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Critical heat flux enhancement in microgravity conditions
coupling microstructured surfaces and electrostatic field
Alekos Ioannis Garivalis 1, Giacomo Manfredini1, Giacomo Saccone1, Paolo Di Marco 1✉, Artyom Kossolapov 2 and
Matteo Bucci 2

We run pool boiling experiments with a dielectric fluid (FC-72) on Earth and on board an ESA parabolic flight aircraft able to cancel
the effects of gravity, testing both highly wetting microstructured surfaces and plain surfaces and applying an external electric field
that creates gravity-mimicking body forces. Our results reveal that microstructured surfaces, known to enhance the critical heat flux
on Earth, are also useful in microgravity. An enhancement of the microgravity critical heat flux on a plain surface can also be
obtained using the electric field. However, the best boiling performance is achieved when these techniques are used together. The
effects created by microstructured surfaces and electric fields are synergistic. They enhance the critical heat flux in microgravity
conditions up to 257 kW/m2, which is even higher than the value measured on Earth on a plain surface (i.e., 168 kW/m2). These
results demonstrate the potential of this synergistic approach toward very compact and efficient two-phase heat transfer systems
for microgravity applications.
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INTRODUCTION
Pool boiling is an effective means to remove heat: due to the
latent heat involved in the evaporation and the fluid motion
induced by bubbles, heat transfer coefficients are even two order
of magnitude higher than single-phase heat transfer1. Critical heat
flux (CHF) is the maximum heat flux that can be removed by
nucleate boiling heat transfer. At higher heat fluxes, a stable vapor
layer blankets the heated surface. This heat transfer regime is
known as film boiling. It entails a drastic reduction of the heat
transfer coefficient and a consequent and potentially destructive
increase of the system temperature. Thus, CHF is a crucial
operational limit in many boiling heat transfer applications1, as
diverse as electronic cooling2, nuclear reactor cooling3, and
thermal management of space stations and satellites4. Space
stations and satellites are rather special applications, as they
operate in microgravity conditions, which affects the dynamics of
nucleate boiling and the CHF limit.
Consider the simple case of a horizontal boiling surface. In

normal gravity conditions (e.g., on Earth), bubbles arise from the
heated surface and, for sufficiently high heat fluxes, coalesce into
vapor slugs and columns. However, buoyancy drives the vapor
upward and away from the surface5. Instead, in microgravity
conditions, bubbles barely move. Typically, a large bubble hovers
at a short distance from the surface, while many smaller bubbles
nucleate and grow underneath. These small bubbles feed the
large one, which acts as a vapor sink. The large bubble detaches
periodically from the heated surface but hardly moves away due
to the lack of gravity. Straub proposed that there are two types of
heat transfer mechanisms involved in boiling heat transfer6,7.
Primary mechanisms are near-wall and include the evaporation at
the liquid–vapor–solid contact line or the microlayer evaporation.
Such mechanisms are dominated by capillary forces and should
not be influenced by gravity. Secondary mechanisms instead
transfer heat and mass from the wall to the bulk. They include
bubble departure and condensation, and convection induced by

bubble motion. All these secondary mechanisms are strongly
influenced by buoyancy and cause a boiling performance
impairment at reduced gravity levels. In fact, even if a stable
boiling process can be obtained in microgravity8, CHF encounters
a drastic reduction compared to normal gravity conditions.
Therefore, enhancing the CHF limit in microgravity conditions is
key to the design and operation of more efficient and compact
heating and cooling devices for space applications.
Over the past decades, many techniques have been proposed

to enhance CHF, mostly in normal gravity conditions. They can be
divided into passive techniques, which do not require energy to
work (e.g., surface modifications or use of nanofluids), and active
techniques, which instead require an energy source (e.g., electric,
magnetic, and acoustic fields). On the one hand, significant CHF
enhancements (in normal gravity conditions) have been obtained
using microstructured surfaces, such as micropillars9. The actual
enhancement mechanism activated by these micropillars is still
debated10–13. However, there is a consensus that capillary forces
play a critical role, as these surfaces have enhanced wetting
properties. On the other hand, an electric field can remove vapor
from the surface and break large vapor patches formed by bubble
coalescence14. The electric field effects (due to dielectrophoresis
and electrostriction forces) are particularly pronounced on bubble
growth and detachment15, bubbles trajectories16,17, and
vapor–liquid interfaces18.
We hypothesize that the simultaneous and synergistic use of

these two techniques can significantly enhance the CHF in
microgravity conditions. Micropillars should enhance the primary
boiling mechanism, as they increase the near-wall capillary forces.
At the same time, the electric field should move small bubbles
away from the heated surface and avoid the formation of a large
hovering bubble, i.e., it enhances the secondary boiling
mechanisms.
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RESULTS
Experimental setup
To demonstrate the potentiality of the enhancement techniques
described above, we run pool boiling experiments in normal
gravity and microgravity conditions, using plain and microengi-
neered (pillars, see Fig. 1) surfaces and probing the effect of an
external electric field. Precisely, we run experiments in the
laboratory to collect Earth’s (normal) gravity reference data and
during a parabolic flight experimental campaign held by ESA on
an Airbus A310-ZeroG (with a maximum measured gravity value of
approximately 10−2 g). Tests are conducted on plain and
microstructured silicon substrates, using degassed FC-72 (a
commercial version of n-perfluorohexane whose saturation
temperature at 1 bar is 56.6 °C and often used to cool electronics)
kept at 1 bar and 51.6 °C (see Fig. 2). The liquid is 5 °C subcooled to
avoid excessive vapor accumulation in microgravity.
The boiling process is recorded by a high-speed black and white

camera from the side and the temperature of the silicon substrate is
acquired via a PT100. The surface is Joule heated by an electrically
conductive titanium layer coated on the dry side of the substrate. The
areas of the heating layer on the dry side and the structured surface
on the boiling side are both 1 × 1 cm2, while the entire silicon
substrate is 2 × 1.5 cm2. A numerical model that accounts for the
energy balance of the silicon substrate is used to calculate the
average heat flux on the boiling surface. The maximummeasurement
error on the surface heat flux is estimated at ~5%. A uniform direct
current (DC) electric field is generated via a metal grid, laid 6mm
above the boiling surface. The voltage between grid and ground is set
at 15 kV, resulting in an average electric field of 2.5MV/m.
Three different kinds of square pillar microstructures are

considered (see Fig. 1), selected based on a theoretical and
experimental optimization conducted in saturated pool boiling in
normal gravity conditions19. Structures are square base pillars of
10 μm height; pillars dimensions are given in Table 1, including
the area enhancement. Boiling curves are collected by progres-
sively increasing the surface heat flux (i.e., increasing the Joule
heating power) and monitoring the heater temperature. The CHF
value coincides with the last point of the boiling curve before a
runaway jump of the heater temperature.

Experimental results
Figure 3 shows high-speed video images of the boiling process in
all the considered operating conditions. The effect of the electric
field is visible in microgravity conditions (figures e–h, green

frame). Without the electric field (EF off), bubbles nucleating and
growing on the heated surface merge with a large bubble that
hovers over it and detaches periodically. This behavior is much
different from what we can observe for normal gravity (figures
a–d, blue frame). On Earth, bubbles are smaller and move away
from the heated surface as soon as they detach. The activation of
the electric field on Earth does not affect much the boiling
dynamics (no matter the surface). Instead, the effect of the electric
field is significant in microgravity conditions. It destroys or
suppresses the formation of the large vapor bubble, leading to
a boiling process that is qualitatively similar to the one observed
in normal gravity. In other words, the body force generated by the
electric field is weak compared to buoyancy and does not affect
the overall boiling pattern in normal gravity conditions; this agrees
with the analysis reported in the Supplementary results. In
microgravity instead, the stresses created by the electric field
are capable of breaking the liquid–vapor interface, producing
smaller bubbles5,20. The electric field recreates in microgravity
conditions the effects produced in normal gravity by buoyancy
forces. Di Marco et al.21 have discussed that the triggering
mechanism of the transition from nucleate to film boiling may
differ from normal to microgravity conditions, leading to a non-
continuous trend of CHF values with gravity22. The observed
boiling dynamics confirms that the electric field may restore, for
microgravity conditions, the same mechanisms of normal gravity,
as also suggested in previous works23.
The effect of microstructures on the boiling dynamics is less

flagrant than the electric field. However, in normal gravity
conditions, microstructures seem to reduce the bubble size and
increase the bubble number. This observation is consistent with
the increase of capillary forces promoting the detachment of
smaller bubbles from the heated surface. A similar effect is visible
in microgravity. Microstructures seem to reduce the size of the
bubbles when the electric field is on. Also, microstructures
increase the number of small bubbles under the large hovering
vapor patch when the electric field is off.
These effects are consistent with the measured CHF values, as

summarized in Fig. 4. In Earth’s gravity conditions (top figure), the
CHF limit measured on plain surfaces without electric field (i.e.,
168 kW/m2) agrees with the value predicted by the Zuber24

correlation corrected to account for subcooling effects as
proposed by Ivey and Morris and adapted to FC-72 by Mudawar
and Anderson25 (i.e., ~173 kW/m2). As shown in Fig. 4a, micro-
pillars increase the CHF limit considerably. However, the activation
of the electric field does not have a significant effect (i.e., the CHF
enhancement is low, whatever the boiling surface). CHF in
microgravity is, as expected, considerably lower than on Earth
(see Fig. 4b), around 106 kW/m2. Microstructures can increase it,

Fig. 1 SEM images of the microstructures. a Scheme of the square
pillars distribution and definition of the pillar side length L and
spacing D. b Perspective view in detail of some real pillars at
Scanning Electron Microscope (SEM) and definition of the pillar
height H. c Top view of some pillars at SEM. d Perspective view of
some pillars at SEM.

Fig. 2 Sketch of the boiling experiment. The conceptual outline of
the experiment, consisting of pool boiling in FC-72 fluid that takes
place on a heated silicon substrate within an electric field produced
by the metal grid.
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and the benefits of the electric field alone are more pronounced
than in Earth’s gravity conditions. However, the most significant
CHF enhancement is obtained when the electric field is activated
with the microstructured surfaces.

DISCUSSION
The CHF enhancement due to micropillars (EMP), activation of the
electric field (EEF) and both them (ETOT) can be quantified by the
following parameters:

EMP ¼
q00μ � q00

p

q00
p

(1)

EEF ¼ q00
EF � q00

no EF

q00
no EF

(2)

ETOT ¼
q00
μþEF � q00p

q00
p

(3)

where q00
p is the CHF on the plain surface, q00

μ is the CHF on
microstructured surfaces in the absence of electric field, q00

EF and
q00
no EF are the CHF values with and without the electric field (no

matter the surface), and q00
μþEF is the CHF on microstructured

surfaces in the presence of the electric field. The values of these
enhancements are summarized in Fig. 5. Note that the total
enhancement is not the sum of the other two.
On Earth (Fig. 5a), microstructures enhance CHF of 77–88%

compared to the plain surface. In microgravity (Fig. 5b),
microstructures alone increase the microgravity CHF of 46–80%,
reaching values comparable to the CHF on the plain surface at
normal gravity, i.e., these microstructures allow restoring the same
boiling performance as on Earth. This finding is meaningful, as it
confirms that the capillary effects produced by these micropillars
persist even in microgravity conditions. However, the enhance-
ment promoted by microstructures is higher on Earth than in
microgravity conditions, i.e., it is tied to the bubble dynamics on
the boiling surface. This aspect becomes clearer considering the
CHF values in the presence of the electric field. On Earth (Fig. 5a),

Table 1. Summary of micropillars geometrical properties.

Surface no. Pillar side length L (μm) Pillar spacing D (μm) Pillar height H (μm) Ratio between the areas of microstructured and plain surfaces

I 5 10 10 1.8

II 10 15 10 1.5

III 5 20 10 1.3
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Fig. 3 Experimental images of the boiling process in all the tested
conditions. On earth (a–d) and in microgravity conditions (e–h), on
plain (a, b, e, f) and microstructured (c, d, g, h) surfaces (surface I),
with (a, c, e, g) and without (b, d, f, h) the presence of the electric
field. The complete videos are available in Supplementary Movie 1.
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Fig. 4 Critical heat flux measured for the tested conditions. a
Earth conditions: CHF for the four types of surfaces with and without
electric field. b Microgravity conditions: CHF for the four types of
surfaces with and without electric field. Error bars represent the
measurement uncertainty (see “Methods” section).
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the effect of the electric field is minimum; this is because
buoyancy forces are already effective in removing bubbles. In
relative terms, electric field and microstructures (together)
enhance the CHF of 96–99%, i.e., only a minor increase compared
to microstructures alone. In microgravity conditions (Fig. 5b),
instead, the enhancement achieved through the activation of the
electric field is much higher. The CHF ranges from 227 to 257 kW/
m2. The combination of electric field and microstructured
enhances the CHF of 114–144%. In other words, the total CHF
enhancement is superior to the Earth’s. By breaking the large
bubble hovering over the heated surface, the electric field
transforms the bubble dynamics (restoring the one observed on
Earth). It allows the microstructures to work more efficiently, i.e.,
there is a synergistic effect.
Ideally, while the electric field is currently limited at 2.5 MV/m by

our power supply, we could reach the same CHF as on Earth (with
microstructures) by increasing the average electric field. Di Marco
and Grassi26 showed that this is possible on plain surfaces.
Practically, the only limit is the dielectric strength of FC-72 (but
there is plenty of room to increase the electric field intensity
before that may constitute a problem).
The contribution to CHF enhancement of electric field and

microstructures is not the same for all the surfaces in microgravity
(Fig. 5b): Surface I shows almost the same enhancement
percentage for electric field and microstructures effects, while
for Surface II the major contribution is due to microstructures, and
for Surface III electric field contribution is slightly higher. Pillar
dimensions determine the rewetting capability due to the

capillary forces, and determine also local intensifications of
electric field, influencing vapor motion and mushroom bubble
formation. However, while further investigations are required to
elucidate the mechanisms that cause these variations, the
effectiveness of microstructures and their synergic action with
electric field to enhance the CHF in microgravity has always been
observed with all the tested surfaces.
In conclusion, we demonstrate the possibility of enhancing the

CHF in microgravity conditions by combining microstructured
surfaces and electric fields. Microstructured surfaces improve the
capillary forces that facilitate the detachment of small bubbles
from the heated surface, whereas the electric field generates a
body force that moves bubbles away, mimicking the effect of
gravity. Importantly, these two effects are synergistic, i.e., they
improve each other. Microstructures alone increase the micro-
gravity CHF of 46–80% compared to a plain surface, reaching
values close to the CHF on Earth. When a uniform average electric
field of 2.5 MV/m is applied, the boiling patterns are drastically
transformed, and the CHF is further increased. In relative terms,
the combination of electric field and microstructures enhances the
CHF of 114–144% in microgravity compared to a plain surface.
Overall, the CHF with microstructures in the presence of the
electric field ranges from 227 to 257 kW/m2, which is not far from
the value measured on Earth for the same surfaces. Also, our
observations and analysis suggest that, with stronger electric
fields, one could even restore the same CHF value as measured on
Earth. However, these findings have the potential to foster the
design of very compact and efficient two-phase heating and
cooling systems for microgravity applications.

METHODS
Hardware description
The heart of the boiling facility consists of the silicon substrates (on which
boiling occurs), mounted on a Lexan plate and immersed in FC-72. The
silicon substrates (see Fig. 6) are heated by Joule effect by a titanium layer
coated on their dry side. Highly conductive silver pads coated on top of the
titanium at the sides of the substrate define the active heating surface and
serve to connect (with highly conductive silver epoxy glue) two electrical
wires. The areas of this heating surface and the structured surface on the
boiling side are both 10 × 10mm2. The entire silicon substrate is instead
20 × 15mm2.
A PT100 sensor (not shown in the picture) is attached at the center of

the bottom side of the silicon substrate (i.e., on top of the titanium layer);
measurement error of the sensor is ±0.55 °C. Previous IR measures
confirmed by numerical simulations showed that the bottom side of the
silicon is isothermal during boiling. A numerical model that accounts for
the energy balance of the silicon substrate is used to calculate the average
heat flux transferred through the 10 × 10mm2 boiling surface using as
input the measured electric power transferred to the titanium heating
layer and the temperature of the dry side of the silicon substrate,
measured by the PT100 sensor. Two heaters are mounted in parallel (see
Fig. 7) and are operated one at a time. This is to test two different surfaces
during one single flight.
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Fig. 5 Critical heat flux enhancement achieved for the tested
conditions. CHF enhancement with microstructures, electric field,
and the combination of both in: a Earth conditions. b Microgravity
conditions.
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Fig. 6 Heated surface schematics (not to scale). a Top and bottom view of the silicon surface, with silver and titanium layers for heating.
b Side view of the surface integrated in the Lexan support; the power wires are glued to the silver layer with conductive silver epoxy.
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An electrostatic field can be established over the surface by means of a
metallic grid laid at 6 mm from the boiling surfaces, which allows vapor to
escape (see Fig. 7). A voltage up to 15 ± 0.1 kV DC can be applied between
the grid and the ground, connected to a dedicated high-voltage power
supply. Numerical simulations showed that in the boiling region (far
enough from the grid) the electric field is uniform.
The test section is installed inside a cell of 2 l volume. A high-speed and

high-definition optical camera (Ximea MQQ022MG-CM) is used for side-
view observations of the boiling process through a Lexan window. A LED
illuminating light is mounted on the other side for backlit shadowgraphy. A
bellow, operated by two electro-valves, is used to control the cell pressure.
The cell temperature is controlled by a cooling/heating loop and by
external resistive pad heaters attached to the cell walls. The list of
parameters acquired during the operation of the apparatus includes:
voltage across and current through the titanium heating layer (used to
measure the Joule heating power); silicon substrate bottom temperature;
fluid pressure and temperature; environment pressure and temperature;
acceleration; video images.
The test facility is mounted on a 2000 × 560 × 580mm experimental

rack, composed by Rose–Krieger aluminum profiles, which satisfies all
requirements for parabolic flights. The total mass of the test apparatus is
180 kg.

Data analysis and measurement uncertainties
Measurement errors are evaluated according to the error propagation
theory. Thermal power is calculated as P ¼ V � I, where P is the power, V is
the voltage drop measured at the wires ends, I is the current passing
through the wires. Voltage is directly measured by the acquisition system
and current is measured via a shunt resistor. Errors for voltage and current
are 0.14% and 1.4%, respectively. Geometrical errors of silicon surface and
wiring connections are estimated to be 1%. Based on these values, the
error on heat flux measurement can be estimated as 5 kW/m2 (i.e., ~1.7%).
In order to calculate the heat flux transferred through the 10 × 10mm2

engineered surface in the middle of the surface in contact with the fluid, a
MATLAB finite volume model has been developed to solve the 3D

conduction problem in the silicon substrate. In order to save on
computational costs, only a quarter of the plate is considered. The 3D
conduction model uses as input the temperature measured at the bottom
side of the silicon and the measured heating power, and adopts the
following boundary conditions (see Fig. 8):

● Adiabatic boundary for lateral sides of the plate and bottom surface,
except for the titanium layer.

● Imposed flux on the titanium layer (as measured).
● The heat transfer coefficient on the boiling surface (let’s assume a

plain surface for now, i.e., Fig. 8a), which is the unknown of the
problem (that’s the reason why this problem is inverse), and the liquid
temperature (in the bulk).

The problem is solved following the steps listed hereafter:

1. Starting from a guess value of the boiling heat transfer coefficient
on the boiling area, we calculate the 3D temperature distribution
inside the silicon substrate using the 3D conduction model.

2. If the calculated average bottom surface temperature does not
match the measure value, the heat transfer coefficient is updated.
This step is repeated until the difference between the measured and
calculated temperature is smaller than 0.001 °C. One may note that
this value is beyond the precision of the PT100 sensor. However,
such stringent convergence criterion is used to guarantee the
stability of the inverse problem solution.

3. When the process has converged, we know the boiling heat transfer
coefficient and the boiling surface temperature, and thus we can
calculate the surface heat flux.

On engineered surface the boundary condition for the substrate side in
contact with the fluid are slightly more complicated (Fig. 8b). Since there is
a portion of the surface that is engineered and a portion which is plain, the
boiling process (and the associated heat transfer coefficient) may be
different. In this case, we assign the heat transfer coefficient on the plain
portion of the surface. Precisely, we use the mean between 0 and the
maximum value measured during the boiling tests on the plain surfaces

Silicon 
substrates

Insulating support

Lexan plate

Metallic grid

Fig. 7 3D CAD model of the test section. The silicon substrates are fixed on a Lexan plate that is kept in the middle of the test cell filled with
liquid FC-72. The steel grid is placed above the boiling region with supports of insulating material.

a b

Fig. 8 Geometry (not to scale) and boundary conditions for the 3D conduction inverse problem. a Plain surface. b Engineered surface with
microstructures.
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(i.e., with no pillars at all). Instead, the heat transfer coefficient on the
micropillars region is solved iteratively, as discussed before. However, we
have confirmed by a sensitive analysis that the choice of lateral heat
transfer coefficient (i.e., on the plain portion) affects the heat flux on the
engineered surface by less than 5%. In conclusion, the maximum error on
the heat flux measurement is estimated at 5%.

Heater and microstructures fabrication process
The silicon substrate (15 × 20mm2, 0.675mm thick) is coated with a thin
titanium layer on the bottom side. This titanium layer acts as a Joule
heater. The electric current does not flow through the silicon substrate
because of an electrically insulating silicon dioxide layer that forms
spontaneously on the silicon wafer surface before this one is coated with
titanium. The titanium layer resistance may vary from heater to heater (in
the range from 4 to 6 Ohm) and slightly increases with temperature.
Electrical connections are ensured by silver pads that limit the active
titanium heating area to 10 × 10mm2.
Microstructures are etched in the central part of the top surface using

Deep Reactive Ion Etching (DRIE) ion beam manufacturing. The entire
process is described hereafter:

1. Piranha cleaning. The substrate is cleaned in a bath of sulfuric acid
(H2SO4) and hydrogen peroxide (H2O2) with a 4:1 ratio (note that the
mixing of this solution is extremely exothermic). The solution cleans
organic compounds and takes between 5 and 10min.

2. Photolithography. This step serves to create a photoresist mask
defining the geometry of the metallic layer to coat (Step 3), e.g.,
titanium or silver. It must be repeated for each layer and consists of
several steps, as listed below:

● Hexamethyldisilazane (HMDS) is applied to the surface of the substrate
through vapor priming. It serves as a primer to improve the adhesion
of the photoresist.

● The photoresist (AZ5214, typical for image reversal processes) is spin
coated on one of the substrate sides in three phases: a dispense phase
(6 sec at 500 rpm), a spreading phase (6 s at 750 rpm) and a spin phase
(30 s at 3000 rpm).

● The substrate is soft-baked (30 min at 90 °C).
● The desired mask is centered and aligned on top of the substrate.
● The substrate is exposed to UV light for 1.5 s.
● The substrate is soft-baked for 2 min at 120 °C. This step is necessary

for image reversal.
● A second exposure (flood, without mask for 90 s) is performed.
● The substrate is developed in a bath of AZ422 for 90 s.

3. E-beam evaporation. The substrates with the photoresist mask
created at Step 2 are coated with titanium or silver. This process
takes place in an e-beam evaporator. The process takes about
4 h:1.5 h to pump the chamber down to 5.3 × 10−4 Pa, 1.5 h for the
metal deposition, and 1 h to pump the chamber back to room
pressure. After every evaporation, 24 h acetone bath is necessary to
remove the photoresist.

4. Photolithography for DRIE. This procedure is used to etch pillars on
the silicon substrate.

● HMDS is applied to the surface of the substrate through vapor
priming. It serves as a primer to improve the adhesion of the
photoresist.

● The photoresist (SPR700, positive photoresist) is spin coated on one of
the substrate sides (not coated with metals) in three phases: a
dispense phase (6 s at 500 rpm), a spreading phase (4 s at 750 rpm)
and a spin phase (30 s at 3500 rpm). These settings are optimized to
achieve a photoresist thickness between 1 μm and 1.5 μm, which is
necessary to guarantee that the silicon wafer will not be attached by
the DRIE process, unless the photoresists has been removed (see
below).

● The substrate is soft-baked for 60 s at 95 °C.
● The desired mask is centered and aligned on top of the substrate.
● The wafer is UV exposed for 0.9–1.2 s.
● The substrate is soft-baked for 60 s at 115 °C.
● The substrate is developed in a bath of CD26 for 50 s.

5. DRIE. We use the Bosch process, which consists in alternating an
etching stage where SF6 plasma is released and attacks silicon, and a
passive layer step C4F8.

6. Die saw cut. The silicon substrate is cut to the desire size using a die
saw. This is a very precise tool with a 30-μm-thick blade rotating at
around 5000 rpm. It cuts throughout the silicon substrate, up to half
of the tape where the substrate is attached. Acetone and UV light
are used for a final cleaning of the surface.

Experimental procedure
ESA 71st Parabolic Flight Campaign took place in Bordeaux in May 13–24,
2019. It consisted of 3 days and 31 parabolas each day. In one day, we
tested up to two different surfaces. The microgravity duration for each
parabola is about 22 s. Experimental temperature and pressure in the
boiling cell were reached before the beginning of the parabolas and
continuously monitored. The heat flux was regulated before the beginning
of each parabola; heat fluxes range from 20 to 300 kW/m2 (depending on
CHF), with steps of 10–40 kW/m2. When microgravity was reached, boiling
was kept for almost 11 s without electric field; then, the electric field was
switched on and kept for the remaining 11 s. That amount of time was
enough to reach thermal stationary conditions (confirmed by numerical
calculations and experimental data) and for the effect of gravity transient
to be negligible. Each parabola corresponded to a point of the boiling
curve; however, we focused mostly on the high heat fluxes (close to CHF),
slightly increasing the heat flux between consecutive parabolas in order to
find the CHF as accurately as possible. When the CHF limit was exceeded,
the temperature of the heater increased abruptly and the power supply
was switched off automatically. Figure 9 shows some of the boiling curves
obtained on the parabolic flight; the points representing the CHF are
marked.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

CODE AVAILABILITY
The code used in this study and described in detail in Supplementary Material is
available from the corresponding author upon reasonable request.

0 5 10 15 20 25 30 35 40 45
Tw - Tsat [°C]

0

50

100

150

200

250

300

q"
 [k

W
/m

2 ]

Boiling curves in microgravity
Plain EF OFF
Plain EF ON
Surface II EF OFF
Surface II EF ON

CHF

CHF

CHF

CHF

Fig. 9 Boiling curves of the plain surface and surface II (example
of microstructured surfaces) obtained in microgravity conditions.
Error bars represent the measurement uncertainty (see “Methods”
section). The abrupt increase of the wall temperature indicates that
CHF has been passed.

A.I. Garivalis et al.

6

npj Microgravity (2021)    37 Published in cooperation with the Biodesign Institute at Arizona State University, with the support of NASA



Received: 21 May 2021; Accepted: 13 September 2021;

REFERENCES
1. John H. Lienhard IV & John H. Lienhard V. Heat transfer in boiling and other

phase-change configurations. A Heat Transfer Textbook (2010).
2. Yao, Z., Lu, Y. W. & Kandlikar, S. G. Effects of nanowire height on pool boiling

performance of water on silicon chips. Int. J. Therm. Sci. 50, 2084–2090 (2011).
3. Lee, C., Kim, H., Ahn, H. S., Kim, M. H. & Kim, J. Micro/nanostructure evolution of

zircaloy surface using anodization technique: Application to nuclear fuel cladding
modification. Appl. Surf. Sci. 258, 8724–8731 (2012).

4. Di Marco, P. Review of reduced gravity boiling heat transfer: European Research.
Jasma 20, 252–263 (2003).

5. Nukiyama, S. The maximum and minimum values of the heat Q transmitted from
metal to boiling water under atmospheric pressure. Int. J. Heat. Mass Transf. 27,
959–970 (1984).

6. Straub, J. Boiling heat transfer and bubble dynamics in microgravity. Adv. Heat
Transf. 35, 57–172 (2001).

7. Straub, J. The role of surface tension for two-phase heat and mass transfer in the
absence of gravity. Exp. Therm. Fluid Sci. 9, 253–273 (1994).

8. Dhir, V. K. et al. Nucleate pool boiling experiments (NPBX) on the International
Space Station. Microgravity Sci. Technol. 24, 307–325 (2012).

9. Mehralizadeh, A., Reza Shabanian, S. & Bakeri, G. Effect of modified surfaces on
bubble dynamics and pool boiling heat transfer enhancement: a review. Therm.
Sci. Eng. Prog. 15, 100451 (2020).

10. Chu, K. H., Enright, R. & Wang, E. N. Structured surfaces for enhanced pool boiling
heat transfer. Appl. Phys. Lett. 100, 241603 (2012).

11. Kim, D. E., Park, S. C., Yu, D. I., Kim, M. H. & Ahn, H. S. Enhanced critical heat flux by
capillary driven liquid flow on the well-designed surface. Appl. Phys. Lett. 107,
023903 (2015).

12. Rahman, M. M., Ölçeroglu, E. & McCarthy, M. Role of wickability on the critical
heat flux of structured superhydrophilic surfaces. Langmuir 30, 11225–11234
(2014).

13. Dhillon, N. S., Buongiorno, J. & Varanasi, K. K. Critical heat flux maxima during
boiling crisis on textured surfaces. Nat. Commun. 6, 8247 (2015).

14. Di Marco, P. & Grassi, W. Motivation and results of a long-term research on pool
boiling heat transfer in low gravity. Int. J. Therm. Sci. 41, 567–585 (2002).

15. Ogata, J. & Yabe, A. Augmentation of boiling heat transfer by utilizing the EHD
effect-EHD behaviour of boiling bubbles and heat transfer characteristics. Int. J.
Heat. Mass Transf. 36, 783–791 (1993).

16. Pohl, H. A. Some effects of nonuniform fields on dielectrics. J. Appl. Phys. 29,
1182–1188 (1958).

17. Lo, Y. J. & Lei, U. Quasistatic force and torque on a spherical particle under
generalized dielectrophoresis in the vicinity of walls. Appl. Phys. Lett. 95,
2007–2010 (2009).

18. Di Marco, P. & Grassi, W. Gas-liquid interface stability in the presence of an
imposed electric field. In Proc. 12th UIT National Heat Transfer Conference, L’Aquila,
ETS, Pisa, I 299–310 (1994).

19. Buongiorno, P. J. et al Design guidelines for micropillar imbibition CHF
enhancement he applied dry spot At higher e possibly ming heat drop in. https://
doi.org/10.1038/ncomms924 (2015).

20. Unal, C., Sadasivan, P. & Nelson, R. A. On the hot-spot-controlled critical heat flux
mechanism in saturated pool boiling: Part II-the influence of contact angle and
nucleation site density. J. Heat. Transf. 115, 813–816 (1993).

21. Di Marco, P., Kim, J. & Ohta, H. Boiling heat transfer in reduced gravity environ-
ments. Adv. Multiph. Flow. Heat. Transf. 1, 53–92 (2012).

22. Raj, R., Kim, J. & McQuillen, J. Subcooled pool boiling in variable gravity envir-
onments. J. Heat. Transf. 131, 1–10 (2009).

23. Di Marco, P., Raj, R. & Kim, J. Boiling in variable gravity under the action of an
electric field: results of parabolic flight experiments. J. Phys. Confer. Ser. 327
(2011).

24. N. Zuber. Hydrodynamic aspects of boiling heat transfer. AECU-4439 (1959).
25. Mudawar, I. & Anderson, T. M. Parametric investigation into the effects of pres-

sure, subcooling, surface augmentation and choice of coolant on pool boiling in
the design of cooling systems for high-power-density electronic chips. J. Electron.
Packag. Trans. ASME 112, 375–382 (1990).

26. Di Marco, P. & Grassi, W. Effects of external electric field on pool boiling: com-
parison of terrestrial and microgravity data in the ARIEL experiment. Exp. Therm.
Fluid Sci. 35, 780–787 (2011).

ACKNOWLEDGEMENTS
We acknowledge the funding support of the MIT International Science and
Technology Initiatives (MISTI) Global Seed Funds program. This work has been
partially funded by ESA (European Space Agency) under the MAP-MANBO (AO-2004-
111) project. The opportunity given by ESA to take part in Parabolic Flight Campaign
PFC-71 is gratefully acknowledged.

AUTHOR CONTRIBUTIONS
A.I.G., G.M., A.K., and P.D.M. performed the experimental measurements. G.S. and M.B.
developed the microstructured surfaces and carried out preliminary studies. A.I.G.
and G.M. analyzed the data. A.I.G., P.D.M., and M.B. wrote the manuscript. All authors
approved the final manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41526-021-00167-3.

Correspondence and requests for materials should be addressed to Paolo Di Marco.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

A.I. Garivalis et al.

7

Published in cooperation with the Biodesign Institute at Arizona State University, with the support of NASA npj Microgravity (2021)    37 

https://doi.org/10.1038/ncomms924
https://doi.org/10.1038/ncomms924
https://doi.org/10.1038/s41526-021-00167-3
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Critical heat flux enhancement in microgravity conditions coupling microstructured surfaces and electrostatic field
	Introduction
	Results
	Experimental setup
	Experimental results

	Discussion
	Methods
	Hardware description
	Data analysis and measurement uncertainties
	Heater and microstructures fabrication process
	Experimental procedure
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




