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Analogous to an electrical rectifier, a thermal rectifier (TR) can ensure that heat flows in a preferential direc-
tion. In this paper, thermal transport nonlinearity is achieved through the development of a phase-change based
TR comprising an enclosed vapor chamber having separated nanostructured copper oxide superhydrophobic and
superhydrophilic functional surfaces. In the forward direction, heat transfer is facilitated through evaporation on
the superhydrophilic surface and self-propelled jumping-droplet condensation on the superhydrophobic surface.
In the reverse direction, heat transfer is minimized due to condensate film formation within the superhydrophilic
condenser and inability to return the condensed liquid to the superhydrophobic evaporator. We examine the
coupled effects of gap size, coolant mass, heat transfer rate, and applied electric field on the thermal performance
of the TR. A maximum thermal diodicity, defined as the ratio of forward to reverse heat transfer, of 39 is achieved.
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I. INTRODUCTION

The invention of nonlinear solid-state equipment, such
as the two-electrode valve known as the electrical rectifier
(ER), has enabled the proliferation of modern electronics.
Analogous nonlinear devices [1] within the thermal domain
which can control the direction of heat flow have enormous
potential in modern thermal and heat transfer applications
such as electronics thermal management, device reliability,
mobile electrification, energy storage, thermal memory, and
many more [2,3]. Similar to the ER, a thermal rectifier (TR)
enables heat to flow in a specific direction from one terminal
to another where the thermal conductivity in the preferential
direction is relatively high when compared to the reverse
direction. In contrast, the TR prevents heat from flowing in
the reverse direction [4]. The thermal diodicity (TD) ς of a TR
can be defined by Eq. (1) to reflect the anisotropy in thermal
transport:

ς = (xfor − xre )/xre, (1)

where xfor is the critical heat transport parameter in the for-
ward direction, and xre is the same parameter in the reverse
direction. The critical parameter can be the effective thermal
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conductivity or heat flux. Past work on TR prototypes has
demonstrated effectiveness [Eq. (1)] ranging from 0 to more
than 100 [5–7]. There are three major types of TRs based on
the principle or operation: (1) solid state, (2) radiation, or (3)
phase change.

A solid-state TR typically adopts temperature-dependent
heat conduction behavior where transports of photons and
electrons are involved to realize an asymmetrical thermal con-
ductivity in opposing directions subjected to a large enough
temperature gradient [8,9]. A past study used Fourier’s law
to theoretically propose an optimization method to boost the
effectiveness of a TR made of two terminals whose thermal
conductivities have either a linear or a quadratic relationship
with temperature [10]. The calculated thermal rectification
ratio, similar to the effectiveness [Eq. (1)], can reach 0.5 to
0.86. A follow-up study proposed a TR made from two cobalt
oxides, reporting an effectiveness approaching 1.43 at a tem-
perature difference of approximately 60 °C [2]. Using phonon
transport, a nanostructured solid-state TR was developed with
an effectiveness of 0.02 at room temperature [5]. To increase
the effectiveness of solid-state TRs, researchers have explored
shape-memory alloy springs to control the movement of two
copper blocks [11]. In the forward direction, the two metal
blocks touch each other to realize a high thermal conductivity,
while the two blocks are separated with an air gap to cause
a low effective thermal conductivity in the reverse direction.
The experimentally calculated effectiveness was shown to be
as high as 93. Others have adopted nanotechnology to exper-
imentally fabricate a microscale–nanoscale metal-insulation
superconductor, which consists of a solid-state TR whose
effectiveness could reach 140 [12].
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FIG. 1. (a) Schematic of the experimental setup with (b) thermal-node network demonstrating all thermal resistances, and (c) isometric
photographic view of the experiment. Schematic in (a) is not to scale. The thermal interface material [TIM, gray color in (a)] was applied to
all interfaces between components.

In addition to solid-state TR as developed, showing effec-
tiveness approaching 0.41 [13]. Others have investigated the
mechanisms governing nonlinearities in doped silicon films
for radiative TR development, focusing on the effects of film
thickness and vacuum gap distance [14], achieving an op-
timized effectiveness of 0.5 at a temperature difference of
100 °C. Generally, past work has shown that photonic-based
TRs developed so far have poorer performance when com-
pared to TRs using integrated photon-electron effects [13].

Phase-change TRs represent the third type which exploit
the phase-dependent heat transfer capability of phase-change
materials to realize nonlinear control of heat flow. Phase
transitions from solid to solid [15], solid to liquid [16], and
liquid to vapor [17–19] have all been used to develop TRs.
The liquid to vapor TRs, which are usually thermosiphons or
asymmetric heat-pipes, have been shown to have high ther-
mal rectification. An asymmetric heat-pipe based TR using
coalescence-induced droplet jumping, was conceptually de-
signed and theoretically analyzed [20]. Infrared imaging was
used to illustrate thermal rectification of the jumping-droplet
TR comprising two parts: the condenser where condensation
heat transfer leads to a phase transition from vapor to liq-
uid, and the evaporator where liquid to vapor phase change
occurs. Functional materials and surfaces have been used to
further facilitate or suppress phase-change processes in TRs.
A superhydrophobic surface which can attain self-propelled
dropwise condensation further enhances energy transport and
enables wickless condensate transport to the evaporator, while
a superhydrophilic surface facilitates enhanced liquid to va-
por phase change via contact line augmentation [20]. Past
work on a 1-hexadecanethiol-coated superhydrophobic and a
sintered-copper superhydrophilic wick were integrated for a
vapor chamber geometry [21], with effects of noncondensable
gas, orientation, and wick thickness analyzed.

Recently, nanostructured copper oxide (CuO) functional
surfaces have proven to be suitable superhydrophobic and su-
perhydrophilic surfaces due to their ease of manufacturability,
cost-effectiveness, and scalability [22]. These CuO-structured
surfaces have been shown to enable droplet jumping [23], as

well as droplet electrostatic charging [24]. They have also
been used to achieve active hot-spot thermal management
of multiple high-power gallium nitride (GaN) transistors, at-
taining maximum heat fluxes of 13 W/cm2 [25]. Here, we
use CuO nanostructures to develop enclosed vapor chambers
composed of superhydrophobic and superhydrophilic surfaces
to obtain both enhanced evaporation and condensation heat
transfer, as well as thermal rectification. The superiority of
adopting CuO as a functional material is presented along with
the mechanistic understanding of the effects on thermal trans-
port and rectification of: gap distance between evaporator and
condenser, coolant mass, heat transfer rate, and electric field
strength. The results presented here provide design guidelines
which enable the further optimization of phase-change based
jumping-droplet TRs.

II. EXPERIMENTS

A. Experimental setup

Figure 1 shows the setup including a schematic of the
apparatus [Fig. 1(a)], the system thermal resistance network
[Fig. 1(b)], and a photograph of the physical experiment
[Fig. 1(c)]. A cartridge heater heat source, composed of three
500-W cartridge heaters (CSS-505500, Omega) inserted into
the lower part of a 8.1 cm × 5.0 cm × 9.1 cm aluminum
(Al) block (9246K682, McMaster) was used to supply the heat
to the vapor chamber, which is composed of a PEEK spacer
(8504K36, McMaster), and a top and bottom copper (Cu)
plate (9053K22 McMaster). Using Fourier’s law, Al blocks 1
and 2 (9246K15, McMaster) were used to measure the heat
flux into and out of the vapor chamber through vertically
inserted thermocouples [red dots in Fig. 1(a), TJ36-CAIN-
020G-6, Omega]. The temperature of the top and bottom
surfaces of the vapor chamber [Tt and Tb in Fig. 1(b)] were
calculated from measuring T4 and T5, and calculating the heat
flux using Fourier’s law. The temperatures T4 and T5 were
measured using thermocouples (TJ36-CAIN-020G-6, Omega)
inserted into the Cu plates (the top and bottom plates), where
the distance between the plate surface and the thermocouple,
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FIG. 2. Photographic view of the vapor chamber (a) prior to assembly showing the spacer (left) and top Cu surface (right), and (b) after
assembly and fastening.

δ, was 0.5 mm. The cold plate (CP20G01, Lytron) was fixed
to the top Al block to conduct the generated heat to the chiller
(LCK4909-14-0026, Lauda).

To ensure good thermal contact, a thermal interface mate-
rial (TIM) made from a silicon grease material (Arctic Silver
5) was applied to the interfaces between components. The
TIM was applied by dabbing a small amount of TIM material
on the surface, and using a credit card to carefully smear the
TIM such that thicknesses ranging from 50 to 200 μm were
attained. The vacuum pump (model Alcatel 2005, Adixen)
was used to depressurize the vapor chamber to an acceptable
low pressure (∼1 Pa) when the valve is in its “on” state. Dur-
ing the thermal experiments, the valve was in the “off” state
to prevent vapor leakage. To ensure vacuum compatibility,
the valve was a diaphragm valve (4566K11, McMaster) from
which the leak pressure under vacuum was low enough to be
ignored for the typical durations of our experiments. A rotary
vane pump was selected due to its compatibility with water
vapor during pump down and ease of purging after oil-water
saturation. A pressure transducer (902B, MKS) is attached to
the outlet of the chamber via a T section to obtain the real-time
pressure inside of the chamber during degassing and liquid
fill. As shown in Fig. 1(b), steel bolts (91251A078, McMas-
ter) and nuts (91240A005, McMaster) were used to fasten
the components of the setup tightly to decrease the overall
thermal resistance further, and to ensure a leak-tight seal. The
real-time data including the detected temperature, pressure,
and heater power were collected by a data acquisition system
(DAQ, cDAQ-9174, 783729-01, 785185-01, National Instru-
ments).

Figure 2 shows the internal and external structure of the
vapor chamber. In order to minimize vapor leakage during
experiments, multiple bolts and nuts, with double O-ring seals
(9452K123, McMaster) and epoxy (PUDUO, Amazon) were
applied to seal the vapor chamber. A Swagelok compression
fitting port was used to fill the coolant into the chamber and
to pull vacuum in order to degas the system. The internal sur-
faces [two black surfaces in Fig. 2(a)] were superhydrophilic
and superhydrophobic surfaces. The size of the working area
of both surfaces was 3.3 cm × 3.3 cm.

The CuO-based superhydrophilic surface was fabricated
according to the following steps: (1) the polished Cu plate
(99.9% purity, rms roughness of 10 nm) was ultrasonically
cleaned with acetone (CAS 67-64-1, Fisher Scientific) for at

least 5 min and then rinsed with ethanol (CAS 64-17-5, Fisher
Scientific), 2-propanol (CAS 67-63-0, Fisher Scientific), and
deionized (DI, CAS 7732-18-5, Fisher Scientific) water. (2)
The samples were immersed in a hydrochloric acid (CAS
7647-01-0, Fisher Scientific) solution (2 Mol) for 30 s to re-
move the oxide on the surface, and then rinsed with DI water,
and blow dried with a clean nitrogen gas stream. (3) The
oxide-free Cu plates were immersed in a 96 ± 3 °C alkaline
solution for 10 min. The solution was composed of DI water,
Na3PO4 · 12H2O (Lot No. TBH5019, Sigma), NaOH (Lot
No. MKCF1798, Sigma), and NaClO2 (Lot No. BCBS2692)
(100:10:5:3.75 wt. %). (4) The sample was removed from
the alkane solution and immediately rinsed with DI water
and dried with a clean nitrogen gas stream. The nanostruc-
tured CuO film formed conformally on the Cu surface via a
chemical reaction to attain superhydrophilicity, as measured
by apparent advancing and receding angles approaching zero.

To render the CuO surface superhydrophobic, the su-
perhydrophilic CuO surface obtained via the previous fab-
rication steps was functionalized by conformal deposition
of heptadecafluoro-1,1,2,2-tetrahydrodecyl trimethoxy silane
(HTMS, CAS 83048-65-1, TCI America). Briefly, the super-
hydrophilic CuO tab was placed in a glass beaker along with
a smaller open secondary beaker containing 1 mL of HTMS
and toluene (CAS 67-64-1, Fisher Scientific) mixture (5%
v/v). A lid fabricated from aluminum foil was placed on top
of the large beaker containing the tab and HTMS solution
and the beaker then placed in an atmospheric pressure oven
(Lindberg Blue M, Thermo Scientific) at 90 ± 5 ◦C for 3 h.
To characterize the wetting of the superhydrophobic surface,
the apparent advancing and receding contact angles with wa-
ter droplets were measured on a microgoniometer (MCA-3,
Kyowa), showing 170°± 5° and 165°± 9°, respectively.

In order to study the effect of electric field on vapor cham-
ber performance, the Cu top and bottom plates [Fig. 1(a)] were
connected to a power source (6033A, Agilent) with a thin
layer of Polyimide tape used to insulate the Cu plates from
the Al block and to ensure safety.

Scanning electron micrographs (SEMs) of the utilized su-
perhydrophilic and superhydrophobic surfaces are shown in
Fig. 3. Multiple magnifications of the superhydrophilic sur-
face are shown in Figs. 3(a) and 3(b), where the nanoblade
structures can be observed. Figures 3(c) and 3(d) present
SEM images of the superhydrophobic surface after focused
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FIG. 3. Top-view SEM images of the adopted nanostructured surfaces. (a) Top-view SEM image of the CuO superhydrophilic surface and
contact angle results; (b) dotted orange region in (a) and regions with multiple magnifications; (c) top-view SEM image of the CuO-based
superhydrophobic surface with a focused ion-beam milling and contact angle results; (d) dotted blue region in (c).

ion-beam milling (Nvision 40 Dual Beam) to provide a trench
of the nanostructured surface and demonstrate the 3-μm-deep
CuO-based nanostructures. The milling process was operated
with normal incidence of the ion beam with a sample tilt of
52 °, ion current of 300 pA, and ion-beam energy of 30 keV.

B. Data analysis and uncertainty propagation

The critical parameters measured during the experiments
to quantify performance are the heat flux (q′′), average vapor
chamber temperature (Tavg), effective thermal conductivity
(keff ) of the vapor chamber, and overall thermal resistance
(Rth). The heat flux was obtained from analysis of the inserted
thermocouples using Fourier’s law. The average temperature
of the vapor chamber was calculated using Eq. (2) where Tbot

and Ttop were obtained via Eqs. (2a) and (2b):

Tavg = (Tbot + Ttop)/2, (2)

Tbot = T4 − q′′
2−3δ

kcu
, (2a)

Ttop = T5 + q′′
6−7δ

kcu
, (2b)

where δ is the distance between thermocouples 4 and the
bottom surface of the chamber [Fig. 1(a)], kcu is the intrinsic
thermal conductivity of Cu, q′′

2−3 is the inlet heat flux calcu-
lated by T2 and T3 [in Fig. 1(a)] using Fourier’s law, and q′′

6−7
is the outlet heat flux calculated by T6 and T7.

The effective thermal conductivity and thermal resistance
were calculated using Eqs. (3) and (4):

keff = q′′H/|Tbot − Ttop|, (3)

Rth = |Tbot − Ttop|
/

q′′A, (4)

where H is the height of the vapor chamber [Fig. 1(a)], A is
the overall effective surface area for heat transfer (3.3 cm ×
3.3 cm), and q′′ is the average of q′′

2−3 and q′′
6−7.

The maximum uncertainty of the individual thermocou-
ple temperature measurements and their spatial location were
±0.27 °C and ±0.02 mm, respectively. Prior to experimenta-
tion, the thermocouples were calibrated using a high accuracy
and high stability bath equipped with a class AA resis-
tance temperature detector having an uncertainty of ±0.1 +
0.0017T , where T represents the measured value. Thermal
conductivity of the Cu was obtained from thermophysical
measurements and was 398 ± 4 W/(m · K). Equation (5) was
used to propagate uncertainties (σ ) for calculated parameters
from measured values ( f ) such as heat flux, surface temper-
ature, effective thermal conductivity, and thermal resistance,
which has maxima of ±2.3, ±4.7, ±3.2, and ±3.2%, respec-
tively.

σ f = ±
√√√√ n∑

i−1

(
∂ f

∂xN

)2

σ 2
xN

, (5)
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where σ f is the uncertainty of the focused parameter, f is the
focused parameter, xN is the Nth variable of the parameter, and
σxN is the uncertainty of the Nth variable of the parameter.

C. Experimental methods

Prior to conducting experiments, preparation of the va-
por chamber, including liquid filling and removal of all
noncondensable gases, was completed. Removal of all non-
condensables was key to obtaining high-fidelity heat transfer
measurements due to the elimination of dominant diffusional
thermal resistances in the vapor phase [23]. The main pro-
cedure used to prepare the vapor chamber is described as
follows: (1) the chamber was assembled using the steel bolts
and nuts. (2) Prior to tightening of the bolts and nuts, a
thin layer (∼150 μm) of epoxy was carefully applied to the
interface between the surface and the spacer edges. (3) The
assembled chamber was weighed on an analytical balance
(model EX224, OHAUS) after allowing the epoxy to cure for
24 h in the ambient laboratory environment. (4) The valve
[Fig. 1(a)] was opened, and the chamber was filled with
a metered amount of DI water, followed by valve closing.
(5) The chamber was disconnected from the fill line at the
valve and weighed again to obtain the added mass of water to
a greater degree of precision. (6) The chamber was placed in
a freezer (KTUF88, Koolatron) set to a temperature of −25 ±
5 °C for at least 40 min to ensure the complete freezing of the
filled water. (7) The chamber was removed from the freezer
and immediately reconnected to the vacuum pump, the valve
was opened, and the vacuum pump turned on. (8) Once the
pressure inside the vapor chamber approached 0.1 Pa and was
steady at this value for 1 min, the valve was closed. (9) The
chamber was allowed to reach room temperature (∼2 h), and
steps (6), (7), and (8) were repeated again. (10) After repeating
the cycle for a total of five times, the chamber mass was
measured one final time to determine the final liquid amount.

After chamber preparation was complete, the chamber
was immediately placed and fixed on the thermal test setup
[Fig. 1(a)]. The thermal test procedure was conducted as fol-
lows: (1) Initialize the DAQ for data collection and storage.
(2) Power on the chiller. (3) Regulate the input voltage of
the cartridge heaters to 5 V at the beginning and wait until
the temperature reaches a stable condition for at least 5 min.
(4) Increase the input voltage with small increments (approx-
imately 2 V for each time step) and wait until temperature
stabilization is achieved. (5) Repeat step (4) until T4 exceeds
100 °C. (6) Turn the cartridge heater power off and wait un-
til the experimental system returns to the room temperature
(∼2 h). (7) Prepare for the next experimental run to test data
repeatability. Before each experiment, steps (6)–(10) were
conducted to pump down the chamber if the inside coolant
mass remained within 0.5% of the previous experiment. If the
coolant mass inside the chamber deviated by more than 0.5%,
the next experimental run necessitated that we follow the full
set of steps from (1) to (10).

Two operational modes were investigated. The forward
mode where the superhydrophilic surface was attached to Al
block 1 [bottom block in Fig. 1(a)] and the superhydrophobic
surface attached to Al block 2 [top block in Fig. 1(a)]. The

FIG. 4. Pressure leak test showing the transient pressure for the
assembled vapor chamber.

reverse mode was also studied where the vapor chamber ori-
entation was reversed.

III. RESULTS AND DISCUSSION

Prior to thermal testing, we conducted a leak test of the
vapor chamber whose chamber height is 1.9 cm in order to
understand the steady leak rate and to gain an awareness
of allowable timescale for experiments prior to noncondens-
able gases biasing our results. Figure 4 shows the measured
chamber pressure as a function of time during the leak test,
demonstrating a diminishing leak rate (from 0.12 Pa/s at
time of 200 s to 0.01 Pa/s at time of 4000 s). Consider-
ing the chamber internal volume (2.07 × 10–5 m3), the range
of volume-integrated leak rate was 2.07 × 10–7 to 2.48 ×
10–6 Pa m3 s–1. The acceptable volume-integrated leak rate
for spacecraft cabin seal valves ranges from 5.0 × 10–11 to
1.0 × 10–4 Pa m3 s–1 [26], which is acceptable for experi-
ments lasting less than 1 h prior to requiring pump down
again to remove noncondensable gases. Based on our previous
measurement on steam condensation at saturation pressures
approaching the experimentally tested pressures here, exper-
imental values maintain high fidelity as long as the partial
pressure of noncondensable gases remains below approxi-
mately 8 Pa [27,28]. Given the leak rate at saturation pressure
(>1 k Pa) approaches <0.001 Pa/s (Fig. 4), we estimate that
the time required to reach the critical noncondensable gas
partial pressure where data are not trustworthy to be approx-
imately 2 h, which is less than the experimental test time to
reach steady state and acquire data. The jump in pressure
once the valve was disconnected occurred because prior to
disconnection, both sides of the valve connection were vac-
uum pressure (one side pump and the other vapor chamber).
Once disconnected, the pump side changed to atmospheric
pressure, which increased the leak rate. It is important to note
that the leak test was conducted with an evacuated chamber,
which presents a conservative estimate. During testing, the
chamber is filled with saturated vapor at a few kPa vapor pres-
sure, which decreases the leak rate due to the lower pressure
difference.
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FIG. 5. Thermal performance of the two chambers having either smooth Cu surfaces (labeled as Cu vapor chamber) or superhydrophilic-
superhydrophobic surfaces (labeled as CuO vapor chamber) with a gap size of 1.27 cm and a coolant mass of 8 g for each chamber. (a) Heat
flux as a function of bottom and top temperature. (b) Chamber pressure as a function of average chamber temperature as calculated by Eq. (2)
[Fig. 1(a)]. (c) Thermal resistance and effective thermal conductivity as a function of chamber average temperature. (d) Specific effective
thermal conductivity as a function of average chamber temperature.

A. Mode performance

The thermal testing emphasized the effect of the functional
surfaces, coolant mass, gap size, and electric field on the ther-
mal performance of the two modes: forward mode and reverse
mode. In order to highlight the advantage of the CuO nanos-
tructured vapor chamber, a chamber with unaltered smooth
Cu plates was tested for comparison. Experimental results
demonstrating the thermal performance of both chambers is
presented in Fig. 5. Figure 5(a) shows the measured heat flux
as a function of temperature difference between the top and
bottom surfaces for both chambers. The temperature of the
bottom surface of the Cu chamber was always higher than that
of the bottom CuO nanostructured superhydrophilic surface
of the CuO chamber under equivalent heat flux conditions. In
contrast, the temperature of the top surface of the Cu chamber
was always lower than that of the top CuO superhydrophobic
surface of the CuO chamber. The results indicate that for the
bottom evaporation and top condensation orientation, heat in
the CuO chamber can be transported more efficiently due to
the superhydrophilicity facilitating rapid evaporation and the
superhydrophobicity promoting efficient condensation. The
greater evaporation rate can be understood from the larger
wetted area on the superhydrophilic surface, enabling effi-
cient evaporation near the extended three-phase contact line
[29–32], while the efficient condensation occurs due to drop-
wise condensation overcoming the limitations of filmwise
condensation [33–39]. Figure 5(b) presents the relationship

between the average temperature [obtained by Eq. (2)] and
pressure in the vapor chamber, showing that the pressure
curves of the two fabricated chambers coincide with each
other. Furthermore, the saturation pressure curve of DI water,
calculated according to the average vapor chamber tempera-
ture, fit well with the pressure curves of both chambers. The
good fit indicated that the working fluid was at saturation con-
ditions and that the average vapor chamber temperature could
be used to predict the chamber saturation pressure reasonably
well. Figure 5(c) presents the overall thermal resistance and
effective thermal conductivity of the two chambers, showing
that the thermal performance of the CuO chamber was better
than the Cu chamber. The effective thermal conductivity was
observed to increase with increasing average temperature for
both chambers due to the elevated saturation pressure and
hence higher evaporation and condensation rates.

Figure 5(d) shows the specific effective thermal conductiv-
ity, defined as the effective thermal conductivity normalized
by the overall chamber mass, which is a quantity of im-
portance for mobile systems where high gravimetric power
density is required. The specific effective thermal conductivity
of the vapor chamber (keff,specific) was compared to the solid
Cu intrinsic specific thermal conductivity (kCu,specific) as cal-
culated by Eqs. (6) and (7), respectively:

keff,specific = keff/ρc, (6)

kCu,specific = kCu/ρCu, (7)
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where ρc is the effective density of the vapor chamber de-
fined by the material distribution averaged density (ρc =
mc/Vchamber where mc is the mass of the coolant and Vchamber

is the volume of the internal area of the chamber), and
kCu and ρCu are the intrinsic thermal conductivity and den-
sity of solid Cu, respectively. The relationship between the
specific effective thermal conductivity and average temper-
ature is shown in Fig. 5(d). The CuO vapor chamber has
a specific effective thermal conductivity higher than that of
solid Cu when the average temperature is higher than 25 °C.
The difference between the CuO vapor chamber and intrin-
sic Cu specific effective thermal conductivity increases as
the average temperature rises. The largest measured specific
effective thermal conductivity of the CuO vapor chamber
was 183 ± 8 W/(m K g cm–3), a 3× increase when com-
pared to intrinsic Cu which is 44 W/(m K g cm–3). The
specific effective thermal conductivity of the Cu chamber was
9.86 W/(m K g cm–3), lower than the reference line, indicat-
ing the thermal performance of the smooth Cu chamber was
worse than a solid Cu block.

1. Effect of coolant mass

Figure 6 demonstrates the effect of the coolant mass on the
thermal performance of the CuO nanostructured chamber with
a gap of H = 1.27 cm. Heat flux as a function of the average
temperature for various coolant masses is plotted in Fig. 6(a).
The heat flux of the four coolant masses was invariant at low
average chamber temperatures (Tavg � 20 ◦C). The difference
in heat flux among the four masses increases when the average
temperature rises further. A 4-g coolant mass can acquire a
higher heat flux under a comparable average temperature [40].
In contrast, a 12-g coolant mass, which is the highest tested,
performed the worst.

Figures 6(b) and 6(c) show the two performance pa-
rameters, Rth and keff , as a function of average chamber
temperature, respectively. The thermal resistance tends to be
invariant with coolant mass at elevated temperatures (Tavg >

30 °C). Similar to the results presented in Fig. 6(c), the
thermal resistance reduces as the temperature increases. The
maximum thermal resistance was 1.7 ± 0.9 K/W for an av-
erage temperature of 15±; 0.2 ◦C and 4 g of coolant mass.
When the average temperature exceeded 70 °C, the thermal
resistances for the chamber prototypes having various coolant
mass all reached a stable low limit of approximately 0.1 ∼
0.2 K/W. Correspondingly, the effective thermal conductiv-
ity keff increased with average temperature. Vapor chambers
made with a coolant mass of 2 g attained a relatively high
keff , indicating that smaller fill ratios (2 g represents 14.5%
fill ratio, while 12 g is 87% fill ratio) enhance thermal per-
formance due to the large latent heat of the DI water. The
maximum measured effective thermal conductivity was 100 ±
11.2 W/(m K) for a fill ratio at 14.5% at Tavg = 88 ± 3.1 ◦C.

2. Effect of fill ratio

The fill ratio of the DI water in the vapor chamber can af-
fect the thermal performance. The variance in the gap size (H)
differentiates the maximum filling mass. Therefore, the effect
of fill ratio, or the ratio of DI water to the total free volume
inside the chamber, was investigated. Figures 7(a)–7(c) show

FIG. 6. Thermal performance of the CuO nanostructured vapor
chamber for various coolant masses at a gap spacing of H = 1.27 cm
(inset schematic). Measured (a) heat flux, (b) thermal resistance,
and (c) effective thermal conductivity as a function of average
chamber temperature. Inset in (a): Schematic representation of the
chamber cross section with a superhydrophobic top plate, and super-
hydrophilic bottom plate. Gravity points downward in the schematic.
Schematic not to scale.

the thermal performance of chambers having two different
gap sizes (H = 1.27 and 2.54 cm) with 2 g of coolant, while
Figs. 7(d)–7(f) show the results of three different gap sizes
(H = 1.27, 1.90, and 2.54 cm) with 8 g of coolant.

Figure 7 shows that for equivalent coolant mass, a smaller
filling ratio contributes to a higher effective thermal con-
ductivity. For instance, a 7.2% fill ratio (2 g coolant with
H = 2.54 cm) has keff = 138 ± 1.23 W/(m K) while a 14.5%
fill ratio (2 g coolant with H = 1.27 cm) has keff = 86.2 ±
4.25 W/(m K). The results suggest a 50% decrease in the fill
ratio can achieve up to a 60% increase in effective thermal
conductivity under comparable operating conditions. The po-
tential increase in performance is even higher at larger coolant
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FIG. 7. Thermal performance of vapor chamber prototypes having (a)–(c) H = 1.27 and 2.54 cm, with 2 g of coolant (DI water), and
(d)–(f) H = 1.27, 1.90, and 2.54 cm with 8 g of coolant. The experimental measurements report (a), (d) heat flux, (b), (e) thermal resistance,
and (c), (f) effective thermal conductivity, as a function of average chamber temperature.

masses [Figs. 7(d)–7(f)], where up to a 158% enhancement in
keff can be achieved when the fill ratio is halved.

In general, the effective thermal conductivity is sensitive to
the fill ratio of the vapor chamber due to the fact that at high
fill ratios, a thick liquid layer above the evaporator surface
exists, altering the morphology of the thin liquid film and
flooding the evaporator [41].

3. Effect of electric field

Jumping droplets generated by dropwise condensation on
CuO nanostructured superhydrophobic surfaces are positively
charged due to the electrostatic charging [24]. The charge on
the droplets enables the external control of these droplets with
electric fields. The effect of external electric fields was inves-
tigated using the H = 1.27 cm chamber prototype having a
29% fill ratio (Fig. 8). Figure 8(a) shows the transient tem-
perature response when the applied heat flux was 4.4 W/cm2

while Fig. 8(b) shows the heat transfer results when the heat
flux was 8.8 W/cm2. The measurement thermocouples T5

and T4 [Fig. 1(a)] experienced a sudden decrease when the
electric field was applied because the inserted thermocouples
were affected by the applied electrical potential. Note that
thermocouples T5 and T4 returned to their normal operating
mode when the electrical field was turned off. Temperatures
detected by normal-functioning thermocouples had no signif-
icant change prior to and after field application, suggesting
that the application of the electric field during testing limited
the thermal performance characterization of our prototype
devices. Based on the low fidelity offered by the thermocou-
ple measurements near the surface, we could not obtain any
meaningful implications from the electric field tests, necessi-
tating further future work to integrate electrically insulating
thermocouples that have good thermal conductance to the Cu
blocks in use.
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FIG. 8. Transient temperature response with and without electric field for a chamber prototype having H = 1.27 cm with 4 g coolant, at
(a) heat flux of 4 W/cm2, and (b) heat flux of 8.8 W/cm2.

B. Thermal rectification

Thermal performance in the forward mode was obtained
with the chamber top surface consisting of a superhydropho-
bic CuO surface and the bottom being the superhydrophilic
CuO surface. When the top and bottom surfaces are reversed,
the vapor chamber exhibits the reverse mode. Comparative
studies between these two modes were conducted to analyze
the thermal rectification using the thermal-conductivity based
TD calculated by Eq. (1).

The effective thermal conductivities of the various vapor
chambers as a function of temperature difference are dis-
played in Fig. 9. For the reverse mode, the effective thermal
conductivity remained unchanged for the temperature differ-
ence range between 25 and 75 °C, while the effective thermal
conductivity for the forward mode increased rapidly for the
same range. For a chamber having a fixed mass of coolant,
the effective thermal conductivity of a taller chamber (higher
H) in forward mode is generally larger than that of a shorter
chamber (lower H) for comparable temperature difference.
Figure 9(f) shows that the effective thermal conductivity of
the H = 2.54 cm chamber with 8-g coolant mass can achieve
keff = 181 W/(m · K), while in the Fig. 9(e) for H = 1.27 cm
with the equivalent mass had keff = 61 W/(m K) where a
100% increase in the gap size (H) can attain a 215% enhance-
ment in effective thermal conductivity. However, for a given
H, increasing the coolant mass enhances effective thermal
conductivity. Table I summarizes the thermal-conductivity

based TDs for different test and vapor chamber conditions,
where the thermal effectiveness is defined by Eq. (1) using
the effective thermal conductivity as the critical transport
property. The results indicate that taller chambers consistently
obtain higher TDs. When the coolant mass was 8 g, the TD
of a shorter chamber (1.27 cm) was 13.8 while the TD of a
taller chamber (2.54 cm) is 39. Furthermore, relatively low
fill ratios (�29%) have higher TDs (�27) while when the fill
ratio reaches 58%, the TD decreases to 13.8.

Generally, a taller chamber has a higher thermal-
conductivity based TD. This higher TD can be understood
from analysis of the effective thermal conductivity and its
increase from enlarging the height of the chamber [Eq. (3)].
Therefore, the thermal-conductivity based TD definition can
become problematic as a sole benchmark of performance.
Figure 10 demonstrates the thermal resistances of the various
vapor chamber designs as a function of temperature differ-
ence. Similar to Fig. 9, the thermal resistance remains nearly
unchanged for the temperature difference range between 25
and 75 °C in the reverse mode. In contrast, the forward mode
thermal resistance decreases for the same temperature range.
For a fixed mass of coolant, the thermal resistance does not
change appreciably by doubling the chamber height (H) in
the forward mode, which can eliminate the effect of cham-
ber height. For the reverse mode, the thermal resistance of a
taller chamber is slightly higher. Figure 10(a) shows that the
thermal resistance (Rth) of the H = 1.27-cm chamber with a

TABLE I. Effectiveness of various TRs for temperature differences ranging from 30 to 45 °C.

Thermal-resistance
Gap, Coolant Fill Thermal-conductivity based TR
H (cm) mass (g) ratio (%) based TR effectiveness effectiveness

1.27 2 14.5 29.8 27.5
2.54 2 7.23 31.4 31.9
1.27 4 28.9 26.6 24.6
2.54 4 14.5 36.2 36.3
1.27 8 57.8 13.8 23.7
2.54 8 28.9 39.0 36.6
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FIG. 9. Thermal-conductivity based TR characterization as a function of temperature difference for chambers having (a) coolant mass of
2 g and gap size of H = 1.27 cm, (b) coolant mass of 2 g and H = 2.54 cm, (c) coolant mass of 4 g and H = 1.27 cm, (d) coolant mass of 4
g and H = 2.54 cm, (e) coolant mass of 8 g and H = 1.27 cm, and (f) coolant mass of 8 g and H = 2.54 cm. Red circles and black squares
represent forward and reverse mode, respectively.

2-g coolant mass can reach Rth = 3.9 K/W in the tempera-
ture range of 35 to 45 °C while the H = 2.54-cm chamber
reaches Rth = 5.7 K/W. In other words, a 100% increase in
the chamber height can result in a 46.2% increase in the
thermal resistance. The thermal-resistance based TR effective-
ness, calculated in Eq. (8), is also listed in Table I and used
to evaluate the chamber performance. This thermal-resistance
based definition eliminates the effect of chamber height. Gen-
erally, the thermal-resistance based TR effectiveness is close
to the thermal-conductivity based TD for fill ratios less than
30%. Similarly, a taller chamber can obtain a relatively high
thermal-resistance based TR effectiveness. However, for the
case of fill ratio of 57.8%, in which the primary thermal

resistance comes from the macroscopic bulk water in the
chamber, the thermal-resistance based TR effectiveness can
reach 23.7 while the thermal-conductivity based TD is only
13.8. Therefore, using the thermal-resistance based TR effec-
tiveness instead of the thermal-conductivity based TD may
be more reasonable at large fill ratios in order to eliminate
chamber height effects.

ζ = (Rth,re − Rth,for )/Rth,for, (8)

where Rth,re is the thermal resistance of the reverse mode and
Rth,for is the thermal resistance of the forward mode.

The application of the proposed TR to real systems has
profound implications. For instance, thermal management
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FIG. 10. Thermal-resistance based TR characterization and a function of temperature difference for chambers having (a) coolant mass of
2 g and gap size of H = 1.27 cm, (b) coolant mass of 2 g and H = 2.54 cm, (c) coolant mass of 4 g and H = 1.27 cm, (d) coolant mass of 4
g and H = 2.54 cm, (e) coolant mass of 8 g and H = 1.27 cm, and (f) coolant mass of 8 g and H = 2.54 cm. Red circles and black squares
represent forward and reverse mode, respectively.

of temperature-sensitive electronics [42–47] such as GaN
transistors in radar on hypersonic aircraft, where heat is only
preferred to be able to flow from the internal volume of the
vehicle (relatively low temperature) to the outer skin. Dur-
ing hypersonic flight, a relatively high temperature can be
achieved on the outer skin due to aerodynamic heating, ne-
cessitating thermal rectification and blockage of heat flow to
the internal components. Furthermore, the developed TR can
be implemented in thermal management of space applications
where the spacecraft skin is exposed to alternate high and low
temperature conditions. When facing the sun, the spacecraft

skin can reach 150 °C when in earth orbit and up to 500 °C
when in Mercury orbit, necessitating the need for efficient
thermal rectification to prevent heat from flowing into the
internal volume of the spacecraft, and enabling downsizing
of heavy thermal management components. When facing free
space (away from the sub), the skin reaches temperatures as
low as 2 K, and the TR can facilitate efficient heat flow from
internal to external regions to make the skin act as a heat
sink.

In addition to rectification operating modes, the developed
TR has added advantages of wickless transport of coolant to
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the evaporating surface. Many aerospace applications involve
high-G conditions, particularly for in-atmosphere vehicle ma-
neuvering, where the liquid inertia can prevent coolant from
flowing to hot spots when regular wick-based or pumped
solutions are used. The proposed nanostructured TR provides
an opportunity to overcome inertial effects by using the kinetic
energy of microscale droplet jumping where surface energy
dominates body forces such as gravity.

Although promising, limitations exist to the devices devel-
oped here. First, the evaporator surface is a nanostructured
interface devoid of any microscale wick capable of containing
and pumping substantially thick liquid films. The lack of a
microstructured wick results in bulk water contact with the
superhydrophilic evaporator and most likely thick capillarity-
dominated liquid layers on the superhydrophilic surface
during reverse mode operation (evaporator on top, lack of a
microscale wick to thin out the liquid). Although removal of
a microscale wick results in better thermal performance from
elimination of a key thermal resistance, the lack of a wick
is disadvantageous due to reduced TD when operating the
device in the reverse orientation (superhydrophilic evaporator
on top, forward mode). Without the wick, the developed TR
functions well with the orientation studied comprising the
superhydrophilic evaporator on bottom and superhydrophobic
condenser on top under the earth gravity (vector pointing
from top to bottom). This gravitational dependence makes our
devices act analogous to thermosyphon-based TRs. However,
the TR devices developed here can only function well when
placed in an orientation ensuring that the bottom is the evap-
orator and the top is the condenser, makes our design more of
a thermosyphon-based TR. Furthermore, leaks present in the
chamber also contribute to reduced TD.

Future work is needed to better understand the TR heat
transfer performance under electric field application [48–50].
Furthermore, functional surface reliability and durability
should be carefully considered [51–54]. Several studies have
previously revealed clear and unavoidable degradation of
nanostructured surfaces including the CuO structures used
here [55,56]. Lastly, future work using a transparent spacer
would enable the study of the fluid dynamics occurring inside
the chamber such that water layer thickness can be quantified
to precisely establish a predictive thermal resistance model.

IV. CONCLUSIONS

The performance of heat pipes or vapor chambers, along
with thermal rectifiers (TRs) made from CuO-based nanos-
tructured jumping-droplet vapor chambers, is analyzed. Two
operational modes: forward and reverse modes, in addition to
the combined effects of gap size, coolant mass, coolant fill
ratio, and external electric field, are investigated. The main
findings can be summarized as follows: (i) for heat transfer
performance in the forward mode, the specific effective ther-
mal conductivity of the adopted CuO nanostructured chamber
can be 300% higher when compared to solid Cu, and is up
to 18.6× that of the smooth Cu chamber. (ii) In the forward
mode, smaller fill ratios result in higher effective thermal con-
ductivity where a 50% decrease in the fill ratio can achieve a
corresponding 60% increase in effective thermal conductivity.
In contrast, the thermal resistance of the chamber is insensitive
to the fill ratio. (iii) Externally applied electric fields have
the potential to affect the thermal performance; however, due
to experimental limitations, they were not capable of being
quantified and need further investigation. (iv) Compared with
the fill ratio, the gap size affects the effectiveness of the
thermal rectification more significantly, with a doubling of gap
size attaining a 182% increase in thermal-conductivity based
thermal diodicity (TD). (v) Thermal-resistance based TR ef-
fectiveness instead of the thermal-conductivity based TD may
be a better measure of real thermal rectification behavior when
large fill ratios are used.
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