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ABSTRACT: Vapor condensation is routinely used as an
effective means of transferring heat or separating fluids.
Filmwise condensation is prevalent in typical industrial-scale
systems, where the condensed fluid forms a thin liquid film
due to the high surface energy associated with many industrial
materials. Conversely, dropwise condensation, where the
condensate forms discrete liquid droplets which grow,
coalesce, and shed, results in an improvement in heat transfer
performance of an order of magnitude compared to filmwise
condensation. However, current state-of-the-art dropwise
technology relies on functional hydrophobic coatings, for
example, long chain fatty acids or polymers, which are often
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not robust and therefore undesirable in industrial conditions. In addition, low surface tension fluid condensates, such as
hydrocarbons, pose a unique challenge because common hydrophobic condenser coatings used to shed water (with a surface
tension of 73 mN/m) often do not repel fluids with lower surface tensions (<25 mN/m). We demonstrate a method to enhance
condensation heat transfer using gravitationally driven flow through a porous metal wick, which takes advantage of the
condensate’s affinity to wet the surface and also eliminates the need for condensate-phobic coatings. The condensate-filled wick
has a lower thermal resistance than the fluid film observed during filmwise condensation, resulting in an improved heat transfer
coefficient of up to an order of magnitude and comparable to that observed during dropwise condensation. The improved heat
transfer realized by this design presents the opportunity for significant energy savings in natural gas processing, thermal

management, heating and cooling, and power generation.

H INTRODUCTION

Condensation is a ubiquitous phenomenon found throughout
nature and implemented in many critical industrial applications
for heat rejection and fluid processing. Filmwise condensation
is prevalent in typical large-scale systems, where the condensed
fluid forms a thin liquid film due to the high surface energy
associated with many industrial materials." Conversely,
dropwise condensation, where the condensate forms discrete
liquid droplets which grow, coalesce, and shed, results in an
improvement in heat transfer performance of an order of
magnitude compared to filmwise condensation.” ® During
water condensation, the dropwise mode is often promoted with
thin hydrophobic coatings.”” However, low surface tension
fluid condensates, such as hydrocarbons, pose a unique
challenge because the typical hydrophobic condenser coatings
used to shed water (surface tension y & 73 mN/m) often do
not repel fluids with lower surface tensions (y < 25 mN/m).
This is particularly relevant for natural gas processing®’ and
refrigeration' "' applications. Reentrant and doubly reentrant
surface designs have been proposed for repellency of low
surface tension impinging droplets,'”"” but these schemes are
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not useful during condensation when the impinging fluid can
nucleate within the structures and subsequently render the
surface hydrophilic."*"®

Compounding the issue of fluid repellency is the limited
demonstration of effective, robust coatings in prior work. Thick
polymer coatings are able to promote dropwise condensation
for several years, but the added thermal resistance due to these
coatings negates the improvement in heat transfer expected by
transitioning to dropwise condensation.'® Thin monolayer
coatings effectively enhance condensation heat transfer, but
typically fail within hours or days."” Recent work has suggested
that alternative thin coatings, such as graphene applied by
chemical vapor deposition (CVD)> or thin polymers applied by
initiated CVD,"® exhibit enhanced robustness, but accompany-
ing experimental studies did not exceed 2 weeks in duration,
leaving these methods uncertain pending more extensive
characterization.
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In this work, we demonstrated an approach to enhance
condensation heat transfer using gravitationally driven flow
through a porous metal wick. This approach addresses the
problems that traditional condenser surface coatings face by
taking advantage of the attraction of the condensate to the bare
metal surface and therefore avoiding the need for surface
coatings altogether. We attach a high-thermal-conductivity
metal wick to the condenser surface, which fills with condensate
during operation. Because the thermal resistance of the
combined wick—condensate composite is less than that of the
film formed during filmwise condensation, condensation heat
transfer is enhanced. We experimentally demonstrated a heat
transfer enhancement of over 350% in this work. Furthermore,
using an analytical model which was validated against the
experimental data, we predicted that an enhancement of over
an order of magnitude can be achieved with an optimized metal
wick, potentially outperforming traditional dropwise condensa-
tion. This robust improvement in heat transfer presents an
opportunity for long-term savings in many energy-intensive
condensation applications.

Bl ANALYSIS

We developed an analytical model to determine whether
gravitationally driven wicking condensation would enhance
heat transfer performance. This model, shown schematically in
Figure 1, is conceptually similar to the Nusselt falling-film
theory." In Nusselt’s theory, vapor at a uniform temperature
(Tvap) condenses onto the fluid film surface, resulting in more
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Figure 1. Schematic of the gravitationally driven wicking condenser
design. Condensation, driven by the temperature drop from T, to
T, (the subcooling), occurs on the outermost surface of the wick,
which is filled with condensate during operation. Gravity then drives
the condensate downward toward the bottom of the wick, where it
departs as a stream of droplets. Because the maximum condensate flow
rate occurs at the bottom of the wick, flooding of the wick (which
manifests as a thin condensate film on the surface of the wick) will first
occur at the bottom and then propagate upwards under higher
condensation rates.

fluid being added at the surface proportional to the local rate of
heat transfer. The heat added by condensation at the surface is
transferred through the fluid (or in the case of a gravitationally
driven wicking condenser, the fluid and the wick) to the
condenser wall, which is also at a uniform temperature (T, ).
The fluid added during condensation must then be removed by
gravity. In Nusselt’s theory, the fluid flows freely over the
condenser surface constrained only by the no-slip condition at
the condenser wall; in our case, flow through the wick can be
modeled as flow in porous media. The heat transfer coeflicient
is found in Nusselt’s theory by averaging the local conductance
of the fluid film over the condenser surface; in our case, the
same approach is followed, but in the case of a wick of uniform
thickness filled with condensate, the local conductance is the
same everywhere and is therefore equal to the average
conductance. The condensation heat transfer coefficient for
this special case of a wick with uniform thickness is calculated as

1 k

ho=— = wick

° R t (1)

where kg is the thermal conductivity of the combined wick—
condensate composite and ¢ is the thickness of the wick. If the
thermal resistance of the wick is much lower than that of the
fluid, then k,;q is approximately equal to the conductivity of the
metal wick as measured under air or vacuum. From eq 1, we see
that a thinner or more highly conductive wick will translate to a
higher heat transfer coefficient.

In addition to calculating the heat transfer coefficient, we
modeled the fluid flow inside the wick during condensation to
determine the highest achievable subcooling before the
gravitational pressure gradient becomes insufficient to drive
fluid flow through the wick. This limiting case, referred to as
“flooding” of the condenser, results in some of the fluid exiting
the front surface of the wick and forming a falling fluid film on
the surface of the combined wick—condensate composite,
thereby degrading heat transfer performance. However, in
contrast to the critical heat fluxes observed during flooding of
dropwise condensation'® (and more commonly encountered in
the liquid-to-vapor phase change process of boiling®™***"),
flooding of a gravitationally driven wicking condenser is not
catastrophic and instead manifests as a gradual decrease in heat
transfer coefficient with increasing subcooling. Physically, as the
subcooling passes the critical value at which gravity can no
longer drive the flow of condensate through the wick, a thin
film similar to the film in Nusselt'’s model begins to flow over
the wick surface starting at the bottom (where the flow rate is
the highest) and propagating upwards as subcooling is
increased, thereby gradually adding an additional thermal
resistance.

Because the heat transfer coefficient is uniform across the
condenser surface prior to flooding, the heat flux and,
correspondingly, the volumetric flux of condensate into the
wick from the vapor are also uniform. This heat flux is
calculated from the heat transfer coefficient determined in eq 1
and the subcooling, AT = T,,, — Ty as 9" = h AT. Then, the
volumetric flux can be calculated from the heat flux using the
latent heat of evaporation, hg, and the fluid density, p, as V cond
= q"/phg. Condensation on the sides of the wick is neglected
for L/4t > 1 in the case of a square or circular condenser face,
where L is the condenser height, or if the sides of the wick are
blocked by an impermeable material. Conservation of mass is
then used to find the maximum volumetric flux flowing out the
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bottom surface of the wick, which is then used in Darcy’s law
for porous media flow

v
_ 14 condL _ 5
wick,max — -
t H

dp
dx

V "

max )

where k is the wick permeability, y is the viscosity, and
|dP/duxl, . is the local pressure gradient required to drive flow
at the point in the wick where the maximum volumetric flow
rate occurs (the bottom of the wick). The required pressure
gradient to drive fluid flow at each point in the wick is supplied
only by the gravitational pressure gradient, pg, so when these
two pressure gradients are equal, we know that flooding is
imminent. Setting the pressure gradients equal and substituting
fundamental quantities from above yield

dp _ ATLkgqp
dwe |0 B Kphfgt2 -8 (3)

Equation 3 can be rearranged in terms of the subcooling,
presented here as in inequality to indicate that subcooling
values below the subcooling corresponding to the incipience of
flooding are acceptable

K:azghfgt2
Lkwick/’t (4)

This model is applicable to any condensate as long as the
condensate fills the wick upon condensation as opposed to
forming discrete droplets which depart from the wick surface;
this latter case is only achievable for high intrinsic contact
angles (significantly greater than 90°),”* and does not apply to
water or low surface tension fluids, such as hydrocarbons or
refrigerants, on bare metal surfaces, even if these surfaces
become contaminated by atmospheric volatile organic com-
pounds.”* ™ For wicks with nonuniform height in the direction
of gravity, for example, a circular condenser face as in the
present work (Figure 2a), the longest dimension in the
direction of gravity can be used to predict flooding because this
dimension will correspond to the highest volumetric flux out of
the bottom surface of the wick; for the wick attached to a
circular condenser face, this is the diameter of the circle.

AT <

B EXPERIMENT

Experiments were conducted in a controlled environmental
chamber. The chamber allowed complete removal of non-
condensable gases (NCGs) from the system (<1 Pa NCGs).
Following removal of NCGs, pure, degassed vapor of the
condensing fluid was introduced into the chamber from a
heated, temperature-controlled canister and allowed to
condense on the condenser surface. Operation of the
environmental chamber is detailed in the Supporting
Information. Pentane (Sigma-Aldrich, anhydrous, >99%) was
chosen as the condensate for the experiments in the present
work because it is a commonly used low surface tension fluid
with applications in geothermal power production (as a
working fluid),””*® natural gas processing (as a
byproduct),””*® and as a blowing agent (where expended
pentane can be recovered by condensation).”’ ~* The results
with pentane are representative of many low surface tension
fluids, including hydrocarbons and chlorofluorocarbons,
because these fluids typically have similar thermophysical
properties, namely, low thermal conductivity and low latent
heat compared to water.

-

Thermocouples

Figure 2. Experimental test fixture is shown in (a), where linear
conduction in the copper block was used to calculate the heat flux and
surface temperature, T,,. The copper block was insulated by a
polyetherimide sleeve (interface indicated with the white dashed lines)
to prevent condensation on the sidewalls and generate a linear, one-
dimensional temperature profile within the block. The experiment was
conducted in a controlled environmental chamber, in which
noncondensable gases (NCGs) were removed and the condensing
fluid was introduced as vapor with a known temperature T, The
copper wick was attached to the front of the copper block by diffusion
bonding. A magnified view of the copper wick is shown in (b), where
the characteristic pore size was approximately S00 ym.

The condenser wall temperature (T,,;) and heat flux (")
were experimentally measured using a 1 in. diameter insulated
copper block with thermocouples inserted into ports drilled
along its length, shown in Figure 2a. The back end of the block
was cooled with chiller water provided by an external chiller
(Neslab, System I), and the front side of the block served as the
condenser wall. From Fourier’s law, the heat flux was obtained
from the slope of the thermocouple temperature readings
versus their location along the copper block. Similarly, the
condenser wall temperature was determined by extrapolating
this line to the condenser wall. The linear fit had an R* value of
over 98% for each measurement, indicating that the assumption
of linear conduction was valid and heat transfer through the
block walls was negligible. The vapor pressure inside the
chamber was measured (Omega, PX409-030A5V) and used to
determine the vapor temperature (Tvap) from a saturation curve
because both liquid and vapor were present inside the chamber.
Then, the experimentally measured condensation heat transfer
coefficient was determined by h,, = q"/AT. The uncertainty
analysis is included in the Supporting Information Section S6.

We first experimentally characterized filmwise condensation
of pentane on a flat copper condenser for comparison with
Nusselt’s falling-film theory to validate the experimental results.
The flat copper condenser surface was fabricated by
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Figure 3. Modeling results for condensation of pentane on the copper wick (a) for a 2 mm thick wick and (b) for a 1 mm thick wick with the
enhancement compared to filmwise condensation shown by the dashed black curve. The incipience of flooding, which is not catastrophic but rather a
gradual decrease in heat transfer coefficient, is indicated in (b) (flooding occurs at a subcooling greater than 25 K in (a)). Experimental results are
plotted with the model curves for the 1 mm and 2 mm thick wicks as well as for filmwise condensation in (c); the experimental results are in good
agreement with the model prediction. Wicking condensation outperformed filmwise condensation by over 350% in the experimental analysis and is
expected to achieve up to an order of magnitude enhancement at higher subcooling based on the modeling results.

mechanically and then chemically polishing the end of the
copper block, solvent and acid cleaning the surface, and finally
plasma cleaning with argon plasma. We then characterized
condensation of pentane on both 2 mm and 1 mm thick copper
foam wicks (copper foam wicks are common in heat exchangers
and boiling phase change heat transfer applications®® due to
their robustness’’ and high thermal conductivity’’). The
copper foam, shown in Figure 2b, had a characteristic pore
size of 500 um, a porosity of 0.87, and a thermal conductivity
of 147 W/(m K). The permeability of the wick was
experimentally measured to be 1.25 X 107 m” (measurement
described in Supporting Information Section S1). The copper
foam was diffusion bonded to the copper block by first
preparing the surface with the cleaning procedure used for the
flat copper condenser, then inserting the copper foam and the
copper block into a graphite holder (see Supporting
Information Section S2), and finally performing the diffusion
bond in a reducing tube furnace (Lindberg/Blue M) under the
flow of forming gas (Airgas, 5% hydrogen, 95% nitrogen) at
800 °C for 1 h. The furnace temperature was achieved with a
temperature ramp rate of 10 °C/min starting from ambient and
then allowed to cool to 200 °C in the furnace before removal.
The 2 mm thick copper foam bonded to the condenser wall is
shown in Figure 2a.

B RESULTS

Our analytical model was used to determine the expected heat
flux versus subcooling for both the 2 mm and 1 mm thick
copper foam wicks, shown in comparison to the expected heat
flux during filmwise condensation in Figure 3a,b. The
enhancement ratio of gravitationally driven wicking condensa-
tion compared to filmwise condensation is expected to exceed
4X and 8X for the 2 and 1 mm thick copper foam wicks,
respectively, at high subcooling values. Additionally, the 1 mm
thick wick would begin to flood at a subcooling of
approximately 20 °C.

The experimental results were limited to a subcooling of less
than 3 °C due to the cooling capacity of the chiller; therefore,
flooding was not experimentally demonstrated in the present
work, and the heat transfer coefficient was a constant value for
each wick across the full range of experimental subcooling.
Nonetheless, the heat fluxes were in excellent agreement with
the predictions from the analytical model over the range of
subcooling characterized experimentally, shown in Figure 3c.

The experimentally demonstrated enhancements for the
gravitationally driven wicking condensers were approximately
2—3% and 3—4X for the 2 mm and 1 mm thick copper foam
wicks, respectively, in good agreement with the model
prediction at these lower subcooling values. Furthermore, the
agreement between Nusselt’s model and the experimental
results for filmwise condensation served to validate the
experimental procedure. Note that Nusselt’s prediction of
heat transfer coeflicient for a circular surface is only 5% greater
than for a rectangular surface (see Supporting Information
Section S3 for derivation); therefore, the more familiar solution
for a rectangular surface was used to generate the model
predictions shown in this work.

Following the successful comparison between prediction and
experiment, we used the analytical model to determine the
limitations of gravitationally driven wicking condensation.
Given a condenser size, a condensing fluid, and a wick material,
for each subcooling, an optimal wick thickness exists such that
the heat transfer coefficient will be maximized. This thickness
corresponds exactly to the incipience of flooding, because a
thicker wick would have a lower heat transfer coefhicient as
calculated by eq 1, and a thinner wick would begin to flood and
therefore also have a lower heat transfer coeflicient. With this in
mind, the maximum heat transfer coefficient that can be
achieved by a gravitationally driven wicking condenser can be
determined using this optimal thickness. One caveat,
particularly at low subcooling, is that the optimal wick thickness
may become so small that it approaches the characteristic
length scale of the wick (in this case, the pore size). If the wick
thickness is less than the characteristic length scale of the wick,
the assumption that the wick—condensate composite is
homogeneous is no longer valid, indicating that a wick with a
smaller characteristic length scale should be used.

These values of maximum heat transfer coefficient are
plotted as a function of subcooling for pentane as the
condensate in Figure 4a; the nondimensional Nusselt number
corresponding to the maximum heat transfer coefficient is
included in the Supporting Information Section S10. The solid
green lines indicate the performance of a wick that is either the
optimal thickness or the characteristic length scale of the wick,
whichever is larger; the dashed green lines indicate performance
at the optimal wick thickness when this thickness is less than
the characteristic length scale of the wick. If the desired
subcooling for pentane condensation is known, the enhance-
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Figure 4. Maximum wick heat transfer coeflicient, where the wick
thickness is optimized for the highest possible heat transfer coefficient
while also avoiding flooding at each value of subcooling, for the
condensates (a) pentane and (b) water. The solid green lines indicate
the performance of a wick that is either the optimal thickness or the
characteristic length scale of the wick, whichever is larger; the dashed
green lines indicate performance at the optimal wick thickness when
this thickness is less than the characteristic length scale of the wick.
The performance of pentane can be improved by over 5—10X
compared to filmwise condensation, and the enhancement with water
is expected to be approximately 3—5X. The difference in potential
enhancement between these two fluids is primarily due to the higher
filmwise condensation heat transfer coefficient of water, where the
relatively high latent heat of water compared to pentane results in a
thinner condensate film and correspondingly a lower thermal
resistance; meanwhile, the heat transfer coefficient of wicking
condensation remains virtually the same for different condensates
because the wick itself is the primary path for thermal transport, as
illustrated by the horizontal regions of the solid green curves where the
wick thickness is constrained to the characteristic length scale of the
wick.

ment using a gravitationally driven wicking condenser will be
between 5X and 10X with the copper foam used in the present
study applied at the optimal thickness, and with a condenser
height L of 1 in., on the order of the height of many common
industrial condensers.'*** Applying the model to water
instead of pentane in Figure 4b, we show that the enhancement
using gravitationally driven wicking condensation is up to 3X
when constraining the wick thickness to be greater than the
wick characteristic length scale. At lower subcooling values,
greater enhancement is possible using a wick with a smaller
characteristic length than the wick used in the present work,
which could allow the performance indicated by the dashed
green curve and a corresponding heat transfer enhancement of
over 5X compared to filmwise condensation. This result
suggests that wicking condensers are a viable alternative to

dropwise condensation even for condensates for which
hydrophobic coatings may be effective such as water.

B DISCUSSION

Prior work has incorporated porous media and porous surfaces
in condensation applications with the goal of enhancing heat
transfer.**™ For example, porous fins have been added to the
outside of a tube condenser to enhance condensation heat
transfer of refrigerants by 180%." Perhaps more similar to the
present work, two experimental studies have applied a porous
medium directly onto a condenser surface and reported heat
transfer enhancements of 56%" and subsequently 200%°
compared to filmwise condensation. Unfortunately, these
reports did not demonstrate a clear understanding of the
potential benefits of gravitationally driven wicking condensa-
tion; in fact, they designed systems in which condensate flowed
over the top of the porous media, which corresponds to the
nonoptimal flooded case described here that we specifically
designed our condenser coatings to avoid.””~>* By developing
an accurate analytical model and using it to guide design
choices, we were able to experimentally demonstrate an
enhancement of over 350% with condensate flowing only
through the porous medium (and not over its surface, which
would have resulted in an added thermal resistance). In
addition, the physical understanding presented in this work will
allow optimization of future iterations of gravitationally driven
wicking condensers.

Nonuniform wick thickness is a clear direction for future
exploration in this area. For example, a wick that is thinner at
the top to promote higher heat transfer but thicker at the
bottom where fluid volumetric flow rate is higher to prevent
flooding could result in significant improvements over the
present work. In fact, the shape of an optimal wick thickness
profile as a function of vertical distance along the condenser
wall could be determined. Other future directions might be
designing the wick internal geometry to tailor interface shape
and increase effective condensation area® or decoupling the
viscous loss for lateral flow along the condenser wall with the
heat transfer enhancement gained in the direction perpendic-
ular to the Wall54 and drawing concepts from studies in
evaporation.”*® Detailed modeling of the flooded case might
prove to be useful in some applications and could be another
future direction. Finally, perhaps the most effective research
area stemming from this work will be the application of
hydrophobic coatings, meshes, or membranes to the uppermost
surface of the wick to take advantage of capillary pressure in
addition to the gravitational pressure gradient.

B CONCLUSIONS

Current state-of-the-art dropwise condensation relies on
functional hydrophobic coatings that are often not robust and
additionally are not able to repel low surface tension fluid
condensates such as hydrocarbons and refrigerants. We
proposed an alternative approach, gravitationally driven wicking
condensation, which takes advantage of the condensate’s
affinity to wet the surface and also eliminates the need for
condensate-phobic coatings. The condensate-filled wick has a
lower thermal resistance than the fluid film observed during
filmwise condensation, resulting in an improved heat transfer
coefficient of up to an order of magnitude and comparable to
that observed during dropwise condensation. We experimen-
tally demonstrated a heat transfer enhancement of over 350%
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with a copper foam wick. Furthermore, using an analytical
model which was validated against the experimental data, we
showed that an enhancement of over an order of magnitude
can be achieved with an optimized metal wick, potentially
outperforming traditional dropwise condensation. This robust
improvement in heat transfer presents the opportunity for long-
term energy savings in fluid separation, thermal management,
heating and cooling, and power generation.
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S1. Permeability Measurement

The wicking properties were determined by measuring the propagation of fluid through the wicking
sample as a function of time following a well-known procedure. The test apparatus was comprised of a
stationary copper foam sample and a fluid reservoir which was filled with deionized water, shown in
Figure S1. Prior to the experiment, a rectangular copper foam sample was first solvent cleaned with
acetone, ethanol, and isopropanol, then treated with 0.2 M hydrochloric acid in water for 1 minute, dried
with a clean nitrogen stream, and finally plasma cleaned with argon plasma for 30 minutes, at which point
the contact angle on copper was approximately zero degrees, in agreement with past work.” The sample
was immediately mounted on the clip, and the water reservoir was raised slowly (less than 0.1 mm/sec)
until contact was made with the sample, at which point the wicking process was observed with a high
speed camera (Vision Research Phantom 7.1). The propagation of the liquid front was quantified by post-
processing the high speed videos using imaging analysis software.
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Figure S1. (a) Experimental setup for permeability characterization and (b) experimentally-measured
fluid propagation distance for water used to determine the wick permeability. Red data points in (b) are
experimental data, and the black curve is the model solution generated by Equation S2 fit to the

experimental data to determine the permeability.

To determine the permeability from the experimental data, we modeled the fluid propagation with the
one-dimensional Darcy’s law with gravitational effects included to account for liquid propagation against

gravity over a distance greater than the capillary length:

dy —k (—APcap

- - S1
it~ o\ Ty pg) (S1)



where the derivative of the propagation distance, y, with respect to time, t, is shown as a function of the
viscosity () and density (p) of the propagating fluid as well as the gravitational acceleration (g) and wick
property of porosity (¢), determined from comparing the wick’s bulk and apparent densities. The driving
capillary pressure (APc,) and permeability of the wick (x) were determined from fitting the model
solution to the experimental data (Figure S2(b), black curve). The solution can be found explicitly for
time as a function of the distance over which the fluid has propagated (solving for propagation distance as
a function of time requires implementation of the Lambert W function and is not presented here):

. Aln(A — By) + By — Aln(A) A= KAPyqp B = Kpg
(B)? ’ pe pe

(S2)

Therefore, from the physical parameters u, p, ¢, g, and the experimental fluid propagation data, the
capillary pressure and permeability can be determined for any given wicking material (shown in Table S1
below for copper foam). Note that the permeability is a geometric parameter that does not change when
modeling different fluids; the capillary pressure does change from fluid to fluid, but if all of the fluids
considered have the same contact angle (e.g., zero degrees), then the ratio of capillary pressure for two
different fluids within a wick is equivalent to the ratio of their surface tensions.

Table S1. Experimentally-determined capillary pressure (water) and permeability for copper foam wick.

Sample (density) Char. Dimension Permeability Cap. Pressure
Cu Foam Wick (1,165 kg/m°) 500 pm 1.25x 10" m? 0.2 kPa

S2. Bonding Wick to Condenser Surface

In order to obtain good thermal contact between the copper condenser block and the copper foam, we
diffusion-bonded the copper foam to the block. First, we machined a graphite fixture on the lathe to hold
the copper block, shown schematically in Figure S2(a). The copper block was pressed against the copper
foam, shown in Figure S2(b), and placed inside of a furnace (Lindberg/Blue M tube furnace). The furnace
was purged and kept under forming gas (Airgas, 5% hydrogen, 95% nitrogen) throughout the bonding
procedure. The furnace was heated from room temperature to 800 °C at a ramp rate of 10 °C/min and
maintained at 800 °C for 1 hour, then allowed to cool to 200 °C over the course of 3 hours. The diffusion-

bonded copper wick on the copper condenser block is shown in Figure S2(c).
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Figure S2. A graphite fixture was machined to hold the copper block as shown schematically in (a) with
dimensions of the copper block, the copper foam, and the graphite fixture detailed. The copper foam was
attached to the copper block by diffusion bonding in a furnace; the graphite fixture kept the wick aligned

to the condenser surface (b). The final diffusion-bonded wick on copper test fixture is shown in (c).

S3. Nusselt Model: Comparison of Circular to Rectangular Condenser Wall
To model filmwise condensation on a smooth condenser surface with a uniform height L, the Nusselt
model is applied:?

1/4
— p)k W
he yu = 0.943 <g Pe(pe “L’Z’; cJ g) (S3)
heg = hsg + 0.68c, AT (S4)

where g is the gravitational acceleration (g = 9.81 m/s?), p, is the vapor density, p. is the liquid condensate
density, | is the condensate dynamic viscosity, k. is the condensate thermal conductivity, AT is the
temperature difference from the surrounding vapor to the condenser wall, /s is the modified latent heat
of vaporization accounting for the change in specific heat of the condensate, and c;, is the condensate
specific heat.?



Since the experiments in the present work were conducted on a circular condenser surface, i.e., a surface
with a nonuniform height, we adjusted the Nusselt model for this scenario to determine whether the
results would be significantly different than those for a condenser with uniform height. This analysis was
performed by treating the circular surface as a series of infinitesimally thin vertical strips with width dx,
applying Nusselt’s model to each strip, and then integrating laterally across the surface to find the average
heat transfer coefficient for the entire surface. If the horizontal x-coordinate is zero at the center of the
circular surface and the diameter of the circle is L, the height of each vertical strip is:

H=2(L/2)? — x2 (S5)
Then, the heat transfer coefficient of each vertical strip is:

3,7 1/4
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Integrating the area-weighted heat transfer coefficient, h.xHdx, from —L/2 to L/2 and dividing by the

surface area (which is fundamentally the same procedure as adding thermal resistances in parallel),

4 (M2 (S7)
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where T' is the gamma function. This result shows that the heat transfer coefficient for filmwise
condensation on a circular surface for a circle of diameter L is only = 5% greater than on a surface with
uniform height L. We neglected this small difference in favor of the more familiar Nusselt model for a

condenser surface with uniform height, which is used throughout the analysis in the main text.

S4. Environmental Chamber Setup
The custom environmental chamber used for this work consists of a stainless steel frame with a door
(sealed with a rubber gasket), two viewing windows, and apertures for various components. Resistive

heater lines were wrapped around the exterior of the chamber walls to prevent condensation at the inside
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walls and then insulated on the exterior walls. The output power of the resistive heater lines was
controlled by a voltage regulator. Two insulated stainless steel water flow lines (Swagelok) were fed into

the chamber to supply cooling water to the chamber from a large capacity chiller.

An additional stainless steel tube line was fed into the chamber that served as the flow line for the
incoming vapor supplied from a heated stainless steel reservoir. The vapor line was wrapped with a rope
heater (60 W, Omega) controlled by a power supply. The vapor reservoir was wrapped with another
independently-controlled heater (120 W, Omega) and insulated to limit heat losses to the environment.
The access tubes were welded to the vapor reservoir, each with independently-controlled valves. The first
valve (Diaphragm Type, Swagelok), connecting the bottom of the reservoir to the ambient, was used to
fill the reservoir with the working fluid to be condensed. The second valve (BK-60, Swagelok),
connecting the top of the reservoir to the inside of the chamber, provided a path for vapor inflow. T-type
thermocouples were located along the length of the water vapor reservoir to monitor temperature.

A bellows valve (Kurt J. Lesker) was attached to the chamber to serve as a leak port between the ambient
and inside of the chamber. In order to monitor temperatures within the chamber, T-type thermocouple
bundles were connected through the chamber apertures via a thermocouple feed through (Kurt J. Lesker).
A pressure transducer (PX409-030A5V, Omega) was attached to monitor pressure within the chamber.
The thermocouple bundles and the pressure transducer were both electrically connected to an analog input
source (RAQ DAQ, National Instruments), which was interfaced to a computer for data recording. A
second bellows valve (Kurt J. Lesker) was integrated onto the chamber for the vacuum pump, which
brought the chamber to vacuum conditions prior to vapor filling. A liquid nitrogen cold trap was
incorporated along the line from the chamber to the vacuum which served to remove any moisture from
the pump-down process and ultimately assist in yielding higher quality vacuum conditions. A tertiary
bellows valve (Kurt J. Lesker) was integrated on a T fitting between the vacuum pump and liquid nitrogen
reservoir to connect the vacuum line to the ambient to release the vacuum line to ambient conditions once

pump down was achieved.

S5. Fin Analysis of Condenser Block

To determine the condensation heat flux and condenser surface temperature, we recorded temperatures at
evenly-spaced thermocouples mounted within the copper condenser block; we input these temperatures
into the 1-dimensional form of Fourier’s law to determine the heat flux, and, from a corresponding
thermal resistance network for the copper block, the surface temperature was determined. The copper

block was insulated with a polyetherimide sleeve to minimize heat transfer at the sidewalls, shown in
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Figure 2 in the main text. In order to justify the use of the 1-dimensional Fourier’s law in this case, we

performed a fin analysis on the insulated copper condenser block, detailed in this section.

First, we calculated the Biot number for a cross-section of the insulated copper condenser block. Heat
conduction occurred along the axis of the cylindrical block, so the appropriate cross-section for the Biot
number analysis was a circular cross-section of the cylindrical block and the insulating sleeve. The
cylindrical copper block has a diameter of D = 1 inch (= 0.0254 m), and the polyetherimide insulating
sleeve has a wall thickness of tj,s = 0.25 inches (= 0.0064 m). We used the thermal conductivity of copper
(kcy = 400 W/m-K) and the radius of the cylindrical copper block to calculate the Biot number; the
characteristic heat transfer coefficient for the sidewall of the block was obtained by adding the heat
transfer coefficient for condensation (conservatively taken as h, = 10,000 W/m?K in the present work) on
the outer surface of the insulation with the thermal admittance of the insulation itself (with a thermal
conductivity of ki,s = 0.22 W/m-k for polyetherimide) in series, as shown in Equation S9:

-1

1 tins> _ ( 1 0.0064 m

-1
hwan = (— 7w T
heona  Kins 10,000 W/m2-K ' 022W/m-K

) =34W/m2-K (S9)

The insulation was treated as a thin sheet; if it were treated as an annulus, the results of this section would

not change significantly. The Biot number is calculated in Equation S10:

hwau(D/2) 34 W/m?- K ((0.0254 m)/2)

~0.001 «1 S10
ke 200 W /m K 0.001 « (510)

Bi =

Since the Biot number for the condenser block cross-section is much less than unity, each cross section is
approximately isothermal and the block can be treated as a fin. The heat equation simplified for a

cylindrical fin at steady state is:

dzT _ hwallT[D

ix? ~ Tegy(njayp2 ¢~ 1) (51D

where T is the temperature at any point, x, along the length of the fin, and T, is the temperature of the
surroundings (in this case, the saturated vapor). Making the substitutions 6 = T — T, and
m? = (hyaimD)/(keu(/4)D?), the solution to the differential equation S11 is:



0(x) = Cie™+Cre™™ (S12)

The following boundary conditions were applied, representing: (S13) a set base temperature achieved by
the coolant flow that cooled the block at (x = 0); and (S14) a heat flux set by the condensation heat
transfer coefficient at the condenser surface (x = L) and the temperature difference from the condenser

surface to the surrounding vapor, 8, = T(x = L) — T..:

do
heonabr = _kCua i (S14)
x=

Application of these boundary conditions to Equation S12 results in the following constants:

—h _ _
conde mL+me mL

C, = 06g Keu - (S15)
2m cosh(mlL) + 2 %"dsinh(mL)
cu

—h _ _
conde mL_|_me mL

Cz = 93 1-— kCu h, (816)
2m cosh(mlL) + 2 %”dsinh(mL)
Cu

Equation S12, with the constants obtained from Equations S15 and S16, was used to determine the
temperature profile within the cylindrical copper condenser block for a block length of 8 cm, a block base
temperature (where it is cooled by chiller fluid) of Tg = 19 °C, and a surrounding vapor temperature of
T, = 22 °C, all characteristic of a typical experiment. The results are shown in Figure S3 below, where
the region of the block into which the thermocouples were inserted exhibits a linear, one-dimensional

temperature profile.
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Figure S3. Results of the analytical fin model applied to the cylindrical copper condenser block used in
the experiments in this work. The temperature profile over the region where the thermocouples were
inserted into the copper block was approximately linear, with an R? value of 0.9991 for a linear fit
(dashed red line) to the temperature profile (solid black line) within the thermocouple region.

S6. Condensation Procedure

For each experimental trial, a set of strict procedures was followed to ensure consistency throughout the
experiments. The first step of the process was to turn on the voltage regulator to heat up the
environmental chamber walls, which prevented condensation on the chamber walls. Simultaneously, the
vapor reservoir was filled with approximately 2 liters of either DI water or pentane. After opening the
vapor inflow valve and closing the liquid release valve, the rope heater around the vapor reservoir was
turned on with the heater controller set to maximum output (120 W). Then the rope heater connected to
the vapor inflow valve was turned on. The temperature of the reservoir was monitored with the installed
thermocouples; the temperature at the top of the reservoir was higher than that of the middle/bottom of
the reservoir due to the water thermal-mass present at the middle/bottom section. Hence, we ensured that
the regions of the reservoir of higher thermal capacity were brought to a sufficiently high temperature for
boiling. During the boiling process, aluminum foil was placed on the bottom surface of the inner chamber
to collect any fluid leaving the vapor inflow line. Once boiling was achieved and the internal
thermocouple on the reservoir was 5°C above the boiling point for at least 10 minutes, the vapor inflow

valve was closed. The excess fluid that spilled inside the chamber during de-gassing of the reservoir was
removed.



In order to install the sample inside of the chamber, the rear end of the condenser block (the far-right side
of the block in Figure S2(c)) was bolted on to a copper fixture chilled with cold water supplied from the
external chiller. Before installing the entire sample setup in the chamber, all adapters/connecters were

tightened to ensure that there were no leaks that could affect vacuum performance.

Next, we performed the vacuum pump-down procedure. Initially, the liquid nitrogen cold trap was filled
to about half capacity. The ambient exposed valves connecting the chamber and the vacuum pump were
both closed and the valve connected to the liquid nitrogen cold trap was opened. The vacuum pump was
then turned on, initiating the pump-down process. The pressure inside the chamber was monitored during
the pump-down process. This process took approximately one hour in order to achieve the target vacuum
conditions (0.5 Pa < P < 1 Pa). The experimental operating pressure of non-condensable was set to be a
maximum of 0.25% of the operating pressure. Non-condensable gas content of above 0.5% (pressure) has
been shown to significantly degrade performance during dropwise condensation.” In our experiments,
extreme care was taken to properly de-gas the vacuum chamber and water vapor reservoir prior to
experimental testing. In addition, the chamber leak rate was characterized prior to each run in order to
estimate the maximum time available for acquiring high fidelity data with non-condensable content of
less than 0.25%.

The setup of the water flow-loop is described as follows: the water pump reservoir was filled and turned
on to a flow rate of 8 L/min. The flow rate was monitored with a flow meter integrated in the inflow water
line. In order to bring the chilled water into the flow loop and to the tube sample, the external chilled

water lines were opened.

To begin experiments, the vapor inflow valve was slowly opened until the operating pressure was
reached. Steady state conditions were typically reached after 2 minutes of full operation. Temperature
measurements were recorded at evenly-spaced thermocouples mounted within the copper condenser block
and input into the 1-dimensional Fourier’s law to determine the heat flux; from a corresponding thermal
resistance network for the copper block, the surface temperature is determined. With the vapor
temperature already known, the heat flux can be plotted against the subcooling (vapor temperature minus

the surface temperature of the copper condenser block).

S7. Heat Transfer Coefficient and Error Propagation
This section presents the method used for error analysis of the experimental results. The heat flux can be

determined from the 1-dimensional Fourier’s law as shown here:
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o _ kpiock(Ty — Ts)
q = 4.
1-5

(S17)
where ¢ ” is the overall condensation heat flux, T; and Ts are the condenser block temperatures measured
closed to and farthest from the surface, respectively, kpoe is the thermal conductivity of the condenser
block, and d,s is the distance between thermocouples 1 and 5. The corresponding error in the
experimentally determined heat flux can be calculated by propagating the error of each component based

on the method of first partial derivatives:

2 2 2 2

Ep = (kblOCkETl) 4 (_kblockETS) N <(T1 — Ts)Ekb,ock) N (—(T1 - Ts)kbltz)ckEdl_s) (S18)
di-s di—s di-s (d1-5)

where E represents the absolute error in each quantity. Similarly, based on 1-dimensional conduction, the

subcooling, ATy, Of the condenser block (the vapor temperature minus the surface temperature beneath

the wick or fluid film for wicking or filmwise condensation, respectively) can be determined:

q'ds—q
kblock

ATgyp = Tsqe — T1 — (819)

where T is the saturation temperature of the surrounding vapor and ds; is the distance between the
thermocouple closest to the condenser block surface and the surface of the block. Again propagating the

error of each component based on the method of first partial derivatives:

—d,_E.\*° [—q"E; \* "d, ,E z
Enrgy, = j(ETsat)Z + (=Ep1)? +<—S ! q) + (—q d) + <—q 71 "block) (S20)

2
kblock kblock (kblock)

Table S2 below summarizes the uncertainty associated with each experimental measurement.
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Table S2. Uncertainties corresponding to experimental measurements.

Experimental Measurement Uncertainty
Calibrated thermocouple (T4, Ts) 01K
Saturated vapor pressure (P,) 1%
Saturated vapor temperature (T,) Tsat(1.01(Py))-Tsae(Py)
Copper thermal conductivity (Kpjock) 1%
Distance measurement (dys, ds 1) 0.5 mm

S8. Capillary Pressure Considerations

The wick capillary pressure for water was measured to be 200 Pa using the procedure described in
Section S1 above. Correspondingly, assuming complete wetting of the copper foam by both water and
pentane, the capillary pressure of pentane is equal to the capillary pressure of water multiplied by the ratio
of the surface tension of pentane to that of water, which yields P, = 44 Pa. Then, the capillary rise of
pentane in the wick when no condensation occurs is hy = Pcp/(pg) = 7 mm; that is to say, when no
condensation occurs, the wick is only filled with pentane up to a height of 7mm from its base. As the
subcooling is increased incrementally from zero and condensation begins, the wick is still not completely
full of condensate, but a thin layer of condensate must necessarily form within the wick. Therefore, at
very low subcooling, it is possible that the average heat transfer coefficient may exceed the prediction

from Equation 1 in the main text, although this was not observed experimentally in the present work.

S9. Pentane Wettability of Copper and Copper Foam
Both the flat copper and the copper foam wick were completely wetted by pentane, shown in the droplet
deposition tests in Figures S4 and S5, where the contact angle was zero as the pentane spread across the

flat surface and wicked in to the copper foam.

- s =

2 mm
——— R ———
Figure S4. Time-lapse images of a droplet of pentane impinging on a flat copper surface; the contact

angle is zero as the droplet completely spreads over the surface.
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Figure S5. Time-lapse images of a droplet of pentane impinging onto the copper foam; the contact angle
is zero as the droplet completely wicks in to the surface.

S10. Non-Dimensionalization of Maximum Heat Transfer Coefficient

Combining Equations 1 and 4 from the main text with the relation for the dimensionless Nusselt Number,
Nu = heL/k_ (where k_ is the liquid thermal conductivity), we reformulated the maximum possible heat
transfer coefficient with a gravitationally-driven wicking condenser into a dimensionless form to facilitate

comparisons with literature:

1/2
heokyickL
Nu = Kp g fgtwick (321)
kL AT u

Note that the wick thickness in this case is always optimized; the thickness is a function of the other

parameters of the system including wick height, subcooling, condensate viscosity, etc.
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