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ABSTRACT

Phase-change processes such as condensation are efficient means of heat transfer. However, condensation
is also an energy-intensive process and extensive research is conducted to increase the heat transfer effi-
ciency. Increasing the effective heat transfer area in terms of surface structures on macro or microscale is
one such technique of heat transfer enhancement. In this work, we have studied micro- and nanostruc-
tured surfaces for their potentials in increasing heat transfer during condensation of CO,. Three Cu-based
surfaces on which CuO nanoneedles have been grown, have been investigated. We hypothesize three
competing mechanisms govern the overall heat transfer on structured surfaces: (1) increased heat trans-
fer area, (2) lower thermal conductivity of oxides, and (3) condensate flooding of the structures. Our study
has shown that in some cases, the effect of these mechanisms can be neutralized. More importantly, the
results show that superior heat transfer can be achieved by optimizing the surface structure. The best of
the structured surfaces resulted in a heat transfer coefficient 66% higher than that of the unstructured

surface.

© 2021 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Condensation heat transfer performance influences several in-
dustrial processes and is especially important for heat exchanger
technology. CO, is identified as an alternative for reducing the
usage of fluorine based refrigerants in heat exchangers and heat
pumps due to their negative environmental impact [1-3]. CO, has
a high triple point and low critical point, and has therefore the
potential to be an efficient refrigerant [4]. Increased condensation
heat transfer efficiency will reduce the energy consumption of the
liquefaction process and reduce the costs of heat exchangers and
heat pumps. Liquefaction of CO, is also a part of Carbon Cap-
ture and Storage (CCS), especially as a preprocess for ship trans-
port [5,6]. Increased liquefaction efficiency will reduce the energy
consumption and the cost of the CCS systems, which is necessary
to scale up the number of CCS projects worldwide [7].

In the literature, there are several examples of studies on the
increase of heat transfer efficiency by the use of micro- and nanos-
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tructures on the surface [8,9]. Hendricks et al. [10] fabricated ZnO
flower-like nanostructures on Al and Cu and reported increased
critical heat flux (CHF) for both surfaces. An increased CHF is re-
lated to a higher possible operational limit, and therefore a bet-
ter heat transfer performance. The same phenomenon is reported
by Nam et al. [11] and by Saedi and Alemrajabi [12]. The first re-
ported an increase in CHF at wicking structures of CuO nanostruc-
tures on top of Cu microposts and the latter reported an increase
in both CHF and heat transfer coefficient (HTC) on anodized Al sur-
faces. In pool boiling, an increased number of nucleation sites on
the structured surfaces has proven beneficial for heat transfer. For
example Li et al. [13] studied nucleation boiling on Cu nanorods
deposited on a Cu surface, and found that there were 30 times
as many bubble nucleation sites on the structured surfaces. They
also found that the nanorod surface exhibited a higher wettabil-
ity towards water, which reduced the size of the bubble diame-
ter and increases the release frequency of the bubbles. By these
mechanisms the CHF, and hence the heat transfer efficiency, was
increased. Chen et al. [14] reported an increased HTC for pool boil-
ing on nanowires of both Cu and Si. The improved HTCs were
caused by the increased number of bubble nucleation sites in the
microscale cavities in between the nanowires. The boiling curves
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measured on both Cu and Si nanowires are similar to each other
even though the thermal conductivity of the two materials are very
different. The above results indicate that the heat transfer is domi-
nated by the nucleation and bubble dynamics, not by the heat con-
duction, and the surface morphology is the determining factor.

For condensation, the number of nucleation sites have also been
shown to increase on nanostructured surfaces. In the work by
Boreyko and Chen, a hierarchical surface of Si micropillars covered
with carbon nanotubes was investigated and the nucleation sites
increased significantly along with a decrease in wettability [15].
The fabrication of the micro- and nanostructures resulted in a su-
perhydrophobic surface on which the condensation occurred in the
dropwise mode. Dropwise condensation results in HTCs up to an
order of magnitude higher than the conventional filmwise conden-
sation. On the surface by Boreyko et al., the droplets spontaneously
jumped off at a droplet size much smaller than for a hydrophobic
surface where the droplets are removed by gravity. On the other
hand, not all superhydrophobic surfaces promotes dropwise con-
densation, but could actually cause a degradation of heat trans-
fer [16]. The surface structures could in this case be flooded by
the condensate, which is then strongly pinned to the surface even
though the applied models predict that the surface is non-wetting.
Dropwise condensation is a dynamic process and the droplets can
nucleate and grow in between the structures, and consequently, be
pinned to a superhydrophobic surface [8]. For this reason, superhy-
drophobic surfaces do not necessarily promote dropwise condensa-
tion.

Both the above mentioned studies, and others examining
micro- and nanostructures for enhanced condensation heat trans-
fer [17,18], have explored the beneficial performance of dropwise
condensation. For low surface tension fluids, however, it is ex-
tremely challenging to obtain dropwise condensation as most con-
densates will flood the nanostructures. Aili et al. [19] studied the
filmwise condensation heat transfer of a low surface tension fluid
on microstructures on aluminium. They found that the heat trans-
fer was unaffected by the microstructures. They also studied how
nanostructures on a mini-fin Cu surface influenced the heat trans-
fer performance. In this case, the heat transfer was reduced on the
nanostructured surface due to solid-liquid friction, which results
in a thicker condensate film on the surface. The heat transfer on
a pure mini-fin Cu surface was, however, higher than on an un-
structured surface, showing that increasing the effective condensa-
tion area was beneficial. The increase in heat transfer due to aug-
mented surfaces is well-established and models describing the ef-
fect of different augmentation geometries have been developed by
Ali [20] and Ali and Briggs [21]. The models include geometrical
parameters in addition to the effect of the ratio between surface
tension and gravity. The latter has a large impact on the flood-
ing of the surface structures, revealing that a low surface tension
fluid is less likely to flood the structures. For such fluids, a surface
augmentation with small pitches between the structures would be
more beneficial than for a high surface tension fluid, such as water.

Even though there are examples of studies on dropwise con-
densation of low surface tension fluids, no such studies exist for
CO,. Even though the refrigerant R134-a has proven to have sim-
ilar flow behavior to CO, [22], the specific heat transfer behavior
of filmwise CO, condensation is lacking. In previous work, using
molecular dynamics simulations, we have investigated the conden-
sation mechanism of CO, on Cu like surfaces [23,24]. Still, exper-
imental studies have not yet been published for condensation of
CO, on structured surfaces. To address this, we have in this work
investigated CO, condensation on one untreated Cu surface and
three micro- and nanostructured Cu based surfaces. The untreated
surface serves as the baseline for the comparison of the heat trans-
fer behavior of the modified surfaces. Of those, two are hierarchical
in scale, with an underlying microstructure covered with nanos-
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tructures. The third substrate is purely nanostructured, with ran-
domly oriented nanoneedles covering the entire surface. The heat
transfer performance of the four substrates are evaluated and com-
pared. The aim of the study is to determine if and how micro- and
nanostructures influence the heat transfer during filmwise conden-
sation of a low surface tension fluid.

The main findings of the work is that the heat transfer is deter-
mined by the competing effect of nanostructures and the reduced
thermal conductivity of CuO. The nanostructures induces a wicking
condensation mode, which increases the heat transfer compared to
filmwise mode, but the reduced thermal conductivity of CuO re-
duces the potential heat transfer increase and the heat transfer is
therefore unaltered when the nanostructure density is high.

This paper is organized as follows. First, we describe the ex-
perimental method applied for measuring the condensation heat
transfer followed by details on the fabrication of the three struc-
tured surfaces. Second, the results are presented along with a dis-
cussion of their meaning and significance. Finally, conclusions are
drawn and some further work is stipulated. The results of a study
of the mechanical durability of the nanostructures as a response to
CO, condensation is included in the Supplementary Information.

2. Method and materials

The experimental method used for measuring heat flux and
HTCs in this work is described in detail in our previous work [25].
A summary of the method and a description of the fabrication
methods for the hierarchical and nanostructured surfaces are given
in this section.

2.1. Experimental method

The experimental method relies on one dimensional heat trans-
port through an insulated Cu cylinder, where a cooling element is
attached to one end, and the investigated surface to the other. Four
type K thermocouples (Omega Engineering) are embedded in the
center of the cylinder to obtain the axial temperature gradient in
the cylinder, which in turn is used to calculate the heat flux. The
uncertainty of the thermocouples provided by the manufacturer is
1 K. To reduce the uncertainty, the thermocouples are cold junc-
tion compensated in a water cooling bath (Julabo) and calibrated
on site in an ice bath. By this procedure the uncertainty is reduced
and taken to be equal to the standard deviation of the measure-
ments in the ice bath calibration, which was 0.02 K.

The cooling element attached to the Cu cylinder is a Cu block
with narrow channels. Within the channels, two phase CO, is
flowed through and evaporated, with a back-pressure regulator en-
suring that the pressure inside the cooling element is the satura-
tion pressure for the desired temperature. In this way, the CO, is
kept at the boiling curve and two phase flow is kept throughout
the cooling element. The temperature on the surface of the cool-
ing element is thus uniform and accurately controlled by a back
pressure regulator (Alicat PC3). The available temperature range is
55 to 20 °C, corresponding to a saturation pressure from 5.7 to
19.7 bar.

The investigated substrate is attached to the Cu cylinder with a
thermal interface material (TIM (Aldrich Chemistry, Silver conduc-
tive paste, 735825-25G)). Prior to attachment, the baseline Cu sur-
face is cleaned with acetone, isopropanol and ethanol (VWR, 99%
reagent grade), in that order. The structured surfaces were cleaned
prior to structure fabrication and kept in closed compartments to
avoid deterioration of the micro- and nanostructures prior to heat
transfer experiments.

The cooling element with the attached cylinder and substrates
are placed in a pressure chamber consisting of a steel pipe closed
off by flanges and bolts. A sight glass is embedded in one flange
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Fig. 1. Photograph of the investigated substrate as seen through the glass in the
end flange of the pressure chamber. The embedded thermocouples are also seen.
The Cu cylinder is enclosed in the teflon insulation and is hidden behind the sub-
strate. A LED strip enlightening the substrate is also shown.

and a high speed camera (Phantom 9.1) is placed close to the glass
for in situ observation of the condensation process. Specifically, the
onset of the condensation is observed. The pressure chamber is
built for pressures up to 20 bar and is filled by pure CO, (5.2, AGA
Scientific Grade) during experiments. A pressure regulator (Alicat
PCD) maintains a constant pressure in the chamber, also during
condensation. The end flange with the see glass and the substrate
within the chamber is shown in Fig. 1.

The temperature in the Cu cylinder is controlled, monitored and
acquired with a LabView™ interface. In addition, the pressure in
the chamber, the temperature of the gas and in the cooling ele-
ment is controlled and monitored by the software.

2.2. Material fabrication and surface description

Four substrates have been investigated in this work: (a) an
untreated Cu plate, (b) a nanostructured Cu surface, (c) and (d)
micro- and nanostructured surfaces with variation in nanostruc-
ture density. All substrates were initially 0.5 mm thick quadratic
(2.5 x 2.5 cm) Cu plates (99.9% purity, Sigma-Aldrich). The base-
line Cu is untreated and has a low intrinsic roughness. The root
mean square (RMS) roughness is measured in a Veelco Dektak 150
profilometer to be 73 nm.

The nanostructured surface is fabricated with an adaption of
the solution immersion technique developed by He et al. [26,27].
The Cu substrate is cleaned with acetone and isopropanol, dried
with nitrogen and immersed into a solution of 0.1 M ammonium
persulfate and 2.5 M sodium hydroxide for 3 M. The surface is
then dried at 120 °C to fully dehydrate the structures, resulting
in a surface with stable CuO nanoneedles, see Fig. 2. The width of
the nanoneedles is on average 175 nm and the average length is
3 pm. The nanoneedles initially grow at nucleation sites with high
surface energy such as spikes and hills on the surface. Therefore,
the underlying surface structure of the Cu surface is observed as
lines with higher nanoneedle density. The nanostructured surface
is henceforth named NS. Note here that the nanoneedles are made
of the oxide corresponding to the substrate metal, i.e. CuO, a point
which will prove to be important for the subsequent condensation
heat transfer analysis.

For fabricating the hierarchical structures, the first step is to
etch micropillars into the Cu substrate by photolithography and
chemical assisted ion beam etch (CAIBE). Photolithography is a
process for transferring a pattern onto a surface by exposing the
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surface covered in a photoreactive material (photoresist) with a
laser in a predefined pattern. The photoresist hardens and works
as a mask for the following etching process. CAIBE is an etch-
ing method for physical sputtering of unprotected material on a
surface. In this work, photoresist micropillars with a diameter of
10 pm were deposited onto the Cu surface. These micropillars
protected the underlying Cu in the CAIBE process, and the mate-
rial around the photoresist was etched. The resulting surface pat-
tern after photolithgraphy and CAIBE are Cu micropillars, shown
in Fig. 3. The micropillars are on average 10 pm in diameter and
1 pm in height. For the two hierarchical surfaces, the exposure
doses in the photolithography process were the only fabrication
difference. One surface, Fig. 3(a), was exposed with a laser with
1700 m] cm~2 energy flux, and the other, Fig. 3(b) was exposed
with 1900 m] cm~2 energy flux. This difference affect the resulting
nanostructure density as described below.

Following the micropillar fabrication, the nanostructures on top
of the microstructures are fabricated in the solution immersion
process described above, with an immersion time of 5 M. The re-
sulting nanoneedles are approximately 10 um long for both sur-
faces. The morphology is different on the surface exposed with
1700 mJ cm~2 and the one exposed with 1900 mJ cm~2. Hence-
forth the first is called S17 and the latter is called S19. The two
surfaces are shown in Figs. 4 and 5, respectively. It is observed that
the nanoneedles grow more uniformly on the S19 surface com-
pared to the S17 surface. On the S17 surface, there is a large varia-
tion in the nanoneedle density across the surface and the nanonee-
dles grow both on the sides and on top of the micropillars. How-
ever, the nanoneedles grown on the top of the micropillars are
shorter. Around the majority of the micropillars the nanoneedles
have grown in the horizontal direction, normal to the micropillar
circumference. At the rest of the micropillars the nanoneedles have
grown in all directions causing dense clusters on the sides and top
of the micropillars. On the S19 surface, the nanoneedles grow, to a
large degree, only on the sides of the micropillars and with a more
uniform and higher density than on S17. On the S17 surface clus-
ters of nanoneedles are observed both on top of and in between
some micropillars. The main difference in growth on S17 and S19
is caused by the robustness of the photoresist that is present at the
top of the micropillars, see Fig. 3. We propose that the difference
in robustness is caused by the difference in exposure dose in the
photolithography step. At the S17 surface the nanoneedles occa-
sionally grow from underneath the photoresist and the photoresist
is lifted off the Cu micropillar. This can be seen in Fig. 4(b). On the
S$19 this behavior is not observed, and as a result, the nanoneedles
only grow from the sides of the micropillar.

The topography and the appearance of the structured surfaces
have been investigated with the use of a Scanning Electron Micro-
scope (SEM, FEI Apreo). The secondary electrons were detected and
a beam current of 0.2 nA and an acceleration voltage of 10 kV were
applied (details on SEM theory can be found in Akhtar et al. [28]).

After preparation in a clean room, the three fabricated surfaces
are carefully handled in closed boxes to ensure that the struc-
tures are not damaged before the heat transfer experiments. When
the substrates are attached to the Cu cylinder in the heat transfer
setup, they are handled with gloves and only touched in two cor-
ners. As the width of the substrates are higher than the diameter
of the cylinder, the surface at which the condensation will occur is
left untouched and the surface structures are the same under the
heat transfer experiments as described in this section. To confirm
the stability of the structures, SEM images were recorded both be-
fore and after the condensation experiments. The results are pre-
sented in the Supplementary Information.
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Fig. 2. Scanning Electron Microscope image of CuO nanoneedles on Cu substrate fabricated by solution immersion for 3 min. This surface is called NS.

(b)

Fig. 3. Cu surface with micropillars after deposition of photoresist and 2 times
etching by CAIBE. The exposure doses in the photolithography step are (a)
1700 mJ cm~2 (S17) and (b) 1900 m] cm~2 (S19). The micropillars’ height is ap-
proximately 1 pm. The width of the base of micropillars in (a) is approx. 10 pm,
and in (b) the base width is approx. 13 um. The dark color of the surfaces of the
micropillars is caused by photoresist residue. In (b) some redeposited Cu is visible
between the micropillars.

2.3. Data reduction

The data acquired in the experiments are the temperatures in
the four thermocouples embedded in the Cu cylinder. The heat flux
and the HTCs that are presented in this work are calculated with
the equations in this section.

The temperature measurements are fitted with a linear equa-
tion relating the temperatures to the location of the thermocou-
ples within the Cu cylinder. The regression gives the temperature
gradient, VT, through the Cu cylinder and the surface temperature
of the investigated substrate, Ty, s, by extrapolation. VT is used to
calculate the total heat flux gror through the cylinder, according to
Eq. (1), where k is the thermal conductivity of Cu.

Qrot = —kVT (1)

The condensation heat flux, which is the portion of the heat
flux that we are interested in, is not equal to the total heat flux
through the cylinder. Some heat is transported through the insula-
tion, some goes to cooling the gas in the pressure chamber prior
to condensation, and some heat is lost internally in the investi-
gated substrate caused by the geometrical mismatch between the
spherical Cu cylinder surface and the quadratic substrates. We as-
sume that the heat loss is independent of the subcooling of the
surface versus the saturation temperature. The condensation heat
flux is therefore found by linearly extrapolating the heat flux data
to zero subcooling, and subtracting the resulting constant value
from each data series. In this way, the condensation heat flux is
zero for zero subcooling, as required. Each experiment is repeated
3-6 times. The exact number is determined by the deviation in the
data from experiment to experiment. After 3 experiments we eval-
uated the consistency in the results and determined if another se-
ries was necessary.

The condensation HTC, h.y,y, is defined by Eq. (2), where Tsq is
the temperature at the given saturation pressure, T, is the sur-
face temperature, giving the subcooling of the substrate Tsqr — Ty -
Tyt is found by using the Span Wagner equation of state [29] with
the pressure in the chamber as input. The NIST Webbook is used
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(b)

Fig. 4. SEM images of the hierarchical Cu/CuO structures for which the micro struc-
tures are fabricated with photolithography with exposure dose of 1700 m] cm~2,
named S17. In (a), an overview of the surface is shown with a 1200 times mag-
nification. In (b), one of the Cu cylinders covered in CuO flakes and nanoneedles
is shown. The nanoneedles grow primarily on the top and on the sides of the mi-
crostructure, however the length of the nanoneedles are much shorter when grow-
ing on the top of the cylinder and the microscale of the Cu cylinders is intact.
Smaller nanostructures, as flakes and needles, are grown at the flat surfaces be-
tween the micropillars.

Table 1
Table with the estimated uncertainties used for calculating the
overall uncertainties in heat flux and subcooling.

Parameter Uncertainty

TC1,TC2,TC3,TC4 +0.0337 K

Prat +0.0875 bar

Tsat +0.2 K

triv 4+0.05 mm

Tours +0-0.35 K (depending on heat flux)
keu +0.013% [31]

x4 —x1 +0.04 mm

for the calculation [30].

Qcond
h = - 2
cond Tsat - Tsurf ( )

2.4. Uncertainty analysis

An uncertainty analysis based on the propagation of errors have
been performed. The resulting expression for the total error in heat
flux, Eq, is presented in Eq. (3), and the total error in subcooling
is shown in Eq. (4). The values used for calculating the errors are
shown in Table 1.

2 2
_ ,—Tq 22 k 2 ,— T, 2
E, = (—dH ) g2 ) B () E (3)
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Fig. 5. SEM images of the hierarchical Cu/CuO structures for which the microstruc-
tures are fabricated with photolithography with exposure dose of 1900 m] cm~2,
named S19. (a) shows an overview of the surface with 1200 times magnification,
where the high density of nanoneedles is evident. (b) shows one of the micro-
cylinders covered in nanoneedles, 6500 times magnification. The nanoneedles grow
mainly on the sides of the cylinders and in all directions partly covering the Cu
surface between the cylinders with horizontal nanoneedles.

EAT = E72;at + E72;urf (4)

Here, E, is the estimated error in Cu thermal conductivity, Er is
the error in the temperature measurements, and E; is the error in
the distance between the thermocouples.

The error in temperature measurements, Et, is estimated based
on the icebath calibration of the thermocouples, using the stan-
dard deviation of the estimated calibration value as a constant er-
ror in the measurements. We have estimated the temperature de-
pendent thermal conductivity of Cu from the correlation presented
by Abu-Eishah [31]. The placement of the thermocouples inside
the Cu cylinder has been measured with a caliper and the error
is therefore assumed to be within 0.02 mm, relating to the small-
est measurable values with a caliper. The error in the saturation
temperature, Ey, is based on the given uncertainty of the pres-
sure controller used to control the pressure in the chamber. The
error in the surface temperature, Er_ - is calculated from the un-

certainty in the thickness of the thermal interface material, tryy.
3. Results

Fig. 6 shows the temperature measurements in the four ther-
mocouples embedded in the Cu cylinder during condensation ex-
periments on the flat Cu at 15 bar. T1 is situated closest to the
cylinder surface and T4 is closest to the cooling element. The tem-
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Fig. 6. Temperature measurements in the cylinder during the condensation of CO, on flat Cu when varying the surface temperature at 15 bar. T1-T4 are the thermocouples
embedded in the cylinder, with T1 closest to the cooling element and T4 closest to the investigated surface. The jumps in time are the time it takes for a new temperature

level to stabilize. Each temperature is kept for 180s.

perature gradient gradually increases with decreasing temperature
in the cylinder. The jumps in time are the time it takes for a new
stable temperature level to be reached. The stable temperatures are
recorded for 3 min for each level of subcooling, and the result-
ing average temperature gradient is used to calculate the heat flux
through the cylinder with Eq. (1).

The condensation heat flux of CO, on Cu, S17, S19, and NS
as functions of subcooling are shown in Fig. 7, with chamber
pressures of 10, 15, and 20 bar. For all saturation pressures, the
CO, condensation heat flux on the S17 substrate is significantly
higher than on the three other substrates. The heat flux is within
the error estimate for Cu, S19 and NS, and no significant difference
between the heat transfer behavior on these surfaces is observed.
For all surfaces and pressures the heat flux increases with increas-
ing subcooling between surface and saturated gas, as expected.

The condensation HTCs calculated from the heat flux data in
Fig. 7 with Eq. (2), are shown in Fig. 8. For subcooling above 1K,
the condensation HTC is nearly independent of subcooling on all
substrates. There is a slight decrease in the condensation HTC on
S17 for increasing subcooling at saturation pressures of 15 and
20 bar, while for 10 bar the HTC is approximately constant for all
levels of subcooling. The condensation HTC is significantly higher
on S17 compared to the other surfaces. At maximum deviation, the
HTC is 66% higher on S17 than the flat Cu, S19 and NS surfaces.
This occurs for 20 bar saturation pressure and approximately 1 K
subcooling.

Along with the much higher values of condensation HTC on S17,
the pressure dependence is also more pronounced for this surface,
as shown in Fig. 9. The increase in HTC is 30% when increasing the
saturation pressure from 10 to 15 bar, while it is 10% for S19, the
structure with the smallest pressure dependence. When increasing
the pressure from 15 to 20 bar, the HTC on Cu, S17 and S19 in-
creases with between 1.6 and 4.2%. The HTC on the NS substrate
decreases with 2.2% between 15 and 20 bar.

4. Discussion

Condensation heat transfer is a complex process and the exact
physical mechanisms of the condensation on nanostructured and
hierarchical structures can not be proved at this moment. Never-

- S17
10 bar

= S19 -+ NS 4 Cu

15 bar

Condensation Heat flux q., kW /m?

20 bar

1.0 1. 2.0

Tsat- T, K

3.0

Fig. 7. Condensation heat flux data for the four investigated substrates at 10, 15,
and 20 bar. Each data point is the average of repeated experiments and the errors
bars are the results of the uncertainty analysis.

theless, there are results from literature that can be looked at for
an indication of the heat transfer behavior on the four substrates.
As seen in the results, the HTC and the heat flux on the unstruc-
tured Cu, the S19 and the NS surfaces are within the uncertainty
range of each other, and therefore considered equal. This is an in-
triguing result, and we suggest that this is caused by three com-
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peting effects: (1) lower thermal conductivity of CuO compared
with Cu, (2) increase in surface area due to the nanostructures
and (3) flooding of the nanostructures. An oxidized metallic surface
generally has a lower thermal conductivity than the pure metal.
This is indeed the case for Cu and CuO, for which the thermal
conductivity decreases from typical values of 400 Wm~! K-! to
33 Wm~! K-! for the oxidized metal [32]. If the thermal conduc-
tivity alone would have been the determining factor, as in Hoenig
et al. [33], the HTC should have been lower on the structured sur-
faces. It is therefore apparent that the surface structures increase
the heat transfer in such a way that they balance the decrease in
thermal conductivity caused by the oxidation. An increase in heat
transfer due to surface structures is attributed to the increased
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CO, condensate

Cu microstructures

CuO nanoneedles

Fig. 10. Sketch of the flooding of the high density nanostructured surfaces, S17 and
NS.

heat transfer area. This is well-known for augmented surfaces such
as fins on tubes [34] and pin-fins on tubes [35]. However, if the
spacing between the surface structures is small, the heat trans-
fer increase due to augmented surface area can be counteracted
by surface flooding. Ali et al. [36] showed that by lowering the
spacing between the surface structures, the effect of increased heat
transfer area is balanced by a heat transfer reduction caused by
flooding. On both the S19 and the NS surfaces the nanoneedle den-
sity is high and the entire structures on the surfaces are therefore
likely completely flooded during condensation. The resulting HTCs
are within the uncertainty range of each other and indistinguish-
able from the HTCs on the unstructured Cu. The increase in heat
transfer caused by the higher area on the surfaces are hence com-
pletely balanced by flooding and the low thermal conductivity of
the CuO nanoneedles. As a consequence, the heat transfer the S19,
NS and untreated Cu resembles conventional filmwise condensa-
tion on flat surfaces as elucidated in Fig. 10. The film thickness on
the S19 and NS surfaces are higher than on the bare Cu surface due
to liquid retention in the flooded areas, but the increase in heat
transfer area balances the increased thermal resistance through the
film.

The S17 surface clearly exhibits a different thermal behavior
than the other surfaces. The heat flux and the HTC are significantly
higher for this surface. The lower nanoneedle density increases the
hierarchical nature of the surface, and reduces the likelihood of
complete flooding. The surface area between the micropillars is
not filled with nanoneedles, as on the S19 surface, and the flat
area is beneficial for the heat transfer. The proposed condensa-
tion mechanism is that the nucleation and spreading of the con-
densate film occurs on the non-structured areas between the mi-
cropillars and that the nanoneedles and the micropillars reduce the
film thickness. The unstructured areas between the micropillars are
not completely flat, and spikes and grooves are available nucleation
sites. The reduced film thickness is a result of a more efficient
drainage of the CO, liquid along the space between the micro-
and nanostructures, compared to the pinned liquid on the S19 and
NS surfaces. Efficient drainage will lead to a thinner CO, liquid
film, which again increases the HTC.

According to the model by Ali et al. [36], flooding is less likely
to occur on the S17 surface due to the larger spacing between the
structures. Returning to the effect of the three competing factors
1), 2) and 3) above, where the latter was related to flooding, the
resulting the HTC is higher on S17 compared to S19 and NS. In
contrast to the work by Aili et al. [19], we here show that an op-
timal combination of micro- and nanostructures is beneficial for
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heat transport in certain cases, and especially when the hierarchi-
cal nature of the surface is pronounced, such as for S17.

The influence of pressure on the heat transfer is highest for
the NS and the S17 surface, which both show a high increase in
the HTC between 10 and 15 bar, see Fig. 9. The S17 surface also
exhibit a slight increase in HTC when reaching 20 bar saturation
pressure, while the HTC on the NS structure decreases between 15
and 20 bar saturation pressure. According to Preston et al. flood-
ing of the nanostructures will occur in wicking condensation at
high values of subcooling due to the high amount of condensate
as the subcooling is increased [37]. When increasing the satura-
tion pressure, on the other hand, the condensate film thickness de-
creases and the HTC increases. Flooding is therefore not the likely
explanation of the apparent saturation of the HTC. The plateau in
the HTC is therefore explained by the fluid properties of CO, and
how these are altered with pressure. Especially, the viscosity is de-
creased with increasing pressure and the result could be a higher
downward flow rate of the liquid. This would again lead to a thin-
ner liquid film and an increased heat transfer. One could imagine
that the liquid flow down the surface deteriorates the nanostruc-
tures, and that this could influence the pressure dependence of
the heat transfer. The nanoneedles could be bent or broken and
flushed down along with the condensate. We have, however, inves-
tigated the surfaces before and after condensation, and find that
both the micropillars and nanoneedles are intact after repeated
condensation experiments. Details can be found in Supplementary
Information.

5. Conclusions and outlook

We have in this work experimentally investigated the heat
transfer behavior of Cu based surfaces during the condensation of
CO,. Three different micro- and nanostructured surfaces have been
fabricated and compared in terms of heat flux and heat transfer
coefficient during the condensation. The surfaces are (1) a purely
nanostructured surface where CuO nanoneedles are grown on a
Cu substrate, (2) a hierarchical surface with Cu micropillars under-
neath CuO nanoneedles with high density, and (3) a surface simi-
lar to the second, but where the nanoneedles are much less dense.
We have shown that when the right balance between structured
and unstructured surface area is found, the outcome is an increase
in the condensation heat transfer. On surfaces with a high density
of CuO nanoneedles, the reduced heat transfer due to lower ther-
mal conductivity of the oxidized surface and increased heat trans-
fer due to the higher effective surface area neutralize each other.
The HTCs are therefore similar on the purely nanostructured sur-
face, the micro- and nanostructured surface with high nanostruc-
ture density, and the flat untreated surface. However, when the
density of the nanostructures is lower, such that the true hierarchi-
cal nature of the surface is more pronounced, the HTC is increased
with maximum 66% compared to the untreated surface. The work
show that surface structures have a potential of increasing conden-
sation heat transfer of CO, if designed and fabricated properly.
The optimal design criteria have yet to be developed, but the path
of hierarchical surfaces is very promising and should be followed
in future work.
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