane is disposed on the vapor end of the
wick.

Use according to claim 1, characterized in that the plurality of cavities comprise open pores having a diameter in
the range of 20 nanometers to 10 micrometers.

Use according to claim 1, characterized in that the substrate layer (20) comprises a semiconductor material.
Use according to claim 4, characterized in that the semiconductor material is single crystalline porous silicon.
Use according to claim 1, characterized in that the plurality of cavities (30) comprise interstitial voids formed in the
lattice structure of the substrate layer (20), the interstitial voids having a mean diameter in the range of 20 to 200
nanometers.
Use of a heat pipe, wherein a composite membrane is used according to claim 1, the heat pipe further comprising:

a condenser;

a liquid conduit (16) fluidly coupling the condenser to the composite evaporator membrane (12);

a vapor conduit (40) fluidly coupling the composite evaporator membrane (12) to the condenser; and

a working fluid (5) within the liquid conduit (16), for
maintaining the working fluid (5) in the liquid conduit (16) at a hydrostatic pressure at the liquid inlet of the wick
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(10) that is lower than the saturation vapor pressure at the vapor discharge of the wick (10) by at least 0,10 bar
(0,10 atmospheres).

Use according to claim 17, characterized in that the working fluid (5) in the liquid conduit (16) is maintained at a
hydrostatic pressure at the liquid inlet of the wick (10) that is lower than the saturation vapor pressure at the vapor
discharge of the wick (10) by at least 10,1 bar (10 atmospheres).

Use accordingto claim 17, characterized in that the condenser is a composite condenser membrane (14) comprising
a second plurality of open pores (50) having a maximum diameter in the range of 0.2 to 100 nanometers.

Use according to claim 17, characterized in that the first plurality of open pores (34) have a maximum diameter in
the range of 1 to 10 nanometers.

Use according to claim 17, characterized in that the working fluid (5) is water.

Use according to claim 17, characterized in that the liquid conduit (16) further comprises a vapor block (58) and
a porous body member (60) disposed adjacent to the vapor block (58), the vapor block (58) configured to redirect
a flow of working fluid (5) through the porous body member (60), the porous body member (60) having pores (50)
in the range of 1 to 100 nanometers.

Patentanspriiche

1.

10.

Verwendung einer Verbundmembran (12) in einem kapillaren Docht (10), welche aufweist:

eine Substratschicht (20) mit einem ersten Ende (22, 26), das zur Verwendung als Flussigkeitseinlass des
Dochts (10) ausgelegt ist, einem zweiten Ende (24, 28), das zur Verwendung als Dampfauslass des Dochts
(10) ausgelegt ist, und einer Mehrzahl von Hohlrdumen (30), die den Flussigkeitseinlass mit dem Dampfauslass
fluidisch verbinden; und

ein Flllmaterial (32, 54), das innerhalb der Mehrzahl von Hohlrdumen (30, 52) angeordnet ist, wobei das
Fillmaterial (32, 54) eine Mehrzahl von offenen Poren (34, 50) aufweist, wobei die Poren (34, 50) einen maxi-
malen Durchmesser im Bereich von 0,2 bis 100 Nanometer aufweisen, zum

Betreiben des kapillaren Dochts (10) bei einem hydrostatischen Druck am Flissigkeitseinlass des Dochts (10),
der um mindestens 0,10 bar (0,10 Atmosphéren) geringer ist als der Sattigungsdampfdruck am Dampfauslass
des Dochts (10).

Verwendung gemafl Anspruch 1, dadurch gekennzeichnet, dass der Docht bei einem hydrostatischen Druck am
Flussigkeitseinlass des Dochts (10) betrieben wird, der um mindestens 10,1 bar (10 Atmospharen) geringer ist als

der Sattigungsdampfdruck am Dampfauslass des Dochts (10).

Verwendung gemaf Anspruch 1, dadurch gekennzeichnet, dass der maximale Durchmesser der Poren (34, 50)
im Bereich von 1 bis 10 Nanometer ist.

Verwendung gemaR Anspruch 1, dadurch gekennzeichnet, dass das Fillmaterial (32, 54) ein molekulares Gel ist.
Verwendung gemaf Anspruch 4, dadurch gekennzeichnet, dass das molekulare Gel organisch ist.
Verwendung gemaR Anspruch 5, dadurch gekennzeichnet, dass das organische molekulare Gel ein Hydrogel ist.
Verwendung gemaf Anspruch 6, dadurch gekennzeichnet, dass das Fillmaterial anorganisch ist.

Verwendung gemaf Anspruch 7, dadurch gekennzeichnet, dass das anorganische Fillmaterial ein Sol-Gel ist.
Verwendung gemaf Anspruch 8, dadurch gekennzeichnet, dass das Sol-Gel ein Silica-Sol-Gel ist.

Verwendung gemaf Anspruch 1, dadurch gekennzeichnet, dass sie eine Membran aus molekularem Gel umfasst,
die angrenzend zum Fillmaterial (32, 54) angeordnet ist.
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Verwendung gemaR Anspruch 10, dadurch gekennzeichnet, dass die Membran aus molekularem Gel eine Mem-
bran aus Hydrogel (36) ist.

Verwendung gemafR Anspruch 11, dadurch gekennzeichnet, dass die Membran aus molekularem Gel am dampfs-
eitigen Ende des Dochts angeordnet ist.

Verwendung gemaR Anspruch 1, dadurch gekennzeichnet, dass die Mehrzahl von Hohlrdumen offene Poren
aufweist, die einen Durchmesser im Bereich von 20 Nanometer bis 10 Mikrometer haben.

Verwendung gemaR Anspruch 1, dadurch gekennzeichnet, dass die Substratschicht (20) ein Halbleitermaterial
umfasst.

Verwendung gemafR Anspruch 4, dadurch gekennzeichnet, dass das Halbleitermaterial ein einkristallines pordses
Silizium ist.

Verwendung gemaR Anspruch 1, dadurch gekennzeichnet, dass die Mehrzahl von Hohlrdumen (30) Zwischen-
gitter-Leerstellen umfassen, die in der Gitterstruktur der Substratschicht (20) ausgebildet sind, wobei die Zwischen-
gitter-Leerstellen einen mittleren Durchmesser im Bereich von 20 bis 200 Nanometer aufweisen.

Verwendung eines Warmerohrs, wobei eine Verbundmembran gemafR Anspruch 1 verwendet wird, wobei das War-
merohr weiter aufweist:

einen Verflussiger;

eine Flussigkeitsleitung (16), die den Verflissiger mit der Verbundmembran (12) des Verdampfers fluidisch
verbindet;

eine Dampfleitung (40), die die Verbundmembran (12) des Verdampfers mit dem Verflissiger fluidisch verbindet,
und

ein Arbeitsmedium (5) innerhalb der Flussigkeitsleitung (16), zum Halten des Arbeitsmediums (5) in der Flis-
sigkeitsleitung (16) auf einem hydrostatischen Druck am Flissigkeitseinlass des Dochts (10), der um mindestens
0,10 bar (0,10 Atmosphéren) geringer ist als der Sattigungsdampfdruck am Dampfauslass des Dochts (10).

Verwendung gemaf Anspruch 17, dadurch gekennzeichnet, dass das Arbeitsmedium (5) in der Flissigkeitsleitung
(16) auf einem hydrostatischen Druck am Flissigkeitseinlass des Dochts (10) gehalten wird, der um mindestens
10,1 bar (10 Atmospharen) geringer ist als der Sattigungsdampfdruck am Dampfauslass des Dochts (10).

Verwendung gemal Anspruch 17, dadurch gekennzeichnet, dass der Verflissiger eine Verflissiger-Verbund-
membran (14) ist, die eine zweite Mehrzahl von offenen Poren (50) aufweist, die einen maximalen Durchmesser
im Bereich von 0,2 bis 100 Nanometer haben.

Verwendung gemafl Anspruch 17, dadurch gekennzeichnet, dass die erste Mehrzahl von offenen Poren (34)
einen maximalen Durchmesser im Bereich von 1 bis 10 Nanometer aufweist.

Verwendung gemaf Anspruch 17, dadurch gekennzeichnet, dass das Arbeitsmedium (5) Wasser ist.

Verwendung gemaR Anspruch 17, dadurch gekennzeichnet, dass die Flissigkeitsleitung (16) weiter eine Dampf-
sperre (58) und ein angrenzend zur Dampfsperre (58) angeordnetes pordses Vorrichtungselement (60) aufweist,
wobei die Dampfsperre (58) dazu eingerichtet ist, einen Fluss von Arbeitsmedium (5) durch das pordse Vorrich-
tungselement (60) umzuleiten, wobei das porése Vorrichtungselement (60) Poren (50) im Bereich von 1 bis 100
Nanometer aufweist.

Revendications

1.

Usage d’'une membrane composite (12) dans une méche capillaire (10), comprenant :
une couche de substrat (20) ayant une premiere extrémité (22, 26), congue pour étre utilisée comme une

admission de liquide de la meche (10), une seconde extrémité (24, 28), congue pour étre utilisée comme une
évacuation de vapeur de lameche (10), et une pluralité de cavités (30) couplant de maniére fluidique 'admission
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de liquide a I'évacuation de vapeur ;

et

un matériau de remplissage (32,54) disposé a l'intérieur de la pluralité de cavités (30, 52), le matériau de
remplissage (32,54) ayant une pluralité de pores ouverts (34, 50), les pores (34, 50) ayant un diamétre maximum
situé dans la plage de 0,2 a 100 nanomeétres, pour

permettre le fonctionnement de la méche capillaire (10) a une pression hydrostatique, a 'admission de liquide
de la méche (10), qui est inférieure a la pression de la vapeur de saturation, a I'’évacuation de vapeur de la
meéche (10), d’au moins 0,10 bar (0,10 atmosphere).

Usage selon la revendication 1, caractérisé en ce que la meche fonctionne a une pression hydrostatique, a I'ad-
mission de liquide de la méche (10), qui est inférieure a la pression de la vapeur de saturation, a I'évacuation de

vapeur de la méche (10), d’au moins 10,1 bar (10 atmosphéres).

Usage selon la revendication 1, caractérisé en ce que le diamétre maximum des pores (34, 50) se situe dans la
plage de 1 a 10 nanomeétres.

Usage selon la revendication 1, caractérisé en ce que le matériau de remplissage (32, 54) est un gel moléculaire.
Usage selon la revendication 4, caractérisé en ce que le gel moléculaire est organique.

Usage selon la revendication 5, caractérisé en ce que le gel moléculaire organique est un hydrogel.

Usage selon la revendication 6, caractérisé en ce que le matériau de remplissage est inorganique.

Usage selon la revendication 7, caractérisé en ce que le matériau de remplissage inorganique est un sol-gel.
Usage selon la revendication 8, caractérisé en ce que le sol-gel est un sol-gel de silice.

Usage selon la revendication 1, caractérisé en ce qu’il comprend une membrane de gel moléculaire disposée au
voisinage immédiat du matériau de remplissage (32, 54).

Usage selon la revendication 10, caractérisé en ce que la membrane de gel moléculaire est une membrane
d’hydrogel (36).

Usage selon la revendication 11, caractérisé en ce que la membrane de gel moléculaire est disposée a I'extrémité
vapeur de la meéche.

Usage selon la revendication 1, caractérisé en ce que la pluralité de cavités comprend des pores ouverts ayant
un diametre situé dans la plage de 20 nanomeétres a 10 micromeétres.

Usage selon la revendication 1, caractérisé en ce que la couche de substrat (20) comprend un matériau semi-
conducteur.

Usage selon la revendication 4, caractérisé en ce que le matériau semi-conducteur est du silicium poreux mono-
cristallin.

Usage selon la revendication 1, caractérisé en ce que la pluralité de cavités (30) comprend des vides interstitiels
formés dans la structure réticulaire de la couche de substrat (20), les vides interstitiels ayant un diamétre moyen
situé dans la plage de 20 a 200 nanometres.

Usage d’un conduit de chaleur dans lequel une membrane composite est utilisée selon la revendication 1, le conduit
de chaleur comprenant en outre :

un condenseur ;

une conduite de liquide (16) couplant de maniere fluidique le condenseur a la membrane d’évaporateur com-
posite (12) ;

une conduite de vapeur (40) couplant de maniére fluidique la membrane d’évaporateur composite (12) au
condenseur ; et
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un fluide de travail (5) a l'intérieur de la conduite de liquide (16), pour

maintenir le fluide de travail (5) dans la conduite de liquide (16) a une pression hydrostatique, a 'admission de
liquide de la méche (10), qui est inférieure a la pression de la vapeur de saturation, a I'’évacuation de vapeur
de la méche (10), d’au moins 0,10 bar (0,10 atmosphére).

Usage selon la revendication (17) caractérisé en ce que le fluide de travail (5) dans la conduite de liquide (16) est
maintenu a une pression hydrostatique, a 'admission de liquide de la meche (10), qui est inférieure a la pression
de la vapeur de saturation, a I'évacuation de vapeur de la méche (10), d’au moins 10,1 bar (10 atmosphéres).

Usage selon larevendication (17) caractérisé en ce que le condenseur estune membrane de condenseur composite
(14) comprenant une seconde pluralité de pores ouverts (50) ayant un diamétre maximum situé dans la plage de
0,2 a 100 nanomeétres.

Usage selon la revendication (17) caractérisé en ce que la premiere pluralité de pores ouverts (34) a un diametre
maximum situé dans la plage de 1 a 10 nanométres.

Usage selon la revendication (17) caractérisé en ce que le fluide de travail (5) est de I'eau.
Usage selon la revendication (17) caractérisé en ce que la conduite de liquide (16) comprend en outre un bloc
vapeur (58) et un élément de corps poreux (60) disposé au voisinage immédiat du bloc vapeur (58), le bloc vapeur

(58) étant configuré pour rediriger un débit de fluide de travail (5) a travers I’élément de corps poreux (60), I'élément
de corps poreux (60) ayant des pores (50) situés dans la plage de 1 a 100 nanomeétres.
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