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Phase-change thermal diodes rectify heat transport much more effectively than solid-state ones, but
are limited by either the gravitational orientation or one-dimensional configuration. Here, we report
a planar phase-change diode scalable to large areas with an orientation-independent diodicity of
over 100, in which water/vapor is enclosed by parallel superhydrophobic and superhydrophilic
plates. The thermal rectification is enabled by spontaneously jumping dropwise condensate which
only occurs when the superhydrophobic surface is colder than the superhydrophilic surface. © 2011

American Institute of Physics. [doi:10.1063/1.3666818]

Analogous to the electronic diode, a thermal diode trans-
ports heat with a strong directional preference. Thermal diodes
are useful in a variety of applications, such as heat distribution
in spacecrafts,' thermal regulation during energy harvesting,’
thermally adaptive building materials,” and potentially pho-
nonic computing.* The effectiveness of a thermal diode is
measured by the rectification coefficient (diodicity),
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where k;and £, are the effective thermal conductivities in the
forward and reverse operating modes, respectively.

Thermal diodes that have been reduced to practice have
significant constraints that limit their practical applications.
Solid-state thermal diodes* can be configured in a variety of
form factors and function over a wide range of temperatures,
but their diodicity is typically limited to #~1 or less.””’
Phase-change thermal diodes® such as thermosyphons® and
asymmetric heat pipes' can produce a diodicity of 5~ 100.
However, thermosyphons are only useful with an orientation
favored by gravity, a severe limitation for mobile electronics
and space applications, while asymmetric heat pipes are fun-
damentally one-dimensional, a major constraint for applica-
tions requiring planar configurations. Integration of an array
of asymmetric heat pipes into a wall panel solves the dimen-
sionality problem but results in an order-of-magnitude
decrease in the diodicity.>

Here, we report a phase-change thermal diode (Fig. 1)
that is inherently planar with an orientation-independent
diodicity of # ~ 100. Instead of relying on gravity or a wick
structure to transport the condensate back to the evaporator,
our diode is enabled by the self-propelled jumping motion of
dropwise condensate on a superhydrophobic surface.'!' In
the process of condensation, coalescing drops release surface
energy which propels the merged drops to jump out-of-
plane; the directionality results from the substrate breaking
the symmetry of the energy release by exerting a perpendicu-
lar force.'?

The jumping-drop thermal diode consists of a planar
vapor chamber with opposing superhydrophobic and super-
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hydrophilic'? plates (Fig. 1). The plates are separated by a
thermally insulating gasket which also provides a vacuum
seal. When the superhydrophilic surface is heated with
respect to the superhydrophobic one (forward mode, Fig.
1(a)), the evaporating water carries heat away from the
superhydrophilic surface and the vapor condenses on the
superhydrophobic surface; the self-propelled jumping
motion returns the condensed drops back to the evaporator,
completing the circulation of working fluid with highly
effective phase-change heat transfer. When the superhydro-
philic surface is cooler (reverse mode, Fig. 1(b)), liquid
water is trapped by it and no phase-change heat transfer takes
place; heat mainly escapes through ineffective conduction
across the rubber gasket and vapor space. Note that the wick
structure in our thermal diode serves to evenly distribute the
working liquid within the superhydrophilic surface and hold
it against gravity. In contrast, the wick in conventional heat
pipes is playing the additional role of returning condensate
to the evaporator by capillary action.®

The superhydrophobic surface (Fig. 2(a)) was fabricated
using electroless galvanic deposition of silver nanoparticles
onto a copper substrate'* and was subsequently coated with
a monolayer of 1-hexadecanethiol. The superhydrophobic
plate had two ports for liquid injection and vacuum pumping
(visible in Fig. 2(a) inset). The opposing superhydrophilic
surface (Fig. 2(b)) consists of copper wick sintered to a cop-
per plate'® and oxidized by oxygen plasma. The copper
plates had a cross-sectional area of A=76mm X 76 mm, a
thickness of 8.9 mm (superhydrophobic) and 6.4 mm (super-
hydrophilic), and a thermal conductivity of 400 W/m-K. The
plate dimensions were somewhat arbitrary and chosen pri-
marily to facilitate fabrication. The copper wick had an area
of A, =61 mmx 61 mm, a thickness of H,=1.0mm, and a
conductivity of approximately 40 W/m-K."

The parallel copper plates were separated by a water-
resistant rubber gasket (EPDM, 0.1 W/m-K). Through-holes
were punched along the gasket to allow for the passage of
glass-filled nylon screws (0.2 W/m-K), which were used to
seal the chamber air-tight. The compressed thickness of the
rubber gasket defined the total separation between the plates,
H =2.6mm, and consequently the height of the vapor space,
H,=1.6mm. Once sealed, the injection port was opened to
charge 2mL of deionized water into the chamber, an amount
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FIG. 1. (Color online) Schematic of the planar jumping-drop thermal diode (not to scale). (a) Forward mode with self-propelled jumping drops returning the
working fluid from the superhydrophobic condenser to the superhydrophilic evaporator for continuous phase-change heat transfer and (b) reverse mode with

liquid trapped by the colder superhydrophilic surface.

just enough to soak the wick. With both ports closed, the
whole chamber was heated to a uniform temperature of
40°C (to ensure consistent removal of non-condensable
gases). The vacuum port was then opened until a chamber
pressure of 10kPa was achieved, at which point both ports
were sealed. Subtracting the vapor pressure, the partial pres-
sure of the non-condensable gases in the chamber was esti-
mated to be roughly 3 kPa.

The effective conductivity across the vapor chamber was
measured by k.= HQ/(AAT), where AT was the steady-state
temperature drop between the copper plates at a given power
input O, and A is the total cross-sectional area of the plates
including the surrounding gasket. In the characterization
experiments, one copper plate was heated by a resistive film
heater (also of area A) at a specified power (Q), while the other
was cooled by a chiller plate held at a constant temperature
(Tp) by a refrigerated circulator. The backside of the heater
was wrapped with insulating rubber foam (0.04 W/m-K,
10mm thick) to minimize heat leakage. The temperatures
were measured using two thermistors (Omega 44131) drilled
into the sides of each plate, 2mm beneath the functional
surfaces.

The thermal diode was characterized at three different
orientations (Fig. 3(a)): against gravity (superhydrophobic
substrate on the bottom, as in Figs. 1, 3(b) and 3(c)), with
gravity (on top), and neutral of gravity (sideways), over the
course of a week-long continuous run. Within the experi-
mental uncertainties, all three orientations equivalently dem-
onstrate low conductance in the reverse mode and high
conductance in the forward mode, verifying a complete ori-
entation independence. Even when the diode chamber was
flipped upside down in the middle of a steady-state opera-
tion, there was no appreciable change in the measured tem-
perature drop.

The highly effective thermal rectification is illustrated
with infrared imaging (FLIR A325) in Figs. 3(b) and 3(c),
where a spray paint of known emissivity (Krylon flat white
1502) was applied to the side of the diode. Under identical

FIG. 2. (Color online) Scanning electron images of (a) the superhydropho-
bic surface with galvanically deposited micro/nano structures and (b) the
superhydrophilic surface with sintered copper wick. Insets: the correspond-
ing copper plates.

conditions, steady-state operation in the forward and reverse
modes yielded dramatically different temperature distribu-
tions. In the forward mode (Fig. 3(c)), the effective phase-
change heat transfer led to a small temperature drop across
the diode (i.e., a high k). In the reverse mode (Fig. 3(b)), the
heat transfer was essentially blocked, leading to a much
larger temperature drop (i.e., a low k).

Like many phase-change systems, our thermal diode in
the forward mode has a variable thermal conductance de-
pendent on the vapor temperature (Fig. 4). The vapor tem-
perature, taken as the average between the superhydrophobic
condenser and the superhydrophilic evaporator, was varied
with the heat sink temperature (10, 25, and 40°C) in con-
junction with the heater power (30-90 W) for all three sys-
tem orientations. The forward conductivity exhibited an
exponential increase with the vapor temperature, attaining a
maximum of k=44 = 12 W/m-K during the week-long test.
The main source of uncertainty was the =0.1 °C interchan-
geability of each thermistor, resulting in a conservative
uncertainty of +0.2°C for AT.'

The effective conductivity in the reverse mode was
taken as the value measured at room temperature,
k,=0.29 = 0.06 W/m-K, where the uncertainty was assessed
from multiple measurements at all three orientations with a
fixed Ty=25°C."® Other heat sink temperatures were not
used because thermal leakage to the environment distorted
the measurements of such a low conductance. Note that the
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FIG. 3. (Color online) Orientation-independence of the diode performance.
(a) All three orientations were tested on the same chamber with the heat sink
held at 25 °C. (b) and (c) Infrared imaging of the diode at steady-state in the
reverse and forward modes, respectively. The diode (outlined by a dotted
box) had an overall dimension of 76 x 76 x 18 mm?. For both images, the
cold side was attached to a heat sink at 7o =25 °C, while the other side was
heated by a resistive film with O =15W. Note that the insulating spacer
slightly protruded from the sides. The injection and vacuum ports were con-
nected to the superhydrophobic plate, located at the bottom in both cases.
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FIG. 4. (Color online) Semi-log plot of the forward thermal conductivity
(kp) versus the average vapor temperature of the thermal diode (7). For the
corresponding conductivity ratio (k/k,), the reverse conductivity is assumed
constant at k,=0.29 W/m-K. Solid symbols correspond to measurements
obtained during a week-long continuous run while open symbols represent
additional tests. When 7', < 50°C, the forward conductivity was approxi-
mately independent of orientation for heater powers (Q) ranging from 30 W
to 90 W. When T, > 50°C, however, the forward conductivity had a strong
orientation dependence, where the “with gravity” orientation yielded much
higher values than the other two for a low power of 30 W chosen to delay
dryout. The orientation dependence beyond a vapor temperature of 50 °C
indicated the onset of boiling, where the removal of vapor bubbles was
strongly dependent on the gravitational orientation. The dashed line corre-
sponds to the maximum forward conductivity (kj’Z’) predicted by Eq. (2),
assuming no enhancement by boiling.

effective reverse conductivity was higher than the thermal
conductivity of any of the interstitial materials (mainly vapor
and rubber), indicating that the reverse heat transfer was not
only through conduction but also through convection.

During the week-long continuous test, a nominal diodic-
ity of up to n =150 = 50 was measured. Higher forward con-
ductivities and diodicities were measured with additional
tests at higher vapor temperatures, but under those condi-
tions, boiling within the wick had likely occurred, which was
indicated by the loss of orientational independence with
T, >50°C. At low heat fluxes, the vapor bubbles could read-
ily escape by buoyancy at the “with gravity” orientation but
not at the other two orientations.'” The boiling limit was cor-
roborated by the sudden loss of wick superhydrophilicity due
to dryout, after which the wick had to be rejuvenated.

Near the boiling limit, phase-change heat transfer is very
effective such that the majority of the temperature drop on the
entire diode is across the wick. Assuming no enhancement by
boiling, the maximum forward conductivity is given by

AH A, H,
K~k =ky— (1+=2), 2
! H,A A ( +Hw) @

which serves as an upper bound for the orientation-inde-
pendent forward conductivity. In Fig. 4, the conductivity at
the “sideways” and ‘““against gravity” orientations reached a
plateau of 66 W/m'K, consistent with £ ~ 70 W/m-K for
H/H,,=2.6 as predicted by Eq. (2). With a thinner rubber
gasket (H=1.4mm) under otherwise identical conditions,
the plateau value was 43W/m-K, consistent with
' ~ 40 W/m-K for H/H, = 1.4.

The thermal diode design adopted here may be further
optimized. According to Eq. (2), the maximum forward con-
ductivity (and overall diodicity) can be enhanced by mini-
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mizing the thickness of the wick structure (H,,) while
maximizing the vapor space (H,). However, there exists an
upper limit for H, beyond which the condensate cannot jump
back to the superhydrophilic wick against gravity and/or the
opposing vapor flow. To completely understand the physics
governing the jumping-drop diode (including the H, limit),
the dynamics and distribution of the dropwise condensate
need to be studied in an evacuated chamber, which is
expected to deviate from the measurements in open air."'
For the proof of concept, we used a monolayer thiol coating
for the superhydrophobic surface which is known to be
unstable at temperatures above 70 °C or so. If a higher work-
ing temperature is desired, alternative coatings (e.g., silane)
may be used. Since our diode is completely enclosed, the
monolayer coating may be more durable compared to an
open system, which must be established by long-term tests
including those on the effects of the jumping drops.

In summary, we have developed a planar jumping-drop
thermal diode that retains the large diodicity of phase-
change diodes with the additional advantages of orientational
independence and large-area scalability. The two-
dimensional diode is expected to be particularly useful for
the cooling of planar electronic components such as micro-
processors, especially in thermally hostile environments and
three-dimensional (layered) microsystems. The scalable
design is perfect for large-area applications, such as solar
panels for energy harvesting and adaptive walls for the ther-
mal management of buildings.
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