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Abstract

Phase-change processes such as condensation are efficient means of heat trans-

fer. However, condensation is also an energy-intensive process and extensive

research is conducted to increase the heat transfer efficiency. Increasing the ef-

fective 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 stud-

ied micro- and nanostructured surfaces for their potentials in increasing heat

transfer during condensation of CO2. 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 transfer 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.
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nanostructured surfaces, Cu based surfaces

1. Introduction

Condensation heat transfer performance influences several industrial pro-

cesses and is especially important for heat exchanger technology. CO2 is iden-

tified as an alternative for reducing the usage of fluorine based refrigerants in

heat exchangers and heat pumps due to their negative environmental impact5

[1, 2, 3]. CO2 has a high triple point and low critical point, and has there-

fore 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 CO2

is also a part of Carbon Capture and Storage (CCS), especially as a preprocess10

for ship transport [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 nanostructures on the surface15

[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 related to a higher possible operational limit, and therefore a

better heat transfer performance. The same phenomenon is reported by Nam

et al. [11] and by Saedi and Alemrajabi [12]. The first reported an increase in20

CHF at wicking structures of CuO nanostructures on top of Cu microposts and

the latter reported an increase in both CHF and heat transfer coefficient (HTC)

on anodized Al surfaces. 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 on25

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 wettability towards water, which reduced the size of the
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bubble diameter and increases the release frequency of the bubbles. By these

mechanisms the CHF, and hence the heat transfer efficiency, was increased.30

Chen et al. [14] reported an increased HTC for pool boiling 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 measured on both Cu and Si nanowires are similar to each other

even though the thermal conductivity of the two materials are very different.35

The above results indicate that the heat transfer is dominated by the nucleation

and bubble dynamics, not by the heat conduction, 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 hierar-40

chical surface of Si micropillars covered with carbon nanotubes was investigated

and the nucleation sites increased significantly along with a decrease in wet-

tability [15]. The fabrication of the micro- and nanostructures resulted in a

superhydrophobic surface on which the condensation occurred in the dropwise

mode. Dropwise condensation results in HTCs up to an order of magnitude45

higher than the conventional filmwise condensation. 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 condensation,

but could actually cause a degradation of heat transfer [16]. The surface struc-50

tures 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, superhydrophobic surfaces55

do not necessarily promote dropwise condensation.

Both the above mentioned studies, and others examining micro- and nanos-

tructures for enhanced condensation heat transfer [17, 18], have explored the

beneficial performance of dropwise condensation. For low surface tension fluids,
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however, it is extremely challenging to obtain dropwise condensation as most60

condensates 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 transfer was unaffected by the microstruc-

tures. They also studied how nanostructures on a mini-fin Cu surface influenced

the heat transfer performance. In this case, the heat transfer was reduced on65

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 unstructured surface, showing that increasing

the effective condensation area was beneficial. The increase in heat transfer due

to augmented surfaces is well-established and models describing the effect of70

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 flooding of the surface structures, revealing that a low surface tension

fluid is less likely to flood the structures. For such fluids, a surface augmentation75

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 condensation of low

surface tension fluids, no such studies exist for CO2. Even though the refrigerant

R134-a has proven to have similar flow behavior to CO2 [22], the specific heat80

transfer behavior of filmwise CO2 condensation is lacking. In previous work,

using molecular dynamics simulations, we have investigated the condensation

mechanism of CO2 on Cu like surfaces [23, 24]. Still, experimental studies have

not yet been published for condensation of CO2 on structured surfaces. To

address this, we have in this work investigated CO2 condensation on one un-85

treated Cu surface and three micro- and nanostructured Cu based surfaces. The

untreated surface serves as the baseline for the comparison of the heat transfer

behavior of the modified surfaces. Of those, two are hierarchical in scale, with

an underlying microstructure covered with nanostructures. The third substrate

is purely nanostructured, with randomly oriented nanoneedles covering the en-90
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tire surface. The heat transfer performance of the four substrates are evaluated

and compared. The aim of the study is to determine if and how micro- and

nanostructures influence the heat transfer during filmwise condensation of a low

surface tension fluid.

The main findings of the work is that the heat transfer is determined by95

the competing effect of nanostructures and the reduced thermal conductivity

of CuO. The nanostructures induces a wicking condensation mode, which in-

creases the heat transfer compared to filmwise mode, but the reduced thermal

conductivity of CuO reduces the potential heat transfer increase and the heat

transfer is therefore unaltered when the nanostructure density is high.100

This paper is organized as follows. First, we describe the experimental

method applied for measuring the condensation heat transfer followed by de-

tails on the fabrication of the three structured surfaces. Second, the results are

presented along with a discussion of their meaning and significance. Finally,

conclusions are drawn and some further work is stipulated. The results of a105

study of the mechanical durability of the nanostructures as a response to CO2

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 method110

and a description of the fabrication methods for the hierarchical and nanostruc-

tured surfaces are given in this section.

2.1. Experimental method

The experimental method relies on one dimensional heat transport through

an insulated Cu cylinder, where a cooling element is attached to one end, and the115

investigated surface to the other. Four type K thermocouples (Omega Engineer-

ing) 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 un-

certainty of the thermocouples provided by the manufacturer is 1K. To reduce
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the uncertainty, the thermocouples are cold junction compensated in a water120

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 measurements in the ice bath calibration, which was 0.02K.

The cooling element attached to the Cu cylinder is a Cu block with narrow

channels. Within the channels, two phase CO2 is flowed through and evap-125

orated, with a back-pressure regulator ensuring that the pressure inside the

cooling element is the saturation pressure for the desired temperature. In this

way, the CO2 is kept at the boiling curve and two phase flow is kept through-

out the cooling element. The temperature on the surface of the cooling element

is thus uniform and accurately controlled by a back pressure regulator (Alicat130

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 conductive paste, 735825-

25G)). Prior to attachment, the baseline Cu surface is cleaned with acetone,135

isopropanol and ethanol (VWR, 99% reagent grade), in that order. The struc-

tured 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 in140

a pressure chamber consisting of a steel pipe closed off by flanges and bolts. A

sight glass is embedded in one flange 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 CO2 (5.2, AGA Scientific145

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 Figure 1.

The temperature in the Cu cylinder is controlled, monitored and acquired

with a LabViewTM interface. In addition, the pressure in the chamber, the150
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Figure 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 substrate. A LED strip enlightening

the substrate is also shown.
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temperature of the gas and in the cooling element 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 nanostructured155

surfaces with variation in nanostructure density. All substrates were initially

0.5mm thick quadratic (2.5x2.5 cm) Cu plates (99.9% purity, Sigma-Aldrich).

The baseline 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.160

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 3min. The

surface is then dried at 120 °C to fully dehydrate the structures, resulting in a165

surface with stable CuO nanoneedles, see Figure 2. The width of the nanoneedles

is on average 175 nm and the average length is 3 µm. 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 surface170

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 micropil-

lars into the Cu substrate by photolithography and chemical assisted ion beam175

etch (CAIBE). Photolithography is a process for transferring a pattern onto a

surface by exposing the surface covered in a photoreactive material (photore-

sist) with a laser in a predefined pattern. The photoresist hardens and works

as a mask for the following etching process. CAIBE is an etching method for

physical sputtering of unprotected material on a surface. In this work, photore-180
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Figure 2: Scanning Electron Microscope image of CuO nanoneedles on Cu substrate fabricated

by solution immersion for 3 minutes. This surface is called NS.

sist micropillars with a diameter of 10 µm were deposited onto the Cu surface.

These micropillars protected the underlying Cu in the CAIBE process, and the

material around the photoresist was etched. The resulting surface pattern af-

ter photolithgraphy and CAIBE are Cu micropillars, shown in Figure 3. The

micropillars are on average 10 µm in diameter and 1 µm in height. For the two185

hierarchical surfaces, the exposure doses in the photolithography process were

the only fabrication difference. One surface, Figure 3(a), was exposed with a

laser with 1700mJ cm−2 energy flux, and the other, Figure 3(b) was exposed

with 1900mJ cm−2 energy flux. This difference affect the resulting nanostruc-

ture density as described below.190

Following the micropillar fabrication, the nanostructures on top of the mi-

crostructures are fabricated in the solution immersion process described above,

with an immersion time of 5min. The resulting nanoneedles are approximately

10 µm long for both surfaces. The morphology is different on the surface ex-

posed with 1700mJ cm−2 and the one exposed with 1900mJ cm−2. Henceforth195

the first is called S17 and the latter is called S19. The two surfaces are shown
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(a)

(b)

Figure 3: Cu surface with micropillars after deposition of photoresist and 2 times etching by

CAIBE. The exposure doses in the photolithography step are (a) 1700mJ cm−2 (S17) and

(b) 1900mJ cm−2 (S19). The micropillars’ height is approximately 1µm. The width of the

base of micropillars in (a) is approx. 10µm, and in (b) the base width is approx. 13µm. The

dark color of the surfaces of the micropillars is caused by photoresist residue. In (b) some

redeposited Cu is visible between the micropillars.
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in Figures 4 and 5, respectively. It is observed that the nanoneedles grow more

uniformly on the S19 surface compared to the S17 surface. On the S17 surface,

there is a large variation in the nanoneedle density across the surface and the

nanoneedles grow both on the sides and on top of the micropillars. However,200

the nanoneedles grown on the top of the micropillars are shorter. Around the

majority of the micropillars the nanoneedles have grown in the horizontal direc-

tion, 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 large205

degree, only on the sides of the micropillars and with a more uniform and higher

density than on S17. On the S17 surface clusters 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 Figure 3. We propose that the difference in210

robustness is caused by the difference in exposure dose in the photolithography

step. At the S17 surface the nanoneedles occasionally grow from underneath

the photoresist and the photoresist is lifted off the Cu micropillar. This can be

seen in Figure 4(b). On the S19 this behavior is not observed, and as a result,

the nanoneedles only grow from the sides of the micropillar.215

The topography and the appearance of the structured surfaces have been

investigated with the use of a Scanning Electron Microscope (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 [28]).220

After preparation in a clean room, the three fabricated surfaces are carefully

handled in closed boxes to ensure that the structures 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 corners. As the width of the substrates are higher than the diameter of225

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
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(a)

(b)

Figure 4: SEM images of the hierarchical Cu/CuO structures for which the micro structures

are fabricated with photolithography with exposure dose of 1700mJ cm−2, named S17. In (a),

an overview of the surface is shown with a 1200 times magnification. 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 microstructure, however the length of the nanoneedles are

much shorter when growing 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 between

the micropillars.
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(a)

(b)

Figure 5: SEM images of the hierarchical Cu/CuO structures for which the microstructures

are fabricated with photolithography with exposure dose of 1900mJ 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 microcylinders 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.
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described in this section. To confirm the stability of the structures, SEM images

were recorded both before and after the condensation experiments. The results

are presented in the Supplementary Information.230

2.3. Data reduction

The data acquired in the experiments are the temperatures in the four ther-

mocouples 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 equation relating the235

temperatures to the location of the thermocouples within the Cu cylinder. The

regression gives the temperature gradient, ∇T , through the Cu cylinder and the

surface temperature of the investigated substrate, Tsurf , by extrapolation. ∇T

is used to calculate the total heat flux qtot through the cylinder, according to

Equation (1), where k is the thermal conductivity of Cu.240

qtot = −k∇T (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 insulation, some goes to cooling the gas in the

pressure chamber prior to condensation, and some heat is lost internally in the

investigated substrate caused by the geometrical mismatch between the spheri-245

cal Cu cylinder surface and the quadratic substrates. We assume that the heat

loss is independent of the subcooling of the surface versus the saturation temper-

ature. 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 zero250

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 evaluated the consistency in the results

and determined if another series was necessary.
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The condensation HTC, hcond, is defined by Equation (2), where Tsat is the255

temperature at the given saturation pressure, Tsurf is the surface temperature,

giving the subcooling of the substrate Tsat − Tsurf . Tsat is found by using the

Span Wagner equation of state [29] with the pressure in the chamber as input.

The NIST Webbook is used for the calculation [30].

hcond =
qcond

Tsat − Tsurf
(2)

2.4. Uncertainty analysis260

An uncertainty analysis based on the propagation of errors have been per-

formed. The resulting expression for the total error in heat flux, Eq, is presented

in Equation (3), and the total error in subcooling is shown in Equation (4). The

values used for calculating the errors are shown in Table 1.

Eq =

√(
T4 − T1

d1−4

)2

E2
k + 2

(
k

d1−4

)2

E2
T +

(
T4 − T1

d2
1−4

)2

E2
d (3)

E∆T =
√
E2

Tsat
+ E2

Tsurf
(4)

Here, Ek is the estimated error in Cu thermal conductivity, ET is the error265

in the temperature measurements, and Ed is the error in the distance between

the thermocouples.

The error in temperature measurements, ET , is estimated based on the ice-

bath calibration of the thermocouples, using the standard deviation of the es-

timated calibration value as a constant error in the measurements. We have270

estimated the temperature dependent thermal conductivity of Cu from the cor-

relation presented by Abu-Eishah [31]. The placement of the thermocouples

inside the Cu cylinder has been measured with a caliper and the error is there-

fore assumed to be within 0.02mm, relating to the smallest measurable values

with a caliper. The error in the saturation temperature, ETsat
, is based on the275

given uncertainty of the pressure controller used to control the pressure in the

chamber. The error in the surface temperature, ETsurf
, is calculated from the

uncertainty in the thickness of the thermal interface material, tTIM .
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Table 1: Table with the estimated uncertainties used for calculating the overall uncertainties

in heat flux and subcooling.

Parameter Uncertainty

TC1, TC2, TC3, TC4 ±0.0337K

Psat ±0.0875 bar

Tsat ±0.2K

tTIM ±0.05mm

Tsurf ±0-0.35K (depending on heat flux)

kCu ±0.013% [31]

x4− x1 ±0.04mm

3. Results

Figure 6 shows the temperature measurements in the four thermocouples280

embedded in the Cu cylinder during condensation experiments on the flat Cu

at 15 bar. T1 is situated closest to the cylinder surface and T4 is closest to the

cooling element. The temperature 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 recorded285

for 3 minutes for each level of subcooling, and the resulting average temperature

gradient is used to calculate the heat flux through the cylinder with Equation

(1).

The condensation heat flux of CO2 on Cu, S17, S19, and NS as functions

of subcooling are shown in Figure 7, with chamber pressures of 10, 15, and290

20 bar. For all saturation pressures, the CO2 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 increasing subcooling between surface295

and saturated gas, as expected.

The condensation HTCs calculated from the heat flux data in Figure 7 with
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Figure 6: Temperature measurements in the cylinder during the condensation of CO2 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 180 s.

Equation (2), are shown in Figure 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 saturation300

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 1K subcooling.305

Along with the much higher values of condensation HTC on S17, the pressure

dependence is also more pronounced for this surface, as shown in Figure 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 on310

Cu, S17 and S19 increases with between 1.6 and 4.2%. The HTC on the NS

substrate decreases with 2.2% between 15 and 20 bar.
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Figure 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.
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and 20 bar. Refer to Figure 7 for uncertainty of experiments.
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Figure 9: The condensation HTC as a function of saturation pressure for the four investigated

materials: flat Cu, S17, S19 and NS. The subcooling is 1.7K in all cases.

4. Discussion

Condensation heat transfer is a complex process and the exact physical mech-

anisms of the condensation on nanostructured and hierarchical structures can315

not be proved at this moment. Nevertheless, 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 un-

structured Cu, the S19 and the NS surfaces are within the uncertainty range

of each other, and therefore considered equal. This is an intriguing result, and320

we suggest that this is caused by three competing 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 sur-

face generally has a lower thermal conductivity than the pure metal. This is

indeed the case for Cu and CuO, for which the thermal conductivity decreases325

from typical values of 400Wm−1 K−1 to 33Wm−1 K−1 for the oxidized metal

[32]. If the thermal conductivity alone would have been the determining factor,

as in [33], the HTC should have been lower on the structured surfaces. It is
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Figure 10: Sketch of the flooding of the high density nanostructured surfaces, S17 and NS.

therefore apparent that the surface structures increase the heat transfer in such

a way that they balance the decrease in thermal conductivity caused by the330

oxidation. An increase in heat transfer due to surface structures is attributed

to the increased 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 transfer increase due to aug-

mented surface area can be counteracted by surface flooding. Ali et al. [36]335

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 density is high

and the entire structures on the surfaces are therefore likely completely flooded

during condensation. The resulting HTCs are within the uncertainty range of340

each other and indistinguishable from the HTCs on the unstructured Cu. The

increase in heat transfer caused by the higher area on the surfaces are hence

completely 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 condensation on flat surfaces as elucidated345

in Figure 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.
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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.350

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 condensation mechanism is that

the nucleation and spreading of the condensate film occurs on the non-structured355

areas between the micropillars 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 CO2 liquid

along the space between the micro- and nanostructures, compared to the pinned360

liquid on the S19 and NS surfaces. Efficient drainage will lead to a thinner CO2

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 latter365

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

optimal combination of micro- and nanostructures is beneficial for heat trans-

port in certain cases, and especially when the hierarchical nature of the surface

is pronounced, such as for S17.370

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 Figure 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 et375

al. flooding 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 saturation pressure, on the other hand,

the condensate film thickness decreases and the HTC increases. Flooding is
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therefore not the likely explanation of the apparent saturation of the HTC. The380

plateau in the HTC is therefore explained by the fluid properties of CO2 and

how these are altered with pressure. Especially, the viscosity is decreased with

increasing pressure and the result could be a higher downward flow rate of the

liquid. This would again lead to a thinner liquid film and an increased heat

transfer. One could imagine that the liquid flow down the surface deteriorates385

the nanostructures, 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, investigated the surfaces before

and after condensation, and find that both the micropillars and nanoneedles

are intact after repeated condensation experiments. Details can be found in390

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 CO2. Three different micro-

and nanostructured surfaces have been fabricated and compared in terms of395

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 underneath CuO

nanoneedles with high density, and 3) a surface similar to the second, but where

the nanoneedles are much less dense. We have shown that when the right bal-400

ance 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 thermal conductivity

of the oxidized surface and increased heat transfer due to the higher effective

surface area neutralize each other. The HTCs are therefore similar on the purely405

nanostructured surface, the micro- and nanostructured surface with high nanos-

tructure density, and the flat untreated surface. However, when the density of

the nanostructures is lower, such that the true hierarchical nature of the surface
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is more pronounced, the HTC is increased with maximum 66% compared to

the untreated surface. The work show that surface structures have a poten-410

tial of increasing condensation heat transfer of CO2 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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Supplementary Information

Mechanical stability

We have conducted a small study to investigate the mechanical abrasion420

of the nanostructures caused by the low temperature, the elevated pressures

or the condensation itself. The hypothesis was that the nanostructures could

withstand the pressure, the temperatures and the flow of liquid CO2. To inves-

tigate this we imaged the surfaces in a SEM before and after conducting the

condensation experiments. The images show that the nanostructures are intact425

after condensation, and that no noticeable alteration of the surfaces could be

detected. SEM images recorded before and after the condensation experiments

are shown in Figure 11.
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(a) (b)

(c) (d)

(e) (f)

Figure 11: SEM images of the three structured surfaces that have been fabricated and investi-

gated in this work. The left column ((a), (c), and (e)) are images recorded before condensation

and the right column ((b), (d) and (f)) are recorded after the condensation. (a) and (b) are

images of the NS surface, (c) and (d) of the S17 surface and (e) and (f) of the S19 surface. The

different appearance of the images in the right and left column is solely due to the difference

in contrast and brightness settings of the SEM.
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