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PLANAR BRIDGING-DROPLET THERMAL DIODE 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims priority to U.S. Provisional Patent Application No. 

63/044, 135, entitled "Planar Bridging-Droplet Thermal Diodes," filed June 25, 2020, 

the entirety of which is incorporated by reference herein. 

TECHNICAL FIELD 

[0002] This disclosure relates to heat rectifying devices, and, in particular, to thermal 

diodes. 

DESCRIPTION OF THE RELATED TECHNOLOGY 

[0003] Thermal diodes are devices that conduct heat more efficiently in one path 

compared to that in the opposite path. Thermal diodes are desirable for the smart 

thermal management of heat producing devices, such as, for example, electronic devices 

and spacecraft, as the thermal diodes can effectively dump onboard heat while also 

shielding from external heat sources. 

SUMMARY 

[0004] In one aspect of the disclosure, a thermal diode includes a smooth condensing 

surface, a wicked evaporating surface substantially parallel to the condensing surface, 

wherein the wicked evaporating surface and the condensing surface are separated by a 

predetermined distance to form a chamber therebetween, and a phase-change liquid 

within the chamber, where the predetermined distance between the wicked evaporating 

surface and the condensing surface is less than or equal to a critical distance, and where 

the critical distance is defined as the largest distance between the wicked evaporating 

surface and the condensing surface at which, when a droplet of the phase-change liquid 

condenses on the condensing surface, the droplet can grow to a height to bridge the gap 

between the wicked evaporating surface and the condensing surface. 

[0005] In some embodiments, the thermal diode further includes an insulating gasket 

separating the wicked evaporating surface and the condensing surface and defining the 

predetermined distance therebetween and forming insulating walls on edges of the 

chamber. In some embodiments, one or both of the wicked evaporating surface and the 

condensing surface comprise copper, silicon, aluminum, steel, titanium, or a 
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combination thereof. In some embodiments, the phase-change liquid comprises water 

or a mixture thereof. In some embodiments, the smooth condensing surface comprises a 

hydrophobic coating. In some embodiments, the hydrophobic coating comprises a 

hydrophobic thiol coating or a hydrophobic polymer coating. In some embodiments, 

the smooth condensing surf ace has a surface roughness about 5 nm, about I nm, about 

0.5 nm, or less. 

[0006] In some embodiments, the wicked evaporating surface comprises a plurality of 

micro-scale pillars, micro-scale dimples, a micro-mesh, or a sintered copper surface. In 

some embodiments, the thermal diode has a diodicity of at least I 0, at least 20, at least 

40, or at least 60 and up to about 150 or 300 at a temperature of about 20°C to about 

90°C. In some embodiments, a diodicity of the thermal diode varies by 25% or less 

with changes in orientation of the thermal diode in relation to the gravitational field. In 

some embodiments, a shortest straightline distance between the smooth condensing 

surface and the wicked evaporating surface is about 500 µm or less, about 300 µm or 

less, or about I 00 µm or less. In some embodiments, the thermal diode has an aspect 

ratio defined as either a length or a width over a height of greater than 2, such that the 

thermal diode is essentially two-dimensional. 

[0007] In some embodiments, the gasket provides fluidic sealing of the chamber and 

prevents or reduces thermal conduction during operation of the thermal diode. In some 

embodiments, the thermal diode is attached to a body selected from at least one of an 

electronic device, a biological system, a medical implant, a dwelling, a construction 

material, a window, a motorized land or water vehicle, a satellite, an aerospace vehicle, 

a spacecraft, a chemical processing plant, a power plant, a mechanical machine, an 

electromechanical system, an energy harvesting device, a nuclear reactor, and an energy 

storage system. 

[0008] In another aspect of the disclosure, a method of rectifying heat flow includes 

providing a thermal diode according to any aspect discussed herein. 

[0009] In yet another aspect of the disclosure a thermal diode includes a first plate 

having a first surface defining a wick structure, a second plate having a smooth surface 

facing the wick structure, the smooth surface and the wick structure defining a chamber 

for accommodating a phase-change liquid, and a separator positioned between the first 

plate and the second plate to separate the wick structure from the smooth surface by a 

gap that is less than a capillary length of the phase-change liquid. 
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[0010] In some embodiments, the separator is a gasket that seals the chamber and that 

extends along the perimeters of the first plate and the second plate. In some 

embodiments, the gap is less than an order of magnitude less than the capillary length. 

In some embodiments, the smooth surface comprises a hydrophobic coating. In some 

embodiments, the hydrophobic coating comprises a hydrophobic thiol coating or a 

hydrophobic polymer coating. In some embodiments, the smooth surface is devoid of 

nanostructures that have a height of more than 100 nm. In some embodiments, the 

smooth surface is devoid of nanostructures that have a pitch of more than 500 nm. In 

some embodiments, the wick structure includes an array of pillars. In some 

embodiments, a height of the array of pillars is 400 µm to 800 µm. In some 

embodiments, an average center-to-center pitch between adjacent pillars in the array of 

pillars is 100 µm to 300 µm. In some embodiments, a plurality of pillars from the array 

of pillars have a rectangular cross-section. In some embodiments, a plurality of pillars 

from the array of pillars have a circular cross-section. In some embodiments, the wick 

structure includes a sintered first surface. 

[0011] In some embodiments, the gap has a magnitude that allows for a condensed 

droplet of the phase-change liquid on the smooth surface to grow to a height to bridge 

between the smooth surface and the wick structure. In some embodiments, the 

condensed droplet has a contact angle that is greater than 90 degrees but less than 125 

degrees. In some embodiments, the gap has a magnitude ofup to 350 µm. In some 

embodiments, in a forward mode of operation, the first plate is thermally coupled with a 

heat source. In some embodiments, in a reverse mode of operation, the second plate is 

thermally coupled with a heat source. In some embodiments, one or both of the wick 

structure and the smooth surface comprise copper, silicon, aluminum, steel, or a 

combination thereof. In some embodiments, the phase-change liquid comprises water 

or a mixture thereof. In some embodiments, the smooth surface has a surface roughness 

about 5 nm, about 1 nm, about 0.5 nm, or less. In some embodiments, the thermal diode 

has a diodicity of at least 10, at least 20, at least 40, or at least 60 and up to about 150 or 

300 at a temperature of about 20°C to about 90°C. In some embodiments, a diodicity of 

the thermal diode varies by 25% or less with changes in orientation of the thermal diode 

in relation to the gravitational field. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] Figure 1 shows an exploded view of an example thermal diode. 
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[0013] Figures 2 and 3 show a side view and a bottom view, respectively, of a portion 

of the example wick structure of the thermal diode shown in Figure 1. 

[0014] Figure 4 shows a schematic of a side view of a portion of the thermal diode 

discussed above in relation to Figures 1-3. 

[0015] Figures 5A-5D show schematics depicting a sequence of the forward mode 

operation of the thermal diode shown in Figure 1. 

[0016] Figure 6 shows an example plot depicting heat transfer in forward and reverse 

modes. 

[0017] Figures? A and 7B show example plots or overall heat transfer coefficient of 

the them1al diode as a function of average chamber temperature. 

[0018] Figure 8 shows an exarnple plot of the diodicity of a thennal diode with respect 

to average temperature difference between the condenser and evaporator plates. 

[0019] Like reference numbers and designations in the various drawings indicate like 

elements. 

DETAILED DESCRIPTION 

[0020] The various concepts introduced above and discussed in greater detail below 

may be implemented in any of numerous ways, as the described concepts are not limited 

to any particular manner of implementation. Examples of specific implementations and 

applications are provided primarily for illustrative purposes. 

[0021] As will be apparent to those of skill in the art upon reading this disclosure, 

each of the individual embodiments described and illustrated herein has discrete 

components and features which may be readily separated from or combined with the 

features of any of the other several embodiments without departing from the scope or 

spirit of the present disclosure. 

[0022] Any recited method can be carried out in the order of events recited or in any 

other order that is logically possible. That is, unless otherwise expressly stated, it is in 

no way intended that any method or aspect set forth herein be construed as requiring 

that its steps be performed in a specific order. Accordingly, where a method claim does 

not specifically state in the claims or descriptions that the steps are to be limited to a 
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specific order, it is no way intended that an order be inferred, in any respect. This holds 

for any possible non-express basis for interpretation, including matters of logic with 

respect to arrangement of steps or operational flow, plain meaning derived from 

grammatical organization or punctuation, or the number or type of aspects described in 

the specification. 

[0023] All publications mentioned herein are incorporated herein by reference to 

disclose and describe the methods and/or materials in connection with which the 

publications are cited. The publications discussed herein are provided solely for their 

disclosure prior to the filing date of the present application. Nothing herein is to be 

construed as an admission that the present invention is not entitled to antedate such 

publication by virtue of prior invention. Further, the dates of publication provided 

herein can be different from the actual publication dates, which can require independent 

confirmation. 

[0024] While aspects of the present disclosure can be described and claimed in a 

particular statutory class, such as the system statutory class, this is for convenience only 

and one of skill in the art will understand that each aspect of the present disclosure can 

be described and claimed in any statutory class. 

[0025] It is also to be understood that the terminology used herein is for the purpose 

of describing particular aspects only and is not intended to be limiting. Unless defined 

otherwise, all technical and scientific terms used herein have the same meaning as 

commonly understood by one of ordinary skill in the art to which the disclosed 

compositions and methods belong. It will be further understood that terms, such as those 

defined in commonly used dictionaries, should be interpreted as having a meaning that 

is consistent with their meaning in the context of the specification and relevant art and 

should not be interpreted in an idealized or overly formal sense unless expressly defined 

herein. 

[0026] It should be noted that ratios, concentrations, amounts, and other numerical 

data can be expressed herein in a range format. It will be further understood that the 

endpoints of each of the ranges are significant both in relation to the other endpoint, and 

independently of the other endpoint. It is also understood that there are a number of 

values disclosed herein, and that each value is also herein disclosed as "about" that 

particular value in addition to the value itself For example, if the value" IO" is 

disclosed, then "about IO" is also disclosed. Ranges can be expressed herein as from 
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"about" one particular value, and/or to "about" another particular value. Similarly, when 

values are expressed as approximations, by use of the antecedent "about," it will be 

understood that the particular value forms a further aspect. For example, if the value 

"about 1 0" is disclosed, then "1 0" is also disclosed. 

[0027] When a range is expressed, a further aspect includes from the one particular 

value and/or to the other particular value. For example, where the stated range includes 

one or both of the limits, ranges excluding either or both of those included limits are 

also included in the disclosure, e.g., the phrase "x toy" includes the range from 'x' to 

'y' as well as the range greater than 'x' and less than 'y'. The range can also be 

expressed as an upper limit, e.g., 'about x, y, z, or less' and should be interpreted to 

include the specific ranges of 'about x', 'about y', and 'about z' as well as the ranges of 

'less than x', less than y', and 'less than z'. Likewise, the phrase 'about x, y, z, or 

greater' should be interpreted to include the specific ranges of' about x', 'about y', and 

'about z' as well as the ranges of 'greater than x', greater than y', and 'greater than z'. 

In addition, the phrase "about 'x' to 'y"', where 'x' and 'y' are numerical values, 

includes "about 'x' to about 'y"'. 

[0028] It is to be understood that such a range format is used for convenience and 

brevity, and thus, should be interpreted in a flexible manner to include not only the 

numerical values explicitly recited as the limits of the range, but also to include all the 

individual numerical values or sub-ranges encompassed within that range as if each 

numerical value and sub-range is explicitly recited. To illustrate, a numerical range of 

"about 0.1 % to 5%" should be interpreted to include not only the explicitly recited 

values of about 0.1 % to about 5%, but also include individual values ( e.g., about 1 %, 

about 2%, about 3%, and about 4%) and the sub-ranges (e.g., about 0.5% to about 1. 1 %; 

about 5% to about 2.4%; about 0.5% to about 3.2%, and about 0.5% to about 4.4%, and 

other possible sub-ranges) within the indicated range. 

[0029] As used herein, the terms "about," "approximate," "at or about," and 

"substantially" mean that the amount or value in question can be the exact value or a 

value that provides equivalent results or effects as recited in the claims or taught herein. 

That is, it is understood that amounts, sizes, formulations, parameters, and other 

quantities and characteristics are not and need not be exact, but may be approximate 

and/or larger or smaller, as desired, reflecting tolerances, conversion factors, rounding 

off, measurement error and the like, and other factors known to those of skill in the art 
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such that equivalent results or effects are obtained. In some circumstances, the value 

that provides equivalent results or effects cannot be reasonably determined. In such 

cases, it is generally understood, as used herein, that "about" and "at or about" mean the 

nominal value indicated ±10% variation unless otherwise indicated or inferred. In 

general, an amount, size, formulation, parameter or other quantity or characteristic is 

"about," "approximate," or "at or about" whether or not expressly stated to be such. It is 

understood that where "about," "approximate," or "at or about" is used before a 

quantitative value, the parameter also includes the specific quantitative value itself, 

unless specifically stated otherwise. 

[0030] Prior to describing the various aspects of the present disclosure, the following 

definitions are provided and should be used unless otherwise indicated. Additional 

terms may be defined elsewhere in the present disclosure. 

[0031] As used herein, "comprising" is to be interpreted as specifying the presence of 

the stated features, integers, steps, or components as referred to, but does not preclude 

the presence or addition of one or more features, integers, steps, or components, or 

groups thereof. Moreover, each of the terms "by", "comprising," "comprises", 

"comprised of," "including," "includes," "included," "involving," "involves," 

"involved," and "such as" are used in their open, non-limiting sense and may be used 

interchangeably. Further, the term "comprising" is intended to include examples and 

aspects encompassed by the terms "consisting essentially of' and "consisting of" 

Similarly, the term "consisting essentially of' is intended to include examples 

encompassed by the term "consisting of 

[0032] As used herein, the term "and/or" includes any and all combinations of one or 

more of the associated listed items. Expressions such as "at least one of," when 

preceding a list of elements, modify the entire list of elements and do not modify the 

individual elements of the list. 

[0033] As used in the specification and the appended claims, the singular forms "a," 

"an" and "the" include plural referents unless the context clearly dictates otherwise. 

Thus, for example, reference to "a proton beam degrader," "a degrader foil," or "a 

conduit," includes, but is not limited to, two or more such proton beam degraders, 

degrader foils, or conduits, and the like. 
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[0034] The various concepts introduced above and discussed in greater detail below 

may be implemented in any of numerous ways, as the described concepts are not limited 

to any particular manner of implementation. Examples of specific implementations and 

applications are provided primarily for illustrative purposes. 

[0035] As used herein, the terms "optional" or "optionally" means that the 

subsequently described event or circumstance can or cannot occur, and that the 

description includes instances where said event or circumstance occurs and instances 

where it does not. Unless otherwise specified, temperatures referred to herein are based 

on atmospheric pressure (i.e. one atmosphere). 

[0036] A thermal diode is a device that conducts heat in one direction while impeding 

the conduction of heat in the opposite direction. The thermal diode can be employed in 

applications where conduction of heat is desired in one direction, but not in the opposite 

direction. For example, the thermal diode can be used in spacecraft or with electronic 

packaging where it is desirable to transfer heat away from internal heat sources, but also 

to shield the internal heat sources from external heat. The heat sources can include, for 

example, an electronic device, a biological system, a medical implant, a dwelling, a 

construction material, a window, a motorized land or water vehicle, a satellite, an 

aerospace vehicle, a spacecraft, a chemical processing plant, a power plant, a 

mechanical machine, an electromechanical system, an energy harvesting device, a 

nuclear reactor, and an energy storage system. 

[0037] Thermal diodes can be broadly categorized as solid-state thermal diodes or 

phase-change thermal diodes. Solid state thermal diodes operate by exploiting 

asymmetries in thermal expansion, thermal contact, or temperature-dependent thermal 

conductivities. Phase-change thermal diodes on the other hand utilize latent heat of 

vaporization in the forward direction to affect rectification. Solid state diode use is 

limited by their low diodicity (TJ - 1), however phase-change thermal diodes can exhibit 

diodicities one or two orders of magnitude higher than that of solid state thermal diodes. 

[0038] Phase-change thermal diodes can include thermosyphons, asymmetric heat 

pipes, and jumping-droplet vapor chambers. Thermosyphons are vertically oriented 

hollow containers that are partially filled with liquid. In the forward mode of operation, 

steam ascends by buoyant convection and condenses at the top of the container. The 

condensate then slides back to the bottom reservoir by gravity, enabling continuous 

phase-change heat transfer. Thermosyphons are commonly used to reduce the nocturnal 
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losses of solar water heaters or in the support structures of oil pipelines to keep the 

underlying permafrost frozen. However, the dependence of thermosyphons on gravity 

precludes their use for spacecraft or any systems requiring orientation-independence. 

[0039] Liquid-trap heat pipes employ a trapping reservoir on one end, such that 

condensate can only wick back to the evaporator in one direction. Asymmetric heat 

pipes offer a large diodicity of 11 ::::;100, but the resulting ID heat transfer is ineffective 

for managing large, 3D systems. While placing an array of directional heat pipes into a 

wall panel solves the dimensionality problem, this is both complex and decreases the 

effective diodicity to fJ""' 1-10. 

[0040] When a condenser exhibits a superhydrophobic nanostructure, microscopic 

condensate can spontaneously jump several millimeters into the air during coalescence 

events. Jumping-droplet thermal diodes exploit this effect by placing a 

superhydrophobic condenser opposite a wicked evaporator, such that jumping-droplet 

liquid return enables continuous phase-change heat transfer in the forward mode. 

Dryout occurs in the reverse mode, as the heat source is now on the superhydrophobic 

side, and the liquid is trapped within the wick. However, the nanostructure is notorious 

for not being durable under prolonged exposure to steam. Even when ignoring the 

durability issue, the superhydrophobic condensers are prone to flooding when exposed 

to high supersaturations, which inhibits the jumping-droplet effect. Therefore, the 

jumping-droplet thermal diode remains purely academic, due to the fragility of the 

superhydrophobic surface. 

[0041] In summary, the above discussed phase-change thermal diodes are either 

constrained by gravitational dependence, poor scalability, or low durability. The planar 

bridging-droplet thermal diode discussed herein is capable of a diodicity of at least 11 = 

85 and as much as 300. The thermal diode utilizes a smooth condenser instead of the 

fragile superhydrophobic one used in jumping droplet thermal diodes. While the switch 

to a smooth condenser does preclude jumping-droplet liquid return, it instead promotes 

bridging-droplet liquid return to the wicked evaporator by using a thin micrometric gap 

between the plates. In some examples, the smooth condenser can be hydrophobic ( or 

weakly hydrophilic). Liquid bridge confined boiling (LBCB) is substantively different 

from the bridging-droplet thermal diode presented herein in at least four respects: I) 

LBCB uses a superhydrophobic surface, 2) LBCB employs a single liquid bridge at a 

fixed hot spot, 3) LBCB requires boiling, and 4) LBCB is orientation-dependent (cold 
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side down). In the diode discussed herein placing the smooth plate and the wicked plate 

in parallel to comprise a vapor chamber results in an advanced material system that 

exhibits emergent thermophysical properties not achievable by any traditional types of 

thermal diodes. Moreover, bridging-droplet diode can be durable for practical 

implementation while retaining the attractive features of orientation-independence and 

scalability. 

[0042] Figure 1 shows an exploded view of an example thermal diode 100. The 

thermal diode 100 includes a first plate 102, a second plate 108, and a separator 104 

positioned between the first plate 102 and the second plate 108. The first plate 102 (also 

referred to herein as evaporator plate) and the second plate 108 (also referred to as a 

condenser plate) can be formed of metals such as, for example, copper, aluminum, steel, 

titanium, or a combination thereof. The separator 104 can be positioned along the 

perimeters of the first plate 102 and the second plate 108. The separator 104 can not 

only provide a seal to a chamber formed between the first plate 102 and the second plate 

108 but can also maintain a desired distance or gap between the first plate 102 and the 

second plate 108. The separator 104 also can be a thermal insulator. This reduces 

thermal conduction between the first plate 102 and the second plate 108 through the 

separator 104. 

[0043] The first plate 102 can have a first surface 110 and a second surface 112, 

opposite the first surface 110. The first plate 102 is positioned such that the first surface 

110 (also referred to as a wicked evaporating surface) faces the second plate 108, and is 

substantially parallel to the second plate 108. The first surface 110 defines a wick 

structure 114 that extends outwardly from the first plate 102. The wick structure 114 

can include an array of pillars 116. In some examples, the wick structure 114 can 

instead or in addition include a micro-mesh or a sintered first surface 110. For example, 

a micro-mesh can be adhered to at least a portion of the first surface 110. The 

material(s) of the micro-mesh can be same as the material(s) of the first plate 102, but in 

some other instances may include material other than those used to forming the first 

plate 102. In some examples, the micro-mesh can be formed by interlacing wires or 

interlocking metal links. In case of a wire micro-mesh, the micro-mesh can have a 

density of 100 wires per inch in each direction, or 300 wires per inch in each direction, 

or up to 1000 wires per inch in each direction. The sintered first surface 110 can be 

formed, for example, by depositing metal particles on the first surface 110 and heating 
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the metal particles close to the melting point of the metal, causing the metal particles to 

bond together on the first surface 110. The bonded metal particles can form pores 

therebetween and the sintered structure can behave as a wick. 

[0044] Figures 2 and 3 show a side view and a bottom view, respectively, of a portion 

of the example wick structure 114. In particular, Figures 2 and 3 show the example 

wick structure 114 including the array of pillars 116. The array of pillars 116 are 

arranged in a grid fashion in rows and columns. In the example shown in Figures 2 and 

3, the array of pillars 116 in each row and column are aligned. In some other examples, 

the pillars 116 in adjacent rows or columns can be staggered. Staggering the pillars 116 

can help reduce the distance 'd' between diagonal pillars 116, and in some instances 

improve the wicking efficiency of the wick structure 114. Two adjacent pillars 116 in a 

row (or in the x-direction) can have a center-to-center pitch denoted by 'Px' and two 

adjacent pillars 116 in a column (or in they-direction) can have a center-to-center pitch 

denoted by 'Py'. In some examples, in particularly where the pillars 116 are arranged in 

a regular grid fashion, the center-to-center pitch Px can be equal to the center-to-center 

pitch Py. Where the pillars 116 are not regularly arranged, such as for example, when 

the pillars 116 are arranged in a staggered manner, Px may be unequal to Py. In some 

instance, the average center-to-center pitch can be about 50 µm to about 400 µm. 

[0045] The pillars 116 can have a height 'Hp' measured from a base 118 to a top 

surface 120 of the pillar 116. The base of the pillar can be coplanar with the first 

surface 110 of the first plate 102. The height Hp of all the pillars 116 in the wick 

structure 114 can be substantially equal. That is, the height Hp of the pillars 116 can be 

within about 10 % of the average height of the pillars 116. The average height of the 

pillars 116 can be between about 100 µm to about 1000 µm, or about 400 µm to about 

800 µm, or about 600 µm. The pillars can have a width 'Wp' and a length 'Lp' 

measured along a cross-sectional plane that is normal to a longitudinal axis that extends 

along the height of the pillars 116. In some examples, the pillars 116 can have a square 

shaped cross-section, in which case the width Wp is substantially equal to the length Lp. 

However, the shape of the cross-section of the pillars 116 can be circular, elliptical, or 

polygonal (regular or irregular). In some instances, the width Wp of the pillars 116 can 

be between about 30 µm and about 200 µm. The width Wp and the length Lp can 

correspond to any cross-sectional shape and not just the rectangular or square cross­

sectional shape shown in Figure 3. 
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[0046] The pillars 116, in some examples, can be milled from a metal block that forms 

the first plate 102. The first surface 110 of the first plate 102 can be milled to a depth 

equal to the desired height of the pillars 116. Upon completion of the milling operation, 

the wick structure 114 including the pillars 116 are formed that are integral with the first 

plate 102. In some other instances, the pillars 116 can be formed by metal embossing, 

or other processes that can form micron sized features on the first plate 102. 

[0047] Referring again to Figure 1, the thermal diode 100 includes the second plate 

108 that includes an inner surface 122 that faces the wick structure 114. The inner 

surface 122 (also referred to as a smooth condensing surface) of the second plate 108 

can be a hydrophobic surface, however in some examples, inner surface 122 may not be 

hydrophobic (and can be weakly hydrophilic). A hydrophobic surface can be referred to 

as a liquid repelling surface or a low surface energy surface that resists wetting. In 

some examples, the inner surface 122 can be hydrophobic but not superhydrophobic. In 

particular, the hydrophobicity of the inner surface 122 can be described in relation to a 

contact angle of water on the inner surface 122, which contact angle can be in the range 

of 90 degrees to 125 degrees. Most superhydrophobic surfaces have a contact angle that 

is greater than 125 degrees, while most weakly hydrophilic surfaces have a contact 

angle that is less than 90 degrees. Furthermore, the inner surface 122 can a smooth 

surface. Some superhydrophobic surfaces have a roughness that is, in part, contributed 

by nanostructures that are formed on inner surface 122 of the second plate 108. As an 

example, the jumping-droplet thermal diode discussed above includes a 

superhydrophobic surface that includes nano structures that have a height of 100 nm or 

more and have a pitch ( center-to-center nano structure distance) of more than 500 nm. 

These nanostructures are then coated with a hydrophobic film or coating, which results 

in creating Cassie air pockets between the nanostructures. This contributes to the high 

hydrophobicity of the superhydrophobic rough surface. The inner surface 122 of the 

second plate 108 on the other hand is a smooth surface and is not processed to 

intentionally include nanostructures. Any nanostructures present are incidental to 

forming the second plate 108 at the manufacturer and may not include nanostructures 

that have a height of 100 nm or more or have a pitch of 500 nm or more. In some 

examples, the smooth hydrophobic inner surface 122 can have a surface roughness of 

about 5 nm, about 1 nm, about 0.5 nm or less. In particular, these numerical values can 
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represent the height of the nanostructures formed on the inner surface 122 and are 

substantially smaller than those associated with superhydrophobic surfaces. 

[0048] In some examples, the inner surface 122 can be polished to remove roughness 

resulting in a smooth surface. In instances, a hydrophobic coating 106 can be deposited 

over the inner surface 122. This hydrophobic coating can include, for example, 

hydrophobic polymer coatings, hydrophobic thiol coatings, etc. As the surface of the 

inner surface 122 is smooth, the hydrophobic coating can be reliably adhered to the 

inner surface 122. This is unlike the superhydrophobic rough surface, on which 

adhering a hydrophobic coating can be challenging. Thus, the life and reliability of the 

hydrophobic inner surface 122 can be relatively improved over that of the jumping-drop 

superhydrophobic rough surfaces. 

[0049] Figure 4 shows a schematic of a side view of a portion of the thermal diode 

discussed above in relation to Figures 1-3. The wick structure 114 on the first plate 102 

is positioned facing the inner surface 122 of the second plate 108. The first surface 110 

defining the wick structure 114 and the inner surface 122 can define a chamber 124 that 

accommodates a phase-change liquid 126. While not shown in Figure 4, the chamber 

124 is also defined by a separator (104, Figure 1) that is positioned along the perimeter 

of the thermal diode 100. The phase-change liquid 126 is inserted into the chamber 124. 

The separator 104 can be a gasket that not only separates the first plate 102 from the 

second plate 108 but also seals the chamber 124 to enclose the phase-change liquid 126. 

The separator 104 can be made of plastic, rubber, metal, ceramic, or a combination 

thereof. The separator 104 also can be an insulator to reduce heat conduction between 

the plates through the separator 104. In some instances, the thermal diode 100 may 

include additional separators that are positioned within the perimeter of the first plate 

102 and the second plate 108. For example, the thermal diode 100 may include support 

pillars that extend between the first plate 102 and the second plate 108 and are 

positioned within the chamber 124. These support pillars can improve the structural 

strength of the thermal diode 100. 

[0050] The wick structure 114 is separated from the inner surface 122 of the second 

plate 108 by a gap 'G'. In particular, the gap G can be measured as the distance 

between the top surface 120 of the pillars 116 and the inner surface 122 of the second 

plate 108. As discussed further below, the gap G can be less than a capillary length of 

the phase-change liquid 126 within the chamber 124. In some instances, the heights of 
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the pillars 126 may not be exactly equal throughout the wick structure 114. In such 

instances, the gap G can represent the average distance between the top surfaces 120 of 

the pillars 116 and the inner surface 122 of the second plate 108. 

[0051] Figures 5A-5D show schematics depicting a sequence of the forward mode 

operation of the thermal diode. The thermal diode 100 can be operated in a forward 

mode and a reverse mode. The thermal diode 100 can conduct heat in the forward 

direction, while impeding the conduction of heat in the reverse direction. Prior to 

deployment of the thermal diode 100, the chamber 124 can be evacuated to remove non­

condensable gasses (NCGs) that may be present within the chamber 124. Removing the 

NCGs can improve the efficiency of the thermal diode 100. The chamber can be filled 

with the phase-change liquid either before or after removing the NCGs. As an example, 

the phase-change liquid can include water, but other phase-change liquids can be used 

instead of or in addition to water, which phase-change liquids can include ethanol, 

methyl alcohol, propylene glycol, and refrigerants such as Rl4lb. In some instances, 

the first plate 102 can be heated with a heater to accelerate evaporation of the phase­

change liquid from the wick structure 114. Thereafter, the chamber 124 can be 

evacuated again to remove NCGs that may have been present in the phase-change 

liquid. The chamber 124 can be left open to the evacuating vacuum until the pressure in 

the chamber 124 reaches a steady-state value. At this stage, the chamber 124 primarily 

includes saturated phase-change liquid at saturated vapor pressure corresponding to the 

surrounding temperature. The chamber 124 can then be sealed off 

[0052] In the forward mode, the temperature at the first plate 102 is greater than the 

temperature at the second plate 108. For example, the thermal diode 100 would operate 

in the forward mode if the first plate 102 is coupled with a heat source such as, for 

example, an integrated circuit, and the second plate 108 is coupled with a heat sink. The 

heating of the first plate 102, and in tum the wick structure 114, causes the phase­

change liquid within the wick structure 114 to evaporate. The vapor makes contact with 

the relatively cooler second plate 108. The vapor transfers the latent heat of 

vaporization on to the second plate 108, causing the formation of a populated region of 

heterogeneously nucleated embryos of liquid dew droplets 128 on the inner surface 122, 

as shown in Figure SA With continued evaporation of the phase-change fluid from the 

wick structure 114, corresponding condensation on the second plate 108, and 

coalescence of droplets on the inner surface 122, the size of the droplets 128 increases, 
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as shown in Figure SB. Further evaporation of the phase-change liquid from the wick 

structure 114 cause the droplet 128 size to increase even more, until the droplet 128 

bridges the gap G and makes contact with the wick structure 114, as shown in Figure 

SC. As the wick structure 114 is hydrophilic, the drop 128 is pulled into the wick 

structure 114 by capillary action, as shown in Figure SD. The cycle of evaporation, 

transfer of latent heat onto the second plate 108, condensation, and eventual bridging of 

the droplet 128 back into the wick structure 114 continues as long as there is a 

temperature differential between the first plate 102 and the second plate 108. 

[0053] The bridging of the droplet 128 from the inner surface 122 to the wick 

structure 114 is aided by the gap G. In particular, the gap G can be selected to be equal 

to or less than a critical distance, which can refer to the largest distance between the 

wick structure 114 and the inner surface 122 at which, when the droplet 128 condenses 

on the inner surface 122, the droplet 128 can grow to a height to bridge the gap G. The 

growth of the droplet 128 resulting from the coalescence of multiple droplets translates 

into the growth in the height of the droplet 128. In instances where the inner surface 

122 is hydrophobic, such as where the hydrophobic coating 106 is applied to the inner 

surface 122, or the material properties of the second plate 108 are such that the inner 

surface 122 is inherently hydrophobic, the hydrophobicity of the inner surface 122 can 

also cause the droplet 128 to have a large contact angle (between 90 degrees to 125 

degrees) with the inner surface 122, thereby further contributing to the height of the 

droplet 128. But the growth of the height of the droplet 128 is limited by the balance 

between the surface tension on the surface of the droplet 128 and gravity. For a droplet 

that has a radius that is less than a capillary length associated with the type of liquid 

forming the droplet, the growth of the droplet will translate to a great extent into the 

growth in the height of the droplet. The capillary length is a scaling factor that relates 

surface tension and gravity. For example, the capillary length of water is about 2.7 mm. 

Other liquids can have other capillary lengths. Having the gap G at or below the 

capillary length associated with the phase-change liquid, can increase the chances that 

the droplet 128 can grow to a height that bridges the gap G regardless of the orientation 

with respect to the gravitational field. In some instances, the gap G can be selected to 

be well below the capillary length associated with the phase-change liquid to increase 

the volume of the liquid that is bridged back into the wick structure 114, and thereby 

increase the efficiency of heat transfer from the first plate 102 to the second plate 108. 
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For example, the gap G can be selected to be smaller than an order of magnitude less 

than the capillary length of the phase-change liquid. In some examples, where the 

phase-change liquid is water, the gap G can be selected to be about 250 µm. In some 

examples, the gap G for water can be about 500 µm or less, about 300 µm or less, or 

about 100 µm or less. The thermal diode 100 can operate even with a very small gap or 

even no gap between the inner surface 122 and the wick structure 114. 

[0054] In some instances, the droplets 128 can bridge to the wick structure 114 even 

when the inner surface 122 is not hydrophobic. That is the contact angle of the droplet 

128 is below 90 degrees. The lack of hydrophobicity of the inner surface 122 may 

increase the volume of the droplets 128 formed on the inner surface 122 required to 

bridge into the wick. In some such instances, the gap G can be adapted to allow for the 

relatively lower height (compared to the height when the inner surface 122 is 

hydrophobic) of the droplet 128. Thus, droplets with lower contact angles but also with 

lower bridging heights can return to the wick structure 114 at a comparable volume to 

the case of a hydrophobic inner surface 122. 

[0055] In the reverse mode, the temperature at the second plate 108 is greater than the 

temperature at the first plate 102. This causes any phase-change liquid on the inner 

surface 122 to dry out. However, there is no return of phase-change liquid form the 

wick structure 114 to the inner surface 122. As a result, once the phase-change liquid 

dries out on the inner surface 122 the heat transfer based on the phase-change liquid 

reduces considerably. 

[0056] The effectiveness of the thermal diode 100 can be expressed by its diodicity 

(also referred to as a rectification coefficient), which is a function of an effective 

thermal conductivity in the forward mode (k1) to an effective thermal conductivity in the 

reverse mode (kr). For example, the diodicity 1J can be described by the following 

equation: 

(1) 

[0057] The thermal diode 100 can have a diodicity of at least 10, at least 20, at least 

40, or at least 60 and up to about 150 or 300 at a temperature of about 20°C to about 

90°c. 

[0058] The thermal diode 100 can operate regardless of its orientation in relation to 

the gravitational field. As discussed above, the bridging of the droplets 128 from the 
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inner surface 122 to the wick structure 114 occurs due to capillary action. Because of 

the capillary action, the operation of the thermal diode is impacted by gravity to a much 

lesser degree than for example the impact of gravity on the operation of the 

thermosyphons discussed above. In some examples, the diodicity of the thermal diode 

100 varies by 25% or less with changes in orientation of the thermal diode with respect 

to the gravitational field. 

[0059] The thermal diode 100 can be shaped in a manner that renders the device as a 

predominantly two-dimensional device. In some instances, an aspect ratio of the 

thermal diode, defined as either a length or a width over height of the thermal diode, is 

greater than two. The length or the width of the thermal diode 100 can be measured as 

the length and the width of the first plate 102 or the second plate 108. The height of the 

thermal diode 100 can be measured as the largest distance between the first plate 102 

and the second plate 108. In some instances, the height of the thermal diode 100 can be 

instead represented by the gap G between the inner surface 122 and the wick structure 

114, or a gap between the inner surface 122 and the first surface 110 at the bottom of the 

pillars 116. As an example, the thermal diode can have a length and a width in a range 

of about few cm to several meters, or about 3 cm to about 10 m or about 10 cm to about 

1 m. The planar design of the thermal diode 100 lends itself to high degree of 

scalability. Therefore, a wide range of first plate 102 and second plate 108 sizes can be 

built and formed into a thermal diode. In some instance, where the size of the thermal 

diode 100 large (e.g., in meters), the thermal diode 100 can include additional support 

structures such as, for example, posts or pillars positioned between the plates and 

distributed throughout the area of the plates to reduce the risk of bowing or bending of 

the first plate 102 or the second plate 108 and improve the uniformity of the gap G 

between the plates. 

[0060] The following provides a discussion of experimental results and theoretical 

modeling of example thermal diodes. It should be noted that the discussion below is of 

one or more example configurations of the thermal diode, and do not necessarily limit 

the scope of the claims or the scope of the examples discussed above in relation to 

Figures 1-5. 

[0061] The bridging-droplet thermal diode is comprised of two opposing copper 

plates, one having a wick structure while the other is smooth and hydrophobic, 

separated by an insulating and water-resistant gasket. After sealing the chamber, water 
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is injected into the wick structure and the NCGs are removed. In the forward mode of 

operation, the heat source is located on the back face of the wicked copper plate. Steam 

carries the latent heat across the gap and is dumped into the hydrophobic plate by 

dropwise condensation. The moderately large contact angles of the dew droplets enables 

them to bridge the gap and to wick back into the opposing evaporator for sustained 

phase-change heat transfer. In the reverse mode, the heat source is now located on the 

back face of the smooth hydrophobic plate, resulting in dryout and poor heat transfer 

across the vapor space. The two plates were 99.9% pure multipurpose copper 

(McMaster-Carr, 8963Kl65), of dimensions 101 mm x 101 mm x 6.5 mm. On the 

center of one plate, a 76 mm x 76 mm array of micropillars was milled, where each 

pillar has dimensions of approximately 100 µm x 100 µm x 600 µm. The center-to­

center pitch between adjacent pillars was 200 µm, resulting in a solid fraction of cp = 

0.25. Two water/vapor pathways were drilled into the other copper plate, each pathway 

extended from a side wall of the plate to a central portion of the front (i.e., inner) face. 

A short copper tube, of 0.32 mm inner diameter, was soldered to the entrance of each 

pathway located on the side walls to serve as ports. A hole was drilled into the side wall 

of both copper plates to accommodate thermistors (Omega Engineering, TH-10-44031, 

+/- 0.1 °C accuracy). The relatively large thickness of each plate (6.5 mm) was to easily 

accommodate the thermistors and rudimentary port tunnels for laboratory 

characterization and would not be necessary for practical application. To make the 

smooth plate hydrophobic, it was submerged in a mixture of 2 mm of 1-hexadecanethiol 

(Fisher Scientific, AC 120521000) in ethanol for 15 min to deposit a self-assembled 

monolayer. The plate was then gently cleaned by soaking in pure ethanol for 1 min and 

drying with nitrogen gas. Note that while the hydrophobic monolayer was sufficient for 

laboratory characterization, a more durable hydrophobic coating ( e.g., grafted polymer 

or graphene) could be used for practical applications. 

[0062] Prior to assembling the bridging-droplet thermal diode, the superhydrophilicity 

of the wicked plate was rejuvenated using a plasma cleaner (Harri ck Plasma, PDC-001). 

A square gasket, comprised of a 101 mm x 101 mm sheet of water-resistant EPD M 

rubber (McMaster-Carr, 8610K84), was made by cutting a 76 mm x 76 mm hole in its 

middle to comprise the vapor space. The chamber was then bolted together using 12 

glass-filled nylon screws (McMaster-Carr, 91221A685) around the perimeter of the 

plates. Through-holes were punched into the square gasket, such that the screws passed 
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through both the copper plates and the gasket. The uncompressed thickness of the 

gasket was 1.1 mm, which reduced to H = 850 µm after sealing the chamber. 

Considering the average pillar height of Hw = 600 µm within the wick structure, this 

results in a vapor space of height Hv = 250 µm. One of the two copper ports was 

connected to a digital pressure gauge (LJ Engineering, DVG-2) while the other port was 

connected to both a vacuum pump (Platinum, DV-142N) and a syringe using a three­

way valve. 

[0063] To serve as the heat source, a 101 mm x 101 mm square film heater (Omega, 

KHA-404) was bonded to the back face of one copper plate with thermal grease (Aavid 

Thermalloy, 251G-ND). A cold plate attached to a recirculating chiller (Fisher 

Scientific, 13874647) was thermally greased and bolted to the back face of the opposing 

plate to serve as the heat sink. In the forward mode, the film heater was placed on the 

wicked plate and the cold plate on the hydrophobic plate, and vice versa for the reverse 

mode. The back sides of both the film heater and the cold plate were insulated with 

aerogel sheets (McMaster-Carr, 9590Kl). In the low-conductivity reverse mode, the 

vapor chamber was additionally wrapped with insulating foam (McMaster-Carr, 

3157T22) to reduce heat leakage into the ambient. 

[0064] After the vapor chamber components were assembled, a primary vacuum was 

pulled to remove most of the NCGs. The absolute pressure within the chamber was 

about Pabs ~• 8.1 kPa after this dry vacuum. Subsequently, 3.25 mLofpreboiled 

distilled water was injected into the chamber to saturate the wick structure. This volume 

was chosen as it corresponded to the smallest charging ratio \-vhere dryout did not occur 

even at high temperatures. The wicked plate was then subjected to a constant power of 

Q = 50 W using the film heater and a DC power supply (Agilent, E3649A). The 

recirculating chiller was simultaneously turned on and set to 80 °C. This initial 

configuration ensured the continual forward-mode evaporation of water from the wick 

for about 1 h, to release any remaining NCG-s dissolved in the water into the vapor 

space. The cold plate ,vas then decreased down to 50 °C to pull a secondary (wet) 

vacuum. The vapor space was left open to the vacuum pump until the pressure gauge 

reached a steady-state value. This implies that only saturated water remains in the 

chamber. By then closing off the chamber from the vacuum pump, experimental 

measurements could now be made with negligible NCGs. The water volume remaining 

in the chamber after the wet vacuum was comparable to the 2.6 mL void volume of the 
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wick structure. The partial loss of water volume is due to the wet vacuum and to 

condensation occurring within the two copper tubes. To reduce the latter effect, we 

reduced the length of these copper tubes and added an additional on/off valve to the 

copper tube connected to the pressure gauge. After the wet vacuum was completed, this 

valve was turned off 

[0065] The bridging-droplet thermal diode was characterized in both the forward and 

reverse modes, with each mode tested in two different orientations: "with gravity" 

(hydrophobic plate on top) or "against gravity" (wicked plate on top). Three trials Three 

trials were performed for each of these four possible combinations using a fixed power 

of Q = 50 W for the film heater. For each trial, the temperature of the cold plate was 

varied from 20 °C to 80 °C in 10 °C increments to measure the steady-state temperature 

drop across the plates. Temperature measurements were monitored by a data acquisition 

unit (Keysight, 34972A) connected to the two thermistors. 

[0066] The effective temperature drop between the plates was calculated as 11 T = TH 

- TC, where TH and TC are the temperatures of the front faces of the heated and cooled 

copper plates, respectively. The values of TH and TC are obtained by taking the 

thermistor measurements and subtracting or adding, respectively, a minor temperature 

drop of (2HpQ)/(kcuAeff), where Hp "" 2 mm is the distance between the center of a 

thermistor and the front face of its copper plate, kcu"" 401 W m-1 K-1 is the thermal 

conductivity of copper, and Aeff is the effective cross-sectional area through which the 

heat transfer occurs. In the forward mode Aeff"" Aw= 58 cm/\2, where Aw is the cross­

sectional area of the wicked evaporator, as phase-change heat transfer is dominant 

Conversely, Aeff"" Ap = 103.2 cm/\2 in the reverse mode, where Ap is the cross-sectional 

area of each copper plate, as conduction across the outer gasket/screws is now 

appreciable due to the poor heat transfer across the vapor space. Figure 6 shows an 

example plot depicting heat transfer in forward and reverse modes. In the forward mode 

of operation, 11 T is at least one order of magnitude lower than that of reverse mode, 

confirming the effectiveness of the vapor chamber as a thermal diode. Moreover, 11 T 

decreases with an increase in the heat sink temperature for both modes, which will be 

elaborated upon in our proceeding model. 

[0067] The effective thermal conductivity across the chamber can be expressed by: 
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k= HQ 
AenD.T 

(2) 

where k = kr and Aeff ~• Aw in the forward mode, while k = krand A,lf ~ Ap in the 

reverse mode. However, the constmct of an effective thermal conductivity can be 

somewhat misleading, as it can falsely imply that Hand AT are directly proportional to 

each other. In the forward mode, there is a non-linear relationship between Hand AT 

and the temperature drop across the vapor space itself is negligible ( as will be seen in 

our model). Therefore, a more useful constmct is an overall heat transfer coefficient: 

[0068] lt should be noted that the sarne value for diodicity (I?) would be obtained 

regardless of which construct is used, k or h. 

(3) 

[0069] Figures 7 A and 7B show example plots or overall heat transfer coefficient of 

the thermal diode as a function of average chamber temperature T~vg =(TH+ Tc)/2. For a 

given Tavg, the same value of hf was obtained for both chamber orientations, validating 

that the vapor chamber operates independently of gravity. This orientation­

independence can be rationalized by the fact that the bridging-droplet radius, R.,,. 250 µ 

m, is an order of magnitude smaller than the capillary length: Le =-Jr/ pg)= 2.7 mm, 

where y and pare the surface tension and density of water, respectively. At both 

orientations, hrincreased exponentially with the average temperature. For example, in 

the "with gravity" orientation, hrincreased from 4 to 38 kW m- 2 K- 1 as Tavg increased 

from 25 to 83 °C. The orientation-independence began to break down beyond an 

average temperature of about 75 °C, where the "with gravity" orientation now out­

performed the "against gravity" one. This is most likely due to nucleate boiling 

beginning to occur in the wick, where the "with gravity" orientation enables the buoyant 

transport of bubbles across the bridging droplets to provide additional phase-change 

heat transfer. 

[0070] Given the lack ofNCGs in the system, steam should efficiently travel across 

the vapor space with negligible thermal resistance. Therefore, the overall heat transfer 

coefficient in the forward mode is governed by the three remaining sources of thermal 

resistance: 1) conduction resistance across the wick, 2) the interfacial resistance across 

the evaporating interface, and 3) the overall thermal resistance of the dropwi se 
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condensate. Therefore, the lumped resistance model for the vapor chamber in the 

forward mode can be expressed as: 

1 Hw 1 1 
-""-+-+­
hr kw he he 

(4) 

where kw is the thermal conductivity of the water-saturated wick, and he and he are the 

heat transfer coefficients of the evaporating interface and condenser, respectively. 

The evaporation heat transfer coefficient is estimated by: 

M 

2nRTe 

(5) 

where a is the accommodation coefficient, Pv is the density of the saturated water vapor 

at the evaporating interface, h1v is the latent heat of vaporization, !iii is the molecular 

weight of water, Te is the water temperature at the evaporating interface (i.e., at the top 

of the wick), and R. is the universal gas constant. The condensation heat transfer 

coefficient is approximated by: 

(6) 

where n(r) and N(r) are the size distributions of the condensates below and above the 

typical length scale where coalescence occurs (Ycoat), Yrnln ~ 10 nm is the critical size 

ofa nucleating embryo, fbridge is the maximum (i.e., departure) radius where bridging 

occurs, Tsteam is the steam temperature, and qd(r) is the heat transfer across a condensate 

of radius r. The coalescence radius is found from the relation rcoal = 1/4,,,{N;, where 

Ns is the nucleation density of water droplets on the substrate. For a representative 

nucleation density of 1010 --- 101 t droplets/m 2 on a coated hydrophobic substrate, rcoal 

varies from 0.8---2.5 µm. An average value ofrcoal "'• 1 µmis used for the calculations 

here. For dropwise condensate that is approximately hemi-spherical in shape, 1"bridge ~• Hv 

~ 250 pm. Moreover, for the hydrophobic substrate in a horizontal or upside-down 

orientation, the sweeping time is assumed to he infinite (i.e., no droplet sweeping). This 

results in a simplified relation for the small droplet size distribution, n(r) compared to 

that provided by Kim et al. Thus, the final forms for n(r) and N(r) used in our model 

are: 
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(7) 

where the constants A2 and A3 are the same as those defined in previous studies. The 

heat transfer across any given droplet, qJ(r), is itself given by: 

,.,.,.2 l..-(T' - T '! - 2T;b,m Y 'j 
..... ' 'J. :st.,:.:ji•i·~ ,; -· . f 

l°l°lhP 
;u(,·)=------------

1 . r& . Or 
-----+---+ ·, 
2h,(1-costl) 4ksin8 kc sin' A 

(8) 

[0071] Here, hi is the interfacial heat transfer coefficient about thecondensate, {J ~• 

100° is the contact angle of the condensate,k ~ 0.6 Wm 1 K 1 is the thermal 

conductivity of water, and De~ l nm and kc~ 0.23 \V m 1 K 1 are the thickness and 

the themrnl conductivity of the hydrophobic thiol monolayer, respectively. This value 

for kc corresponds to the reported value for liquid-phase 1-hexadecanethiol. \Vhile a self­

assembledthiol rnonolayer may not have the exact same properties as the bulk liquid, 

this is nonetheless extremely close to a typical value of kc~ 0.2 Wm 1 K 1 used to model 

hydrophobic monolayers ingeneral. The expression for fo is equivalent to he from 

Equation ( 5), except that now the temperature corresponds to Tste,un. 

[0072] Using Equations (4)-(8), theoretical values for hr were obtained corresponding 

to each experimental value for TH and Tc (Figure 7 A). Values for the accommodation 

coefficient were chosen to best-fit the theory to the data: a= 0.014 for the "with 

gravity" orientation and a= 0.015 for the "against gravity" orientation. At these values, 

there is good agreement between the theoretical and experimental values for hr. The fact 

that the best-fit values for a are virtually equal for the two orientations further 

highlights the gravitational independence of the chamber. There is a slight discrepancy 

in the model for moderate values of Tavg, which could potentially be due to the 

simplified assumption of a fixed a value. In reality, it has been reported that a can 

decrease with increasing temperature. At the highest Tavg, the sudden boost in the 

experimental hrfor the "with gravity" orientation was captured in the model by 

neglecting the conduction and interfacial resistances across the wicked evaporator. In 
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other words, hr"' he when the forwardmode is boiling-enhanced in the "with gravity" 

orientation. 

[0073] An equivalent experimental characterization of the thermal diode was 

performed in the reverse mode of operation, where the heat source was switched to the 

hydrophobic plate (Figure 7B). The values of hr were an order of magnitude srnaller 

than hf, indicating that the water is now trapped within the wick stmcture preventing 

phase-change heat transfer. In further contrast to the forward mode, hr did not vary 

appreciably with average temperature. This indicates that the heat is now primarily 

spreading via conduction across the vapor space and gasket. Averaging over Tavg = 33 to 

83 °C results in mean values of hr= 0.39 ± 0.02 k\,V m 2 K 1 in the "with gravity" 

orientation and 0.33 :J: 0. 02 kW m-2 K- 1 in the "against gravity" orientation. At the 

highest heat sink temperature ernployed (80 °C), hr could only be consistently rneasured 

for the "with gravity'' orientation. When trying in the "against gravity'' orientation, TH 

approached 100 C, which we avoided to prevent any possible damage to the 

hydrophobic coating. This larger temperature drop across the chamber implies that hr 

becomes higher in the "against gravity" orientation at high temperatures, which can 

likely be attributed to natural convection. 

[0074] By comparing hr and hr, diodicity of the bridging-droplet thermal diode is 

calculated, as shown in Figure 8. At both chamber orientations, n increased 

exponentially with the vapor temperature. For example, in the '\vith gravity" 

orientation, TJ increased from 11 ± 4 to 70 ± 11 as Tavg increased from 26 to 83 °C. The 

diodicity values are also, within experimental uncertainty, unaffected by S\.vitching 

between the "with gravity" and "against gravity" orientations. These findings confirm 

that a bridging-droplet thermal diode is capable of effective and orientation-independent 

thermal rectification, but without requiring a superhydrophobic condenser. 

[0075] The diodicity of the bridging-droplet thermal diode could be substantively 

irnproved by decreasing the height of the vapor space H,, thereby decreasing the critical 

droplet size where bridging occurs. This ,vould decrease the conductive losses across the 

drofJ\.visecondensate to enhance forward-mode perfonnance, and therefore the diodicity. 

Performance can also increase by increasing a relative size of the chamber in relation to 

the heat source, enabling the lateral spread of phase-change heat transfer in the forward 

mode. Conductive losses in the forward mode could be further decreased by using a 
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shorter wick stmcture. However, the height of the wick could be constrained by Hw > 

Hv, to ensure that the water evaporating frorn the wick is of sufficientvolmne to grm.v 

condensate large enough for bridging to occur. The evaporation and condensation 

interfacial resistances can decrease strongly with increasing heat fiux. Here, the heat 

flux was only q""' 0.86 W cm-2, in contrast to many real-life systems where q 2: 10 W 

cm 2. Therefore, in practical applications the diodicity value can be much higher, for 

exarnple to about 300. For electronics cooling, the reverse rnode of operatic.mis only 

needed for stacked CPU systems. Hmvever, the forward mode alone is still very 

attractive for cooling a single CPU, due to the direct liquid-return pathway to hotspots. 

[0076] The discussion herein describes several aspects of the display device that can 

be implemented separately or in combination with other aspects of the disclosure 

without departing from the disclosure. The following lists a non-limiting set of aspects 

of the display device should not be confused with the claims. 

[0077] Aspect 1: This aspect includes a thermal diode including a smooth condensing 

surface, a wicked evaporating surface substantially parallel to the condensing surface, 

where the wicked evaporating surface and the condensing surface are separated by a 

predetermined distance to form a chamber therebetween, and a phase-change liquid 

within the chamber. The predetermined distance between the wicked evaporating 

surface and the condensing surface is less than or equal to a critical distance, where the 

critical distance is defined as the largest distance between the wicked evaporating 

surface and the condensing surface at which, when a droplet of the phase-change liquid 

condenses on the condensing surface, the droplet can grow to a height to bridge the gap 

between the wicked evaporating surface and the condensing surface. 

[0078] Aspect 2: The thermal diode according to any one of Aspects 1-15, further 

including an insulating gasket separating the wicked evaporating surface and the 

condensing surface and defining the predetermined distance therebetween and forming 

insulating walls on edges of the chamber. 

[0079] Aspect 3: The thermal diode according to any one of Aspects 1-15, wherein 

one or both of the wicked evaporating surface and the condensing surface comprise 

copper, silicon, aluminum, steel, titanium, or a combination thereof. 

[0080] Aspect 4: The thermal diode according to any one of Aspects 1-15, wherein the 

phase change liquid comprises water or a mixture thereof. 
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[0081] Aspect 5: The thermal diode according to any one of Aspects 1-15, wherein the 

smooth condensing surface comprises a hydrophobic coating. 

[0082] Aspect 6: The thermal diode according to any one of Aspects 1-15, wherein 

the hydrophobic coating comprises a hydrophobic thiol coating or a hydrophobic 

polymer coating. 

[0083] Aspect 7: The thermal diode according to any one of Aspects 1-15, wherein the 

smooth condensing surface has a surface roughness about 5 nm, about 1 nm, about 0.5 

nm, or less. 

[0084] Aspect 8: The thermal diode according to any one of Aspects 1-15, wherein the 

wicked evaporating surface comprises a plurality of micro-scale pillars, micro-scale 

dimples, a micro-mesh, or a sintered copper surface. 

[0085] Aspect 9: The thermal diode according to any one of Aspects 1-15, wherein the 

thermal diode has a diodicity of at least 10, at least 20, at least 40, or at least 60 and up 

to about 150 or 300 at a temperature of about 20°C to about 90°C. 

[0086] Aspect 10: The thermal diode according to any one of Aspects 1-15, wherein a 

diodicity of the thermal diode varies by 25% or less with changes in orientation of the 

thermal diode in relation to the gravitational field. 

[0087] Aspect 11: The thermal diode according to any one of Aspects 1-15, wherein a 

shortest straightline distance between the smooth condensing surface and the wicked 

evaporating surface is about 500 µm or less, about 300 µm or less, or about 100 µm or 

less. 

[0088] Aspect 12: The thermal diode according to any one of Aspects 1-15, wherein 

the thermal diode has an aspect ratio defined as either a length or a width over a height 

of greater than 2, such that the thermal diode is essentially two-dimensional. 

[0089] Aspect 13: The thermal diode according to any one of Aspects 1-15, wherein 

the gasket provides fluidic sealing of the chamber and prevents or reduces thermal 

conduction during operation of the thermal diode. 

[0090] Aspect 14: The thermal diode according to any one of Aspects 1-15, wherein 

the thermal diode is attached to a body selected from at least one of an electronic device, 

a biological system, a medical implant, a dwelling, a construction material, a window, a 

motorized land or water vehicle, a satellite, an aerospace vehicle, a spacecraft, a 
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chemical processing plant, a power plant, a mechanical machine, an electromechanical 

system, an energy harvesting device, a nuclear reactor, and an energy storage system. 

[0091] Aspect 15: A method of rectifying heat flow, the method comprising providing 

a thermal diode according to any preceding claim. 

[0092] Aspect 16: This aspect includes a thermal diode including a first plate having a 

first surface defining a wick structure, a second plate having a smooth surface facing 

the wick structure, the smooth surface and the wick structure defining a chamber for 

accommodating a phase-change liquid, and a separator positioned between the first plate 

and the second plate to separate the wick structure from the smooth surface by a gap 

that is less than a capillary length of the phase-change liquid. 

[0093] Aspect 17: The thermal diode according to any one of Aspects 16-38, wherein 

the separator is a gasket that seals the chamber and that extends along the perimeters of 

the first plate and the second plate. 

[0094] Aspect 18: The thermal diode according to any one of Aspects 16-38, wherein 

the gap is less than an order of magnitude less than the capillary length. 

[0095] Aspect 19: The thermal diode according to any one of Aspects 16-38, wherein 

the smooth surface comprises a hydrophobic coating. 

[0096] Aspect 20: The thermal diode according to any one of Aspects 16-38, wherein 

the hydrophobic coating comprises a hydrophobic thiol coating or a hydrophobic 

polymer coating. 

[0097] Aspect 21: The thermal diode according to any one of Aspects 16-3 8, wherein 

the smooth surface is devoid of nanostructures that have a height of more than 100 nm. 

[0098] Aspect 22: The thermal diode according to any one of Aspects 16-38, wherein 

the smooth surface is devoid of nanostructures that have a pitch of more than 500 nm. 

[0099] Aspect 23: The thermal diode according to any one of Aspects 16-3 8, wherein 

the wick structure includes an array of pillars. 

[0100] Aspect 24: The thermal diode according to any one of Aspects 16-38, wherein 

a height of the array of pillars is 400 µm to 800 µm. 

[0101] Aspect 25: The thermal diode according to any one of Aspects 16-38, wherein 

an average center-to-center pitch between adjacent pillars in the array of pillars is 100 

µm to 300 µm. 
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[0102] Aspect 26: The thermal diode according to any one of Aspects 16-38, wherein 

a plurality of pillars from the array of pillars have a rectangular cross-section. 

[0103] Aspect 27: The thermal diode according to any one of Aspects 16-38, wherein 

a plurality of pillars from the array of pillars have a circular cross-section. 

[0104] Aspect 28: The thermal diode according to any one of Aspects 16-38, wherein 

the wick structure includes a sintered first surface. 

[0105] Aspect 29: The thermal diode according to any one of Aspects 16-38, wherein 

the gap has a magnitude that allows for a condensed droplet of the phase-change liquid 

on the smooth surface to grow to a height to bridge between the smooth surface and the 

wick structure. 

[0106] Aspect 30: The thermal diode according to any one of Aspects 16-38, wherein 

the condensed droplet has a contact angle that is greater than 90 degrees but less than 

125 degrees. 

[0107] Aspect 31: The thermal diode according to any one of Aspects 16-3 8, wherein 

the gap has a magnitude ofup to 350 µm. 

[0108] Aspect 32: The thermal diode according to any one of Aspects 16-38, wherein 

in a forward mode of operation, the first plate is thermally coupled with a heat source. 

[0109] Aspect 33: The thermal diode according to any one of Aspects 16-38, wherein 

in a reverse mode of operation, the second plate is thermally coupled with a heat source. 

[0110] Aspect 34: The thermal diode according to any one of Aspects 16-38, wherein 

one or both of the wick structure and the smooth surface comprise copper, silicon, 

aluminum, steel, or a combination thereof. 

[0111] Aspect 35: The thermal diode according to any one of Aspects 16-38, wherein 

the phase-change liquid comprises water or a mixture thereof. 

[0112] Aspect 36: The thermal diode according to any one of Aspects 16-38, wherein 

the smooth surface has a surface roughness about 5 nm, about 1 nm, about 0.5 nm, or 

less. 

[0113] Aspect 37: The thermal diode according to any one of Aspects 16-38, wherein 

the thermal diode has a diodicity of at least 10, at least 20, at least 40, or at least 60 and 

up to about 150 or 300 at a temperature of about 20°C to about 90°C. 

28 



WO 2021/263114 PCT/0S2021/039106 

[0114] Aspect 38: The thermal diode according to any one of Aspects 16-38, wherein 

a diodicity of the thermal diode varies by 25% or less with changes in orientation of the 

thermal diode in relation to the gravitational field. 

[0115] References: All cited references, patent or literature, are incorporated by 

reference in their entirety. The examples disclosed herein are illustrative and not 

limiting in nature. Details disclosed with respect to the methods described herein 

included in one example or embodiment may be applied to other examples and 

embodiments. Any aspect of the present disclosure that has been described herein may 

be disclaimed, i.e., exclude from the claimed subject matter whether by proviso or 

otherwise. 
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[0116] Various modifications to the implementations described in this disclosure may 
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shown herein, but are to be accorded the widest scope consistent with this disclosure, 

the principles and the novel features disclosed herein. 
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CLAIMS 

What is claimed is: 

1. A thermal diode, comprising: 

a smooth condensing surface; 

a wicked evaporating surface substantially parallel to the condensing surface, 

wherein the wicked evaporating surface and the condensing surface are separated by a 

predetermined distance to form a chamber therebetween; and 

a phase-change liquid within the chamber, 

wherein the predetermined distance between the wicked evaporating surface and 

the condensing surface is less than or equal to a critical distance, and 

wherein the critical distance is defined as the largest distance between the 

wicked evaporating surface and the condensing surface at which, when a droplet of the 

phase-change liquid condenses on the condensing surface, the droplet can grow to a 

height to bridge a gap between the wicked evaporating surface and the condensing 

surface. 

2. The thermal diode according to claim 1, further comprising an insulating gasket 

separating the wicked evaporating surface and the condensing surface and defining the 

predetermined distance therebetween and forming insulating walls on edges of the 

chamber. 

3. The thermal diode according to claim 1 or claim 2, wherein one or both of the 

wicked evaporating surface and the condensing surface comprise copper, silicon, 

aluminum, steel, titanium, or a combination thereof. 

4. The thermal diode according to any one of claims 1-3, wherein the phase change 

liquid comprises water or a mixture thereof. 

5. The thermal diode according to any one of claims 1-4, wherein the smooth 

condensing surface comprises a hydrophobic coating. 
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6. The thermal diode according to claim 5, wherein the hydrophobic coating 

comprises a hydrophobic thiol coating or a hydrophobic polymer coating. 

7. The thermal diode according to any one of claims 1-6, wherein the smooth 

condensing surface has a surface roughness about 5 nm, about 1 nm, about 0.5 nm, or 

less. 

8. The thermal diode according to any one of claims 1-7, wherein the wicked 

evaporating surface comprises a plurality of micro-scale pillars, micro-scale dimples, a 

micro-mesh, or a sintered copper surface. 

9. The thermal diode according to any one of claims 1-8, wherein the thermal diode 

has a diodicity of at least 10, at least 20, at least 40, or at least 60 and up to about 150 or 

300 at a temperature of about 20°C to about 90°C. 

10. The thermal diode according to any one of claims 1-9, wherein a diodicity of the 

thermal diode varies by 25% or less with changes in orientation of the thermal diode in 

relation to the gravitational field. 

11. The thermal diode according to any one of claims 1-10, wherein a shortest 

straightline distance between the smooth condensing surface and the wicked 

evaporating surface is about 500 µm or less, about 300 µm or less, or about 100 µm or 

less. 

12. The thermal diode according to any preceding claim, wherein the thermal diode 

has an aspect ratio defined as either a length or a width over a height of greater than 2, 

such that the thermal diode is essentially two-dimensional. 

13. The thermal diode according to any preceding claim, wherein the insulating 

gasket provides fluidic sealing of the chamber and prevents or reduces thermal 

conduction during operation of the thermal diode. 

14. The thermal diode according to any preceding claim, wherein the thermal diode 

is attached to a body selected from at least one of an electronic device, a biological 
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system, a medical implant, a dwelling, a construction material, a window, a motorized 

land or water vehicle, a satellite, an aerospace vehicle, a spacecraft, a chemical 

processing plant, a power plant, a mechanical machine, an electromechanical system, an 

energy harvesting device, a nuclear reactor, and an energy storage system. 

15. A method ofrectifying heat flow, the method comprising providing a thermal diode 

according to any preceding claim. 

16. A thermal diode, comprising: 

a first plate having a first surface defining a wick structure; 

a second plate having a smooth surface facing the wick structure, the smooth 

surface and the wick structure defining a chamber for accommodating a phase-change 

liquid; and 

a separator positioned between the first plate and the second plate to separate the 

wick structure from the smooth surface by a gap that is less than a capillary length of the 

phase-change liquid. 

17. The thermal diode according to claim 16, wherein the separator is a gasket that 

seals the chamber and that extends along the perimeters of the first plate and the second 

plate. 

18. The thermal diode according to any one of claims 16-17, wherein the gap is less 

than an order of magnitude less than the capillary length. 

19. The thermal diode according to any one of claims 16-18, wherein the smooth 

surface comprises a hydrophobic coating. 

20. The thermal diode according to claim 19, wherein the hydrophobic coating 

comprises a hydrophobic thiol coating or a hydrophobic polymer coating. 

21. The thermal diode according to any one of claims 16-19, wherein the smooth 

surface is devoid of nanostructures that have a height of more than 100 nm. 
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22. The thermal diode according to claim 21, wherein the smooth surface is devoid 

of nanostructures that have a pitch of more than 500 nm. 

23. The thermal diode according to any one of claims 16-22, wherein the wick 

structure includes an array of pillars. 

24. The thermal diode according to claim 23, wherein a height of the array of pillars 

is 400 µm to 800 µm. 

25. The thermal diode according to claim 23, wherein an average center-to-center 

pitch between adjacent pillars in the array of pillars is 100 µm to 300 µm. 

26. The thermal diode according to claim 23, wherein a plurality of pillars from the 

array of pillars have a rectangular cross-section. 

27. The thermal diode according to claim 23, wherein a plurality of pillars from the 

array of pillars have a circular cross-section. 

28. The thermal diode according to any one of claims 16-22, wherein the wick 

structure includes a sintered first surface. 

29. The thermal diode according to any one of claims 16-28, wherein the gap has a 

magnitude that allows for a condensed droplet of the phase-change liquid on the smooth 

surface to grow to a height to bridge between the smooth surface and the wick structure. 

30. The thermal diode according to claim 29, wherein the condensed droplet has a 

contact angle that is greater than 90 degrees but less than 125 degrees. 

31. The thermal diode according to any one of claims 16-30, wherein the gap has a 

magnitude ofup to 350 µm. 

32. The thermal diode according to any one of claims 16-30, wherein in a forward 

mode of operation, the first plate is thermally coupled with a heat source. 
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33. The thermal diode according to any one of claims 16-30, wherein in a reverse 

mode of operation, the second plate is thermally coupled with a heat source. 

34. The thermal diode according to any one of claims 16-33, wherein one or both of 

the wick structure and the smooth surface comprise copper, silicon, aluminum, steel, or 

a combination thereof. 

35. The thermal diode according to any one of claims 16-34, wherein the phase-

change liquid comprises water or a mixture thereof. 

36. The thermal diode according to any one of claims 16-35, wherein the smooth 

surface has a surface roughness about 5 nm, about 1 nm, about 0.5 nm, or less. 

37. The thermal diode according to any one of claims 16-36, wherein the thermal 

diode has a diodicity of at least 10, at least 20, at least 40, or at least 60 and up to about 

150 or 300 at a temperature of about 20°C to about 90°C. 

38. The thermal diode according to any one of claims 16-37, wherein a diodicity of 

the thermal diode varies by 25% or less with changes in orientation of the thermal diode 

in relation to the gravitational field. 
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