Pool boiling of refrigerants over nanostructured and roughened tubes
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ABSTRACT

This study investigated the heat transfer performance of three nanostructured surfaces and two plain surfaces:
one roughened and one polished during the saturated pool boiling of refrigerants R-134a at 5and 25 °C and
R-245fa at 20 °C. Nanocoatings were applied to polished copper tubes through a layer-by-layer (LbL) process that
deposited silica nanoparticles, a chemical oxidation process where an intertwined mat of sharp copper oxide (CuO)
structures were generated and a commercial nanocoating process (nanoFLUX). A polished copper tube and a
roughened copper tube were tested as comparison cases. All tubes were tested in the horizontal position in pool
boiling over heat fluxes of 20 to 100 kW/m?, followed by a further increase in heat flux in an attempt to reach critical
heat flux. The tubes were internally water heated and Wilson plots were conducted to characterise the internal heat
transfer characteristics. The nanoFLUX surface had the highest heat transfer coefficients, the LbL and polished
surfaces had the lowest heat transfer coefficients, and the CuO and roughened surfaces had intermediate heat transfer
coefficients. The nanoFLUX surface had between 40 and 200% higher heat transfer coefficients than those of the
polished tubes. Both roughened tubes and nanocoated tubes showed typical exponentially increased heat transfer
coefficients as heat flux was increased. However, the nanoFLUX and CuO surfaces displayed more heat flux sensitivity
compared with the other surfaces. The nanoFLUX surfaces outperformed the other nanostructured surfaces due to a
higher nucleation site density and outperformed the roughened tube due to a unique heat transfer mechanism. The
nanoFLUX and CuO surfaces also experienced reduced critical heat flux compared with plain surfaces, thought to be
caused by the trapping of vapour in the fibrous nanostructures, resulting in reduced wetting in the Cassie-Baxter state.
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Nomenclature
a Fitting coefficient
C Wilson plot modifier coefficient
Cp Specific heat capacity
D Diameter
f Friction factor
h Heat transfer coefficient
K Enhancement ratio
k Thermal conductivity
m Fitting exponent
m Mass flow rate
n Nucleation site density
Prw Prandtl number of heating water, Cowitw
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pr Reduced pressure

q Heat flux
Ra Arithmetic mean roughness
R Thermal resistance
Rew Reynolds number of water in tube, S, —
n(Di"'Dprobe):“w
T Temperature
U Overall heat transfer coefficient
b'¢ Coordinate dimension along the length of the tube
U Dynamic viscosity
Subscripts
h Hydraulic
i Inner
measured  Experimentally measured
0 Outer
plain Plain surface
polished Relative to the polished tube
probe Heating water temperature probe
sat Saturated refrigerant
w Water
ws Wall superheat
wall Tube wall
Abbreviations
AFM Atomic force microscopy
CHF Critical heat flux
Cu0 Copper oxide
HTC Heat transfer coefficient
LbL Layer-by-layer
SEM Scanning electron microscope
SiO2 Silicon dioxide/Silica
TiO2 Titanium dioxide

1. Introduction

Enhancement of boiling heat transfer is a continued goal of heat transfer research in order to enable or promote a
diverse range of technologies. It can lead to more efficient and economically favourable energy systems, from small
footprint refrigeration systems to more affordable solar power plants [1]. The passive enhancement of boiling through
surface modification has been conducted for decades through the addition of microstructures such as fins to increase
the heat transfer area or re-entrant cavities [2], as well as the roughening of surfaces [3] to increase nucleation site
density. Nanostructures offer the opportunity to passively modify and enhance boiling through new mechanisms not
previously available, with a wide variety of structures created to meet this end [4-6].

Nanostructured surfaces can improve or worsen heat transfer compared with plain surfaces. Some of the earliest
creations of nanostructured surfaces were through the surface deposition of nanoparticles during the boiling of
nanofluids. At times, this produced improved heat transfer, with increased roughness and thus increased nucleation
site densities, or worsened heat transfer with nanoparticles filling roughness or adding a low thermal conductivity
layer on top of the surface [7]. Subsequently, various nanostructures were created through chemical and mechanical
means with varying influences on boiling heat transfer [4,5]. Improvements were attributed to increased roughness
of the surfaces, capillary pumping of liquid to nucleation sites by wickable surfaces, positively modifying bubble
dynamics, and surfaces with lower wettability activating a greater number of nucleation sites [4-6]. Deterioration in
heat transfer was typically attributed to lower nucleation site densities caused by either lower surface roughness or
the flooding of nucleation sites through increased wettability [5,6,8].

The critical heat flux (CHF) of a surface was generally shown to increase with the presence of nanostructures
compared with plain surfaces when boiling water [4,5]. This improved CHF performance was attributed to
mechanisms such as improved wettability of the surfaces [6], increased contact line length of the bubble due to
increased roughness [9] and improved wickability of the surfaces [10-12], all delaying the creation of a vapour
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blanket. Given the wide ranges of nanostructured surfaces produced, it is possible that the relevance of these
mechanisms varies for each type of surface.

Previous studies were conducted on the surfaces used in this study, but only with water at atmospheric pressure
on flat surfaces or wires. The CuO surface used in this study was found to produce either lower [9] or equivalent heat
transfer [13] to plain surfaces when boiling water at atmospheric pressure. Rahman et al. [13] conducted a water
pool-boiling study where infrared high-speed thermometry was used to measure the time-dependent heat flux
distribution at the bubble footprints. They observed that the bubble base diameters were larger on the CuO surface
than on the plain surface. The CuO surface also had a lower bubble departure frequency and lower nucleation site
density than those of the plain surface, despite similar heat transfer coefficients (HTCs). Dryout was observed to be
reduced underneath the growing bubbles on the CuO surface, with the evaporation of liquid underneath the bubbles
supplied by capillary wicking put forward as the cause. This provided an additional heat flux pathway compared with
the plain surface, increasing heat transfer at nucleation sites. The CuO surface was found to increase the CHF [9,13],
with the authors suggesting that this was caused by the high surface roughness providing a pinning force to prevent
dryout [9] or the high wickability of the surface supplying fresh liquid that prevented the onset of dryout and the
subsequent formation of a vapour blanket [13].

The LbL nanoparticle coating method implemented in this study was used to produce hydrophilic and hydrophobic
coatings for the pool boiling of water on nickel wires [14]. Compared with the uncoated wire, the heat transfer
improved for the hydrophobic wire and worsened for the hydrophilic wire, despite the coating producing similar
roughness. Images show that, compared with the uncoated wire, the hydrophobic wire had more nucleation sites and
the hydrophilic wire had fewer nucleation sites. Therefore, the wettability of the surfaces appeared to play a major
role in the heat transfer, either flooding or activating cavities. However, the CHF was increased by both the
hydrophobic and hydrophilic coating and increased with nanocoating layer thickness. Further studies on LbL surfaces
by O’Hanley et al. [15] found no significant influence of the wettability of plain smooth surfaces on the CHF, nor the
surface roughness of plain or nanocoated surfaces. However, the porosity and wettability of nanostructured surfaces
were found to influence the CHF, with hydrophobic porous structures decreasing the CHF and hydrophilic porous
structures increasing the CHF. O’Hanley et al. [15] concluded that capillary wicking appeared to play a significant role
in the CHF. Tetreault-Friend et al. [16] found that there was an optimum layer thickness for maximum CHF
enhancement by the porous LbL surfaces. They proposed that competition between capillary wicking and conduction
heat transfer within the porous layer determined the optimal porous layer thickness and subsequent magnitude of
CHF enhancement.

Studies of the pool boiling of refrigerants or similar organic fluids on nanostructured surfaces are relatively rare,
as evident in the reviews of the topic [4-6]. Heat transfer was worsened when Trisaksri and Wongwises [17] added
titanium dioxide (TiOz) nanoparticles to refrigerant R-141b for the pool boiling on a cylindrical copper tube.
Considering that their tube was sandblasted and thus had a relatively high roughness (Rs of 3.14 um), it is likely that
the nanoparticles deposited on the surface reduced the roughness and number of active nucleation sites. The heat
transfer of plain surfaces was improved in some studies when nanostructures were added to the pool boiling of
refrigerants [18] and Fluorinerts [19-21], and the flow boiling of Fluorinerts [22], with authors attributing this to
increased nucleation site density caused by the particular nanocoatings used. In some cases, the nanostructures only
improved the heat transfer at higher heat fluxes, while at lower heat fluxes, the plain surfaces were comparable or
better than the nanostructured surface [12,23].

The influence of nanostructured surfaces on the CHF when boiling organic fluids has been mixed. The CHF was increased
compared with that of plain surfaces in some studies of pool boiling of Fluorinerts [19,20] with Kumar et al. [20]
having measured that the copper nanowires used in their study lowered the contact angle of FC-72 from 15° to less
than 5°. They attributed the enhanced CHF to improved wetting, combined with capillary wicking, i.e. providing liquid
replenishment to nucleation sites. Liu et al. [12] found that the CHF stayed the same in the pool boiling of
n-pentane on a nanoparticle-coated surface, while the CHF improved for combined nano-microstructured surfaces.
High-speed videos showed that the nanoparticle-coated and plain surfaces had similar droplet-spreading abilities,
while the nano-microstructured surfaces showed improved droplet spreading. This metric of liquid spreading used
by Liu etal. [12] could be related to the wickability of the surface, considering that both liquid spreading and the
capillary wicking of liquid involve adhesive forces between the liquid and the surfaces.

The CHF decreased compared with that of plain surfaces for studies of nanowire-coated surfaces in the flow
boiling [22,24] and pool boiling [23] of Fluorinert FC-72 by values of between 20 and 30%, despite two of the studies
reflecting improvements in CHF when boiling the nanowire-coated surfaces in water [22,24]. Shin et al. [24] and
Zimmermann et al. [23] measured FC-72 contact angles that increased by between 5 and 7° when nanostructures
were added to a plain surface, which the authors suggested was part of the reason for the reduced CHF of these
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surfaces in FC-72. However, Kim et al. [22] recorded a reduction in the CHF through the addition of nanowires in
FC-72 despite the nanowires lowering the contact angle by 3°. This lowered CHF was also attributed to the reduced
wicking ability of FC-72 compared with water due to its lower surface tension [22,24], as well as the possibility that
nanowires hindered vapour removal from the surface [23,24].

Most pool-boiling heat transfer studies on nanostructured surfaces were conducted with water on flat plates at
atmospheric pressure [4-8,25]. Very little work has been done on the outside surface of circular tubes with
dimensions similar to those used in commercial systems such as chillers. For highly wetting fluids, such as
refrigerants, the mechanisms involved in nanostructured surface boiling are thus not well understood. To understand
the potential of nanostructured surfaces in the refrigerant industry, this study conducted pool-boiling tests with
refrigerants R-134a and R-245fa on the outside of horizontal water-heated tubes at three reduced pressures with
three nanostructured surfaces and two plain surfaces (one roughened and one polished). The pool boiling data of the
polished and roughened surfaces in R-134a has been presented previously in Bock et al. [26].

2. Experimental and tube setup
2.1. Experimental setup

The testing took place according to the detailed description given in Bock et al. [26] and is briefly described here.
A schematic of the test apparatus is shown in Figure 1. Tubes were placed in a test chamber and submerged in a pool
of liquid refrigerant. Vapour produced during boiling of the refrigerant travelled under the action of buoyancy to the
overhead condenser, where it was condensed and returned to the bottom of the apparatus, from where a refrigerant
pump returned the liquid to the liquid pool in the test chamber.

Tubes were internally heated by water for a heated length of 568 mm and tested individually. The saturation
pressure of the refrigerant was measured with pressure transducers and compared with thermocouple readings to
ensure that minimal non-condensable gases were present. The temperature profile of the water along the length of
the tube was measured with the aid of a custom-developed thermocouple probe placed inside the tubes. This
temperature profile was used to calculate the instantaneous heat flux at the centre of the tube.

The test chamber was fitted with windows on the front and back, which allowed for visual access. The boiling of
the tubes was recorded with a Photron FASTCAM Mini UX100 high-speed video camera at 2 000 fps with the aid of
front and back lighting with GS Vitec PT high-power white LEDs and a Tonica AT-X 100 mm 2.8 macro lens.
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Figure 1: Schematic of the refrigerant loop, test chamber and test section tubes (12) (taken from Bock et al. [26])

Refrigerants and operating conditions were chosen so that tests could be conducted across a wide range of reduced
pressure values, while operating within the capabilities of the experimental facility. Reduced pressure is a key
correlating parameter within a number of widely used pool-boiling correlations to account for fluid influences in pool-
boiling heat transfer based on the theorem of corresponding states [27,28].

Thus, the lower-pressure refrigerant R-245fa and the higher-pressure refrigerant R-134a were chosen to allow
for a range of reduced pressure values. Tests were conducted at three different reduced pressure values, namely a
reduced pressure, pr, of 0.034 in refrigerant R-245fa at a saturation temperature of 20 °C and a pr of 0.086 and 0.160
in refrigerant R-134a at saturation temperatures of 5 and 25 °C, respectively.
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The nominal heat flux range was 20 to 100 kW/mz2. The tube was subjected to a heat flux greater than 100 kW/m?2
at the beginning of a test to ensure no hysteresis influence. After the heat flux range was completed, the heat flux was
increased to the maximum value that the experimental rig could produce to determine if the CHF could be reached.

2.2. Test section surfaces

Tests were conducted on a polished, a roughened and three nanostructured copper tubes with outer diameters of
19.05 mm (nominally 3/4” tubing). The polished and roughened surfaces were prepared by sanding a commercially
available smooth hard drawn copper tube along its longitudinal axis with grit 1200 and 40 sandpapers respectively.
The resulting mean arithmetic roughness, Rqs, measured across the grain with a diamond tip profilometer (Mitutoyo
SJ Surftest 210) was 0.17 and 1.37 pum, respectively. Further details can be found in Bock et al. [26].

Three nanocoatings were applied to copper tubes that had first been polished with grit 1200 sandpaper. The LbL
coating process was developed by Cebeci et al. [29] with the tube alternatively dipped in a silica (SiO2) nanoparticle
solution and a polymer solution. This process was repeated 50 times to create a nominally 50-layer thick coating. This
was achieved with an automated dipping machine with the tube constantly axially rotated to ensure an even
distribution of nanoparticles. The CuO nanocoated surface was achieved through a chemical oxidation process by the
immersion of the tube in an alkali solution for 10 minutes and rotated manually to ensure an even distribution of
nanostructures. The alkali solution is described by Nam and Ju [30] as their Type I solution . The nanoFLUX® surface
is a commercial process.

Scanning electron microscope (SEM) images of all three nanostructured surfaces are shown in Figure 2. The
polished and roughened tubes had longitudinal grooves along the length of the tube, with the grooves of the
roughened surface being larger than those of the polished surface. The LbL surface had very small surface structures
compared with the other nanocoatings, with a layer thickness of approximately 0.4 to 0.5 um. It can be noted in the
images of the LbL coating that the surface was not very porous, and the nanoparticles appeared to clump together.
The CuO and nanoFLUX surface both produced an intertwined fibrous mat of sharp needle-like or dendritic
extrusions. The CuO coating was approximately 2 to 3 pm thick. The nanoFLUX extrusions is shown on a larger scale
than those of the other surfaces. The SEM images of samples taken around the circumference of the tubes showed
similar nanostructures, suggesting that an even coating was applied to all the tubes.
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Figure 2: SEM images of test section surfaces (a and b taken from Bock et al. [26] )

The roughness of the nanostructured surfaces could not be measured by the profilometer as the tip scratched the
coatings. Atomic force microscopy (AFM) was used to measure the surface profiles, with the results of the polished
and LbL surfaces shown in Figure 3. The AFM scans show the grooves on the polished surface and show that the
nanoparticles of the LBL coating process appear to have, at times, clumped together to form local valleys and troughs.
The AFM scans of the nanoFLUX and CuO surfaces failed to produce realistic images when compared with the SEM
information due to the high aspect ratio of these surface structures.
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(a) Polished (b) LbL
Figure 3: AFM scans of test section surfaces

The nanostructured coatings added minimal thermal resistance to the tubes, because the LbL and CuO coatings
increased the total thermal resistance of the tube wall by less than 0.1%, based on thermal resistance calculations
using the thicknesses given in Figure 2 and assuming that they were solid layers of Si0z and CuO, respectively.

The CuO nanocoated surface showed significant changes to its wettability during the study. Immediately after
coating the tube, the CuO surface was very hydrophilic, with contact angles measured with water in air of less than 5°.
Once testing started, the surface showed very low HTCs, most likely due to the high wettability flooding potential
nucleation sites. Over the initial two hours of testing, the HTCs increased and then stabilised for the remainder of the
study. Subsequent testing of the contact angle of water in air of the CuO surface showed that the surface had become
hydrophobic, with contact angles now greater than 90°. The change of the wettability of the CuO surface in water was
likely through the adsorption of the organic refrigerant onto the surface as described previously [31,32]. All data
recorded in this study was after boiling the surfaces for a number of hours in refrigerant to ensure they were all in a
stable ‘aged’ condition.

Contact angles of approximately 20° were measured on all surfaces after ageing with R-245fa in air at atmospheric
temperatures of approximately 25 °C with the aid of the images from a high-speed video camera analysed with a low-
bond axisymmetric drop shape algorithm [33] implemented in the Image] software program [34]. The rapid
evaporation of the fluid introduced significant noise. No statistically significant differences between the contact angles
of the surfaces could therefore be detected with this measurement method. The refrigerant was thus able to wet all
the surfaces and was likely in the Wenzel wetting state [35] at these test conditions. It should be noted that previous



tests conducted with the CuO surface in water-boiling studies had been in a superhydrophilic state (contact angle of
~0°) [13].

In this study, the CuO surface was still well wetted by the refrigerant, but to a lesser extent (contact angle of ~20°).
The measured contact angles of all the surfaces in the aged condition for water in air are shown in Table 1. The CuO
and nanoFLUX surfaces were hydrophobic to water with the needle-like fibrous structures on the surfaces likely
trapping air beneath the droplet causing wetting in the Cassie-Baxter state [36].

Table 1: Contact angles of water on aged surfaces

Average contact angle

Test section surface (Average * standard deviation)
[°]

Polished 78+ 4

Roughened 85+3

LbL 52+7

CuO 122 + 24

nanoFLUX 161+ 16

The CuO and nanoFLUX surfaces were shown to wick liquid, with refrigerant dripped onto the CuO and nanoFLUX
surfaces under isothermal conditions showing a wetted region adjacent to the droplet front. This was not seen on any
of the other surfaces tested. It appears that the LbL surface in this study did not produce a wickable porous surface as
in the previous studies in which it had been used, with the AFM scans shown in Figure 3 suggesting that the clumping
of the nanoparticles could have limited the porosity produced.

3. Datareduction and uncertainties

The data reduction methodology used has already been described in detail by Bock et al. [26] and is therefore only
described very briefly here.

3.1. Local heat flux

The temperature profile of the heating water was measured and used to calculate the local heat flux, g, at the
midpoint of the tube test section length by

= Mwpw dTw
9= nD, dx (1)
where, m,,, was the measured water mass flow rate, D,, was the measured outer diameter of the tube tested and,
dT,,/dx, was the measured temperature gradient at the midpoint of the tube estimated with a second-order
polynomial fit through the measured temperature profile of the water along the length of the tube.

The specific heat capacity of the water, ¢, ,,, was estimated using REFPROP 8, a fluid thermodynamic and transport

property database [37].

3.2. Internal heat transfer coefficient

The internal HTC, h;, was calculated from

(f/8)(Rey—1000)Pr, k
hi=C, oo (3 2)

Y1+127(7/8)05(Pr2/* 1)
which assumes the form of the Gnielinski correlation [38] with a modifying coefficient, C;, to account for any
differences between the Gnielinski correlation and the tested tube, such as the presence of the temperature probe.
The coefficient, C;, was determined through an experimental Wilson plot study. The friction factor, f, was calculated
from Petukhov’s correlation [39].

The Reynold’s number, Re,,, Prandlt number, Pr,, and thermal conductivity, k,, of the heating water was
estimated using the measured temperature of the heating water at the midpoint of the tube and the resulting fluid
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properties based on REFPROP 8. The hydraulic diameter, Dy, was given by, Di - Dprobe, namely the difference between
the inner diameter of the tube, D;, and outer diamter of the temprature probe, Dprobe.

3.3. External heat transfer coefficient

The external HTC of the tube at its centre point along its length, ho, was calculated by
h = (i_ R _i@)_l (3)
o — U wall h; D;
where, R,, 41, is the calculated wall thermal resistance.

The overall HTC, U,, was calculated by

Uy =—1 (4)

Tw_Tsat

where, T,,, was the measured heating water temperature at the midpoint of the tube and, Ts,;, was the calculated
saturation temperature of the refrigerant from REFPROP 8 based on the measured saturation pressure of the
refrigerant.

3.4. Enhancement relative to a polished tube

The surface enhancement of pool-boiling heat transfer relative to a polished tube, K,,;, was calculated by

ho

Kpor = Fopor (5)

where h, ,,, is the interpolated HTC of the polished tube based on a fourth-degree polynomial fit to the measured
HTCs.

3.5. Nucleation site density

The nucleation site density was determined from high-speed videos taken of the boiling surfaces at a heat flux of
20 kW/m?2 with R-245fa at a saturation temperature of 20 °C. The nucleation sites were identified manually by
zooming in on a high-speed video and forwarding and reversing the playback to identify where bubbles originated.
The nucleation site density could not be determined at higher heat fluxes with R-245fa or with any R-134a tests
because the greater bubble nucleation brought about by these conditions caused an increased number of passing
bubbles that obscured the nucleation sites.

3.6. Uncertainties

The expanded standard uncertainties of the probes were calculated in accordance with Dunn [40], and the
combined standard uncertainties of the calculated quantities were calculated in accordance with JCGM 100:2008 [41].
The resulting average uncertainties across the range of experiments for the heat flux and HTC were 10 and 28%,
respectively, with the respective heat flux and HTC maximum uncertainties of 29 and 61% found at a heat flux of
20 kW/m2 and respective minimum uncertainties of 2 and 9% found at a heat flux of 100 kW/mz2.

4. Results and discussion
4.1. Heat transfer coefficients

The measured external HTCs, h,, on the outside of the tube where boiling occurred as a function of the heat flux
over the polished, roughened and nanostructured tubes are illustrated in Figure 4 for the three reduced pressure
values tested. The data for the polished (Rs = 0.17 um) and roughened (Rs = 1.37 um) tubes in R-134a has been
presented previously in Bock et al. [26]. All surfaces tested showed typical constant power law relationships with
linearly increased HTCs as the heat flux was increased on a log-log plot. The polished and LbL surfaces had the lowest
HTCs overall. They had similar HTCs at the lowest reduced pressure value of 0.034, but as the reduced pressure
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increased, the polished surface gradually outperformed the LbL surface. The roughened and CuO surfaces generally
had the second-highest and third-highest HTCs. However, at the higher reduced pressure values of 0.086 and 0.160,
the CuO surface HTCs matched and at times surpassed the HTCs of the roughened surface at the upper end of the heat
flux range tested. The nanoFLUX surface was associated with the highest HTCs at all reduced pressure values tested.
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Figure 4: Heat transfer performance as a function of heat flux (polished and roughened R-134a data from Bock et al.

[26])

Figure 5 illustrates the heat transfer performance of the surfaces relative to the polished surface at the three reduced
pressure values tested. The roughened surface outperformed the polished surface by between 60 and 100% at the lowest
reduced pressure value, and by approximately 40% at the higher reduced pressure values. The LbL surface slightly
outperformed the polished surface at the lowest reduced pressure value of 0.034 by between 5 and 20%. At the higher
reduced pressure values, the LbL surface had up to 30% lower HTCs than the polished surface. The CuO surface
performed similarly to the polished surface at low heat fluxes, while at higher heat fluxes, the CuO HTCs were higher
than the HTCs of the polished surface by up to 50%.

The nanoFLUX surface outperformed the polished surface over the heat flux range tested by between 80 and 200%
at the lowest reduced pressure value and by approximately 40 to 100% at the higher reduced pressure values. The



nanoFLUX surface generally outperformed the roughened surface by up to 50% across the range of test conditions,
but the nanoFLUX and roughened surfaces had similar HTCs at the lower ends of the heat flux range tested.
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Figure 5: Heat transfer performance relative to polished plain tube

It can be noted in Figure 5 that the sensitivity of the HTCs of the surfaces to changes in heat flux varied relative to
the polished surface and so was further quantified by determining the gradient of the data specifically by fitting the
power law relation, ho = ag™, to the data in Figure 4 to determine the exponent, m. The results are shown in Figure 6,
where it can be seen that the roughened, polished and LbL surfaces were less sensitive, particularly at a reduced
pressure of 0.16, while the nanoFLUX and CuO surfaces were most sensitive to applied heat fluxes.

Previous studies showed that heat flux sensitivity measured through the exponent, m, increased as the surface
roughness decreased. This was thought to be because smoother surfaces had a greater number of smaller nucleation
cavities that were only activated at higher heat fluxes [42]. Thus, the CuO and nanoFLUX surfaces could have a larger
number of smaller cavities compared with the LbL, polished and roughened surfaces, which were only activated at
higher heat fluxes and so increased their relative performance at higher heat fluxes.
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The influence of the different refrigerant properties and saturation temperatures can be captured using reduced
pressure. The HTCs, as a function of the reduced pressure, are illustrated in Figure 7 at a heat flux of 50kW/m? on a
log-log plot. Both plain and nanostructured tubes showed similar sensitivities to changes in reduced pressure on the
logarithmic plot, indicating a common power relationship for all the surfaces involved. Similar trends were seen at
higher and lower heat fluxes. This is in contrast to the findings of Zimmermann et al. [23], where pressure had a
relatively minimal impact on the HTCs of a nanowire surface boiling in FC-72.
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Figure 7: HTCs of surfaces as a function of reduced pressure at 50 kW/m?

4.2. Nucleation site density

Images from a high-speed video camera taken with the aim of illustrating the differences in nucleation site density
are shown in Figure 8, while the nucleation site densities measured from such videos are listed in Table 2.

The roughened surface had five times the nucleation site density than that of the polished surface, and the LbL surface
had a 20% greater nucleation site density than that of the polished surface. The improved HTCs of the roughened and
LbL surfaces at 20 kW/m?2 in R-245fa at 20 °C relative to the polished surface can thus likely be accounted for by these
greater nucleation site densities because bubble nucleation is known to improve heat transfer [3].

The nanoFLUX surface had a higher nucleation site density than the other nanostructured surfaces, showing that
part of its improved heat transfer performance over other nanostructured surfaces was due to a rougher
microstructure.
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Table 2: Nucleation site density of surfaces in R-245fa at 20 °C (pr of 0.086) at 20 KW /m?2

Nucleation site Nucleation sites relative
Surface density, to polished surface,
n n/npolished

[ sites/m?] [-]
Polished 1.4x 105 1
Roughened 6.9x105 4.9
LbL 1.7x 105 1.2
CuO 8.0x 104 0.57
nanoFLUX 2.8x 105 2.0

The CuO surface had approximately 60% of the nucleation sites of the polished surface, despite yielding slightly
higher HTCs under these conditions. Similarly, the nanoFLUX surface had approximately 40% of the nucleation sites
of the roughened surface, despite outperforming the HTCs of the roughened surface under these conditions by
approximately 10%. Therefore, both the CuO and nanoFLUX surfaces had fewer nucleation sites than the sandpapered
surfaces of similar or lower HTCs.

(c) LbL (d) CuO (e) nanoFLUX
Figure 8: Images of boiling surfaces at 20kW/m? in R-245fa at 20 °C (pr of 0.086)

Physically speaking, this demonstrates that the outside boiling site density is not the heat transfer enhancement
mechanism, and thus one needs to look inside the coating for an answer. As described in Thome [2], the single-phase
heat transfer from the flow of liquid into and out of the porous coating through its nano-sized channels, pumped by
the bubbles, may be the main heat transfer enhancement mechanism, where one can imagine the very high laminar
flow heat transfer coefficients for liquid passing through such small passages. For example, considering that
simulations suggest Nusselt numbers for laminar flow convective heat transfer of water in nanochannels in the
approximate range of 2 to 5 [43,44], an estimated pore size of 2 pm gives a possible range of HTCs of approximately

12



9 to 20 kW/m2K for R-134a at 5 °C. Furthermore, the CuO surface roughness ratio has been previously estimated to
be in the range of 3 to 5 [9,10] and the nanoFLUX surface likely has an even higher roughness ratio based on the SEM
images of the nanostructures. This illustrates how single phase heat transfer within the porous nanostructures as a
result of capillary pumping could significantly contribute to the overall external HTC.

A further possible enhancement mechanism is the evaporation of liquid wicked underneath the nucleating
bubbles. Rahman et al. [13] showed that the CuO coating had reduced dryout under the nucleating bubble footprint
compared with an uncoated surface which contributed an additional flux pathway. The authors suggested that this
was caused by the capillary flow of liquid underneath the bubbles induced by the nanostructures. This additional thin
film evaporation would eject a much higher flow of vapour and bubbles from the outside surface. Analysis of the
bubble frequency and size is thus recommended for future study as it would provide evidence as to whether the single
phase or two phase enhancement mechanisms described here were the dominant enhancement.

These mechanisms rely on capillary pumping, which is plausible if one considers the SEM images from Figure 2,
the AFM images from Figure 3 and the isothermal wicking tests discussed previously, because both the CuO and
nanoFLUX surfaces consisted of a mat of fibrous extrusions, which created a porous structure, while the polished,
roughened and LbL surfaces did not. While refrigerants have a lower capillary action than water due to lower surface
tensions, the CuO and nanoFLUX surfaces still wicked the refrigerants, as confirmed by the isothermal wicking
behaviour seen. Both the CuO and nanoFLUX nanostructures are thus suggested to induce capillary flow within the
porous layer while the non-wicking surfaces do not.

4.3. Critical heat flux

The CHF was reached in three instances of testing, as illustrated in Figure 9. As the wall superheat was raised, the
heat flux reached a maximum, after which film boiling could be seen by visual observation to start at the heating water
inlet end of the tube. Thereafter, as the wall superheat was increased further, film boiling spread along the length of
the tube, resulting in a rapid decrease in the measured HTC. The experimental equipment employed was not designed
with such high wall superheats in mind. Therefore, the fluxes necessary to reach the CHF of the other surfaces could
not be obtained due to their low HTCs. The CHFs recorded were expected to be lower than those of a plain cylindrical
surface based on the prediction of Lienhard and Dhir [45], as shown in Table 3, with CHFs between 24 and 51% lower
than the predicted CHF of a plain surface.

As discussed earlier, the CHF of a plain surface is generally improved by the addition of nanostructures that are
wickable and wettable when boiling water, and researchers have recorded improvements for organic fluids in CHF in
pool-boiling conditions due to the presence of nanostructures [12,19,20]. However, some studies of organic fluid pool
boiling [23] and flow boiling [22,24] have found that the CHF decreased due to the presence of nanostructures, despite
good wettability of the surface by the organic fluids (contact angles < 25°), as is the case in this study.

300
250

200 é&sp © o
150 A
100 |

0
sl é? A
60 4

e

o

o

o

50 - g ]
% A cuo, R134a, 5°C @ 1
A4 -

40+
8 nanoFLUX, R-134a, 5°C

Heat Flux, g [ kW/m?]

30

20r nanoFLUX, R-245fa, 20°C

3 4 5 6 7 8910 20 30 40 50 60
Wall Superheat, ATWS [K]

Figure 9: The CHF seen in the pool boiling of nanoFLUX and CuO tubes. The CHF point is indicated with arrows.

The reason for the lowered CHF may be that the wettability of organic fluids such as R-134a and R-245fa is
significantly reduced at high heat fluxes through the trapping of vapour in suitable nanostructures (such as the
nanoFLUX and CuO surfaces), causing the surface to switch to a Cassie-Baxter wetting state and so cause an early
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onset of CHF. Table 1 shows that the water-in-air contact angles for the CuO and nanoFLUX surfaces can operate in
the Cassie-Baxter state under suitable conditions. Unfortunately, previous authors who experienced early onset of the
CHF of these surfaces compared with that of plain surfaces when boiling organic fluids [22-24] did not take water
contact angle tests on aged surfaces to indicate whether the surfaces could support wetting in the Cassie-Baxter state.

Such behaviour may be more likely for organic fluids than for water because organic fluids should not benefit as
much from the nanostructure-induced wicking observed in water CHF studies. The lower wickability of organic fluids
compared with that of water is not only evident from wicking studies [22,24], but from Washburn’s equation [46],
where the ratio of surface tension to viscosity is shown to be important to capillary flow, where water at 100 °C (the
most common test condition for water CHF studies) has a surface tension-to-viscosity ratio of almost five times that
of R-134a at 5 °C.

Table 3: Measured and predicted CHFs

Predicted CHF [45]

Measured : oo CHF relative to plain
of a plain cylindrical
. CHF, surface,
Conditions surface, q
{ CHF,measured qeHEplain 1CHF,measured
[kW/mZ] [kW/mZ] qCHF,plain
nanoFLUX surface,
R-245fa at 20 °C 112 227 0.49
nanoFLUX surface,
R-1344 at 5 °C 245 324 0.76
CuO surface, 189 324 0.58

R-134aat5°C

The lower latent heat of vaporisation, hg, of organic fluids, with R-134a having an hg of 1947 kJ/kg at 5 °C, while
water has an hg of 2 256 k] /kg at 100 °C [37], may also play a part in them being more likely to switch to the Cassie-
Baxter state at higher heat fluxes than for water, as it allows for quicker evaporation and dryout of the wicked liquid.
The lower latent heat of vaporisation of organic fluids will also produce greater volumes of vapour than for water at
the same heat flux, which may make it more susceptible to nanostructure vapour entrapment, although this will also
cause greater evaporative-induced negative pressure that should, in turn, drive wicking [6].

If this reduced wetting hypothesis is accepted, the CHF trends in Table 3, combined with data from previous studies
[22,24], suggest that the sooner the wicking capabilities of the surface can be overcome as heat flux rises, the sooner the
onset of CHF will occur. In this study, the nanoFLUX surface with its larger nanostructures had a higher CHF than that of
the CuO in R-134a at 5 °C. A similar trend was found in the studies of Shin et al. [24] and Kim et al. [22], where longer
nanowires had higher CHFs in the flow boiling of FC-72, while all were below the CHF value of the respective plain
surface. These larger nanostructured surfaces were expected to induce more wicking, as shown in wicking studies by
Kim et al. [22], considering that a greater pore radius drives greater capillary flow in terms of Washburn’s equation [46].
Furthermore, the CHF in this study was shown to be lower for R-245fa than for R-134a with the nanoFLUX surface.
The R-245fa was expected to support less wicking than R-134a due to a lower surface tension-to-viscosity ratio
(34 m/s for R-245fa compared with 43 m/s for R-134a). Therefore, this hypothesis suggests that, as heat flux is
increased during boiling, the quicker the wicking abilities of the surface are overpowered, the quicker the surface can
switch to a Cassie-Baxter state and the CHF be initiated.

5. Conclusions

The purpose of this study was to investigate experimentally the heat transfer characteristics of nanostructured
and plain copper horizontal tubes in the saturate pool boiling of refrigerants. A smooth polished copper tube and a
roughened copper tube were tested, together with three different nanostructured surfaces that were applied to
polished copper tubes, all with an outer diameter of 19.05 mm. The nanostructured surfaces were created through
three different processes: (i) a deposition process where nanoparticles were applied layer-by-layer,(ii) a chemical
oxidation process that produced CuO structures, and (iii) a commercially available process (nanoFLUX®). The heat
transfer coefficients (HTCs) of the saturated pool boiling of refrigerants at three reduced pressure values of 0.034
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(R-245fa at 20 °C), 0.086 (R-134a at 5 °C) and 0.160 (R-134a at 25 °C) were measured over a heat flux range from 20
to 100 kW/m?2, followed by a further increase in heat flux in an attempt to reach critical heat flux.

The plain and nanostructured surfaces displayed linearly increasing HTCs as the heat flux was increased on a log-
log plot. The CuO and nanoFLUX surfaces were more sensitive to changes in heat flux than the polished, roughened
and LbL surfaces, with improved heat transfer at higher heat fluxes than those of the other surfaces. This finding could
be due to a larger population of small nucleation sites.

The LbL surface had up to 20% higher HTCs than those of the polished surface at the lowest reduced pressure and
down to 20% lower HTCs at the highest reduced pressure tested. The CuO surface performed similarly to the polished
surface at low heat fluxes (20 kW/m?2), but outperformed the polished surface by approximately 60% at high heat
fluxes (100 kW /m?) in terms of HTCs.

Furthermore, it was found that the nanoFLUX nanostructured surface produced the highest HTCs, with measured
HTCs between 40 and 200% higher than those of a polished copper surface, and between 0 and 50% higher than those
of a roughened copper surface.

The nanoFLUX surface had a greater nucleation site density compared to other nanostructured surfaces, which
suggested a rougher microstructure that contributed to its improved heat transfer. When boiling R-245fa at 20 °C at
20 kW/m?2, the nanoFLUX and CuO surfaces had fewer nucleation sites than those of sandpapered surfaces of similar
heat transfer performance and thus suggests that the nanoFLUX and CuO surfaces had an additional unique heat
transfer mechanism compared with sandpapered surfaces. This was possibly linked to capillary wicking of liquid
inside the nanochannels of the porous coatings driven by the external bubble pumping, which contributed to
enhanced single-phase liquid superheating by the flow of liquid through the nano-sized channels or reduced dryout
and increased microlayer evaporation underneath the nucleating bubbles. Analysis of the bubble frequency and size
is recommended for future studies to elucidate further the HTC enhancement mechanisms.

Finally, the measured CHF of the CuO and nanoFLUX surfaces was lower than that expected for a plain surface. It
was suggested that the early onset of CHF for boiling over the CuO and nanoFLUX surfaces may be due to vapour
trapped in the fibrous nanostructure, resulting in reduced wetting in the Cassie-Baxter state.
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