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Abstract: We experimentally studied the influence of the texture of copper and steel surfaces on the
possibility of controlling the phase transition of water droplets in the single-phase regime. The texture
of metals was formed by polishing and grinding, which corresponded to the finishing treatment
of heat transfer surfaces in cooling systems for energy-saturated equipment. The samples were
studied by microscopy and profilometry. The texture was estimated by three-dimensional roughness
parameters. It was found that, with a 2–2.5-fold increase in roughness, the wetting of copper
deteriorates (the contact angle increases from 66◦ to 93◦), whereas the wetting of steel improves (the
contact angle decreases from 89◦ to 71◦). It was experimentally proven that, among the two main
factors that affect the spreading diameter (wetting and roughness), wetting is the most significant.
A hypothesis was formulated regarding the reason for the increase in the contact angle of 7–10◦ and
the drop in the decrease rate of the contact diameter during the transition from the pinning to the
mixed stage of droplet evaporation. It was found that an increase in the surface area of 0.1% leads to
an increase in the total droplet evaporation rate of 4–6.5%.

Keywords: wetting; evaporation time; evaporation rate; roughness; texture

1. Introduction

Cooling systems of heat-stressed surfaces up to 100 W/cm2 are used in many engi-
neering applications and industrial fields, such as, in particular, light–water reactors [1],
the cooling of diode laser arrays [2], X-ray medical devices [3], and the cryogenic cooling of
human tissues [4]. The rapidly growing demand of the world community for high-power
microelectronic devices such as computer microchips [5], high-clock-speed processors [6],
artificial intelligence technologies [3], and hybrid vehicle power electronics [3] has created
the need to develop efficient cooling systems capable of removing heat fluxes of more
than 100 W/cm2. Cooling systems for microelectronic devices used in ground and space
units are subject to high reliability and service life requirements. Space and energy con-
straints under these conditions predetermine the use of equipment with a minimum area
of condensation surfaces and a minimum weight.

Cooling systems are based on different cooling technologies; for instance, technologies
using one phase of a cooling agent or two phases among them [3]. Cooling with air or
water flows under free or forced convection is one example of the single-phase technology.
Two-phase cooling technologies include thermosyphons [7], mini- and micro-channels [8],
jet-impingement [9], and spray cooling [10]. The selection of cooling technology depends
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on both the value of the heat flux to be removed and on the features of technology itself.
Air-free or forced convection is ineffective; the removed heat fluxes, as a rule, do not exceed
15–35 W/cm2 [11], and, in some cases, 150 W/cm2 [12]. Cooling with a water flow under
forced convection makes it possible to remove up to 100 W/cm2 [11]. Meanwhile, such
technologies require large volumes of coolants, which is inappropriate in terms of resource
efficiency. Two-phase cooling technologies have a high heat flux removal capacity of more
than 100 W/cm2. Spray (droplet) cooling is known to be the most efficient system based on
two-phase cooling technologies. It provides a uniform cooling of a heat-loaded surface [11].
In [13], it was found that droplet-based cooling technologies are capable of removing heat
flux from a heat-loaded surface from up to 150 to 200 W/cm2 when using the dielectric
coolant HFE-7100 as a coolant. When water is used as a heat carrier, such cooling systems
can remove up to 500 W/cm2 [14], 638 W/cm2 [15], and 945.7 W/cm2 [16].

When heat is supplied from a heat-loaded surface to a liquid droplet located on it, one of
four phase transition regimes is implemented depending on the surface temperature [17,18]:
a single-phase regime, nucleate boiling, transition boiling, and film boiling. The nucleate
boiling regime is one of the most efficient in droplet-based cooling technologies. The film
boiling regime is dangerous due to the formation of a vapor cushion between the coolant
and the heat-loaded heating surface. This vapor cushion has a high thermal resistance,
and its formation leads to overheating and further destruction of the heat-loaded surface.
This is the cause of technological equipment failure, such as the accident at Fukushima [19].
Single-phase and transition boiling regimes are inefficient, but are often implemented
during the operation of cooling systems. When a cooling system operates in these regimes,
in practice, the thermal operational mode of heat-loaded equipment often disturbs, which
leads to a decrease in its service life and a decrease in reliability. The solution to this
problem is to intensify the processes in the single-phase regime, the shift in the onset of the
transition boiling regime, and the Leidenfrost point to a higher temperature region. In order
to achieve this, the heating surfaces were modified in various ways [20–25]. For example,
in [20], the effect of copper surface roughness, after polishing with diamond pastes with
an abrasives of 0.3–22 µm, on the efficiency of spray cooling was established. Smoother
surfaces with a roughness of less than 1 µm provided a superior cooling performance [20].
This is due to the fact that the heat transfer is dominated by film conduction/evaporation.
However, in [21–23], where copper was used as the heat transfer surface, the opposite
result was obtained: the roughness led to more intense cooling in spray cooling systems.
The formation of diamond nanotubes (50 µm) on copper allowed the copper to reach heat
fluxes of 610 W/cm2 [24]. In [25], a copper surface with a coarse roughness contributed to
the earlier onset of the nucleate boiling regime, whereas smoother ones, on the contrary,
delayed its onset.

Spray cooling is a very complex technology; therefore, when studying the mechanisms
of spray cooling, two main approaches can be conventionally distinguished: (a) the study
of the evaporation (with or without boiling) of a single liquid droplet on a solid surface
and (b) the study of the interaction of a group of droplets with a heated surface. In both
cases, the characteristics of the phase transition regimes are influenced by many factors; for
example, the thermophysical properties of the coolant and heat-loaded surface, and the
chemical composition and surface texture, as well as the wetting properties and surface
energy that depend on them [26]. At present, the fundamental problems lie in the fact
that the known models [27–29] do not allow for predicting the characteristics of the phase
transition of coolant droplets in the single-phase regime on metal surfaces with a given
texture and roughness. Most studies [30–32] only showed the possibility of intensifying
evaporation due to the formation of a certain configuration of texture on the surface.

With regard to studying the effect of the state of a cooled surface on the heat removal
intensity, the most works are devoted to surface modification by various methods; for exam-
ple, the formation of micro/nanopillars by deep reactive ion etching on silicon surfaces [33],
the meshes on stainless steel surfaces [34], a nano-porous structure by nanoparticle deposi-
tion on silicon wafers [35], and a micro-structure with a pin-fin array by lithography [36].
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It is noteworthy that methods used for the modification of surface topography can also
lead to changing the wetting properties characterized by the contact angle formed between
the liquid droplet and the surface. Numerous modern physical and chemical modification
methods have been applied to control wetting properties and the relief of solid surfaces:
among them, plasma treatment [37], photolithography [38], electron beam lithography [39],
electrochemical deposition [40], laser interferometry [41], etc. In [37], a completely hy-
drophilic surface of polystyrene was obtained using plasma surface treatment. A wettability
gradient range of over 150◦ from superhydrophobic to hydrophilic was achieved by etching
silicon nanopillars and photolithography silicon dioxide stripes [38]. Superhydrophobic
properties were achieved for obtaining waterproof semiconductor surfaces using a fast
electron beam lithography technique [39] and copper-based surfaces using electrodeposi-
tion [40]. Laser-based interferometric methods used for creating textures imitating natural
designs with different wetting properties are reviewed in [41].

Nevertheless, some of the known methods used for modifying metal surfaces are
difficult to implement on an industrial scale due to their technical complexity and high
capital and operating costs. Most often, the heating surfaces of real cooling systems for
heat-loaded equipment are made of steel and copper and modified with abrasive materials
by grinding or polishing procedures. For the reasons listed above, the purpose of this study
is very relevant: to experimentally determine the influence of the roughness characteristics
of metal surfaces on the possibilities of controlling the phase transition of water droplets in
the single-phase regime at a temperature of 80 ◦C. The surface heating temperature was
chosen due to it being the maximum allowable temperature of the external surfaces of
production and technological equipment that excludes thermal injuries. In addition, it is
the maximum allowable surface temperature of modern microelectronic devices, excluding
their emergency operation associated with overheating [42].

2. Materials and Methods
2.1. Materials and Processing

DIN EN 1.4541 chromium–nickel–titanium austenitic steel and Cu-ETP copper were
used as the materials. Chromium–nickel–titanium austenitic steel demonstrates high corro-
sion resistance in liquid media, good resistance to intergranular corrosion after welding
heating, and is slightly brittle as a result of prolonged exposure to high temperatures. It is
widely used as a heat-resistant material for various industrial products, including heating
surfaces of power-generating equipment and heat transfer surfaces of heat exchange equip-
ment. Cu-ETP copper has high electrical conductivity, low electrical resistivity, and high
thermal conductivity. In practice, it is widely used for the manufacture of parts and techno-
logical units of equipment for various purposes; for example, in cryogenic technology and
heat exchange equipment.

Grinding and polishing is the final technological operation for the manufacture of
parts and technological units for various purposes. It is used to achieve the specified
dimensions and geometry, as well as to create the necessary texture with the required
roughness. During grinding and polishing, the surface layer of metal products is modified
or removed. In practice, pastes and/or sandpaper containing abrasive material are used
for grinding and polishing. As a rule, surface processing is conducted using a grinding and
polishing machine in order to decrease the average grain size of the abrasive material used
(η) from 1815 to 1 µm. The final stage of processing of finished products requires using
abrasive materials with an average grain size of 50 µm. For these reasons, for experimental
studies conducted on the surfaces of 1.4541 steel and Cu-ETP copper samples, nine series
of samples were made, each with a texture modified by abrasive materials, with an average
grain size of 1.0, 12.6, 15.3, 21.8, 25.8 and 46.2 µm. The polishing and grinding procedures
were carried out using a FORCIPOL 1V machine and were accompanied by coolant dosing
(distilled water) on the sample. The load acting on the sample was 15 N. The machine
head with fixed sandpaper, as well as the samples, was rotated at 100 rpm in one direction.
Samples used in this experiment were rectangular parallelepipeds that were 28 mm high,
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28 mm wide, and 3 mm thick. The initial surface texture of these samples was formed by
electrochemical polishing at the plant for the production of rolled sheets of 1.4541 steel and
Cu-ETP copper and was characterized by an Sa parameter of no more than 0.5 µm and
a metallic specular luster. The use of samples with a texture formed by electrochemical
polishing ensured the identity of the characteristics of the surfaces before the modification
procedure with abrasive materials.

After processing with abrasive materials, the surfaces of samples were cleaned from
the remains of abrasive materials in an ultrasonic bath for 10 min successively in isopropyl
alcohol and Milli-Q ultrapure water. After cleaning, the samples were dried in laboratory
conditions for 48 h before the experiments. It should be noted that experimental studies us-
ing samples were conducted immediately after surface modification by abrasive materials,
cleaning from contamination, and drying.

2.2. Equipment and Methods Used for Studying Droplet Evaporation on Metal Surfaces

An experimental setup (Figure 1) based on a shadow optical system was used to study
the phase transition regimes of water droplets on studied samples. A detailed description
and characteristics of the shadow optical system equipment are given in [10,43].
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Figure 1. Experimental setup: 1—plane-parallel light source; 2—metal sample; 3—high-speed video
camera; 4—copper disk; 5—thermocouples recording the temperature on and under the metal sample;
6—temperature input module; 7—glass–ceramic heater; 8—precise positioning system; 9—polymer
glass box.

Before conducting the evaporation experiments, wetting properties of surfaces were
analyzed. In order to carry this out, static contact angles and contact angle hysteresis were
determined using a shadow optical system in laboratory conditions (temperature of air
and metal surfaces of 22–23 ◦C, relative humidity of 55%) by dispensing a 10 µL droplet of
Milli-Q ultrapure water.

In the shadow optical system, plane-parallel light generated by an Edmunds Optics
Mi-150 source 1 (lamp characteristics: 150 W Quartz halogen, 21 V; 3100–3400 degrees
Kelvin; Edmunds Optics, Barrington, IL, USA) illuminated a water droplet located on
the surface of metal sample 2. The shadow image of the droplet was obtained using
a Fastvideo-500M high-speed camera 3 (1280 × 1024, 8 bit, 500 fps, Full Camera Link;
Fastvideo, Moscow, Russia). Metal sample 2 was fastened to copper disk 4 using a bolt
clamp. The use of copper disk 4 with a diameter of 50 mm and a thickness of 10 mm
excluded uneven heating of the metal sample 2, and also provided constant heat flow [42].
The temperature under the sample 2 was controlled using two K-type Chromel–Alumel
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thermocouples (diameter 0.08 mm, insulation PFA, tolerance value 0.4%; Omega, Norwalk,
CT, USA) 5. They were located between sample 2 and disk 4 in grooves filled with high-
temperature thermal paste (thermal conductivity 11.8 W/(m K), maximum operating
temperature +800 ◦C, Coollaboratory, Magdeburg, Germany). Thermal paste was used
to eliminate air pockets with high thermal resistance. Thermocouples were connected to
C-series temperature input module 6 (National Instruments, Austin, TX, USA). Sample 2
and disk 4 were placed on glass–ceramic heater 7 (range of operating temperatures of the
heating surface 40–500 ◦C, temperature setting accuracy ±1 ◦C, temperature unevenness
over the surface 2 ◦C, Tom Analyt, Tomsk, Russia). The temperature of sample 2 was
controlled using one K-type Chromel–Alumel thermocouple 5 with the same characteristics.
Its junction was installed using high-precision positioning system 8 (accuracy 0.005 mm;
Jiangxi Liansheng Technology Co., Ltd., Nanchang City, China) in a special channel filled
with high-temperature thermal paste. When a given temperature on the metal surface
was reached, a 10 µL droplet of water purified by the Milli-Q system was dosed onto
the surface from a height not exceeding 10 mm using a Lenpipet Stepper single-channel
electronic dispenser (accuracy ±1 µL, ThermoScientific, Moscow, Russia). Experimental
studies were conducted with the temperature of metal surfaces at 80 ◦C (corresponding to
20 ◦C subcooling of water to nucleate boiling).

The working area in the experimental setup was isolated from the possible influence of
external uncontrolled factors (fluctuations in temperature and air velocity in the laboratory
room) with transparent box 9 made of polymer glass that was 3 mm thick. This ensured
the consistency of the heat exchange with the external environment.

In experimental studies, the contact angle (θ), contact diameter (d), contact angle
hysteresis (∆θ), droplet volume (V), and droplet surface area (S) were determined from the
shadow images processed by the Young–Laplace and tangential 1 methods. The relative
error in determining θ, d, and ∆θ did not exceed 5%.

The duration of the phase transition regimes (τ) of water droplet on the surfaces of
samples was recorded using high-speed video camera 3 from the moment when the droplet
touched the surface. The systematic error in determining τ did not exceed 0.5%.

The specific evaporation rate of a droplet per unit surface area was determined by
the formula [44]:

Wspecific =
ρ · (Vi − Vi+1)

∆τ · (Si + Si+1)/2
, kg/(m2 · s)

where ρ is liquid density, and Vi, Vi+1, Si, Si+1 are volume (m3) and surface area (m2)
of a droplet at the time τi and τi+1, respectively. The error in determining the specific
evaporation rate was calculated as indirect measurement error [45] and did not exceed 7%.

2.3. Equipment and Methods for Studying the Surfaces of Samples

Microtexture of samples was analyzed using a Hitachi S-3400N scanning electron
microscope.

Surface topography of samples was analyzed using the Micro Measure 3D station
profilometric complex (STIL, Aix-en-Provence, France). Three-dimensional roughness
parameters were determined according to the recommendations developed in [26,46]. The
surface roughness of samples was estimated based on the height parameters Sa and Sz
and the hybrid parameter Sdr. The Sa parameter makes it possible to estimate the average
surface roughness. The height of the asperities and the depth of the cavities are estimated
by Sz. The increase in surface area due to increased roughness as a percentage is estimated
by Sdr. The roughness parameters are determined for each surface of steel and copper as
the average of the scanning results of three different areas of 800 × 800 µm in size with
a step of 100 nm. The confidence interval of Sa, Sz, Sdr did not exceed 10%. The instrumental
error of the profilometer did not exceed 1%. The scanning resolution along the horizontal
and vertical directions was 0.1 µm.
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3. Results and Discussion
3.1. Analysis of the Surfaces of Samples under Study

Tables 1 and 2 show SEM images of the microtexture of Cu-ETP copper and 1.4541 steel
surfaces modified by abrasive materials, as well as the values of three-dimensional rough-
ness parameters (Sa, Sz, Sdr), static contact angles (θ), and contact angle hysteresis (∆θ).
The surfaces of Cu-ETP copper are labeled as Cu1.0 . . . Cu46.2 (Table 1), and the 1.4541 steel
surfaces are labeled as St1.0 . . . St46.2 (Table 2). The subscript indicates the size of the
abrasive material used for surface processing.

Table 1. SEM images and parameters characterizing roughness and wetting of copper surfaces.

Cu-ETP Copper Surfaces
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M

im
ag

es
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According to the analysis of SEM images and roughness parameters (Tables 1 and 2), it
was found that abrasive processing forms an asymmetric texture on the surfaces of metals (cop-
per and steel) consisting mainly of grooves, which are formed on the surface due to the plastic
deformation of the material under the abrasive grain action. It can be seen from Tables 1 and 2
that the values of the height roughness parameters (Sa, Sz) increase when an abrasive material
with a coarser average grain value is used for grinding. For copper grinding, the increase in
the Sa parameter was 0.29 µm (∆Sa = Sa(Cu46.2) − Sa(Cu1.0) = 0.35 − 0.06 = 0.29 µm), and the
increase in the Sz parameter was 6.2 µm (∆Sz = Sz(Cu46.2) − Sz(Cu1.0) = 7.3 − 1.1 = 6.2 µm)
(Table 1). Steel after grinding demonstrates an increase in Sa of 0.11 µm and an increase
in Sz of 1.0 µm (Table 2). In addition, the values of the Sa and Sz of copper surfaces (for
example, Cu1.0 and Cu46.2) are more than 2–2.5 times higher than that of steel surfaces (St1.0
and St46.2) under similar grinding conditions. The greater roughness of copper surfaces
after grinding is connected with a lower hardness (more than 1.7 times) of this material
relative to the hardness of steel. According to SEM images (Tables 1 and 2), it was found
that the number of grooves decreases when grinding metal surfaces using abrasive ma-
terials with a large average grain size. It is known that the heat transfer intensity from
a heated surface to a liquid droplet lying on it depends on the heating surface/liquid
droplet interfacial area contact. Therefore, the phase transition intensity of a droplet also
significantly depends on the heating surface/liquid droplet interfacial area contact as noted
in [47]. In turn, the heating surface/liquid droplet interfacial area contact depends on the
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spreading diameter (contact droplet diameter under single-phase regime) and texture (i.e.,
on the increase in surface area due to increased roughness evaluated by the Sdr parameter).
The droplet diameter spreading over the surface depends on its wetting properties [48,49].
An increase in surface area due to increased roughness (Sdr) is directly dependent on the
average roughness (Sa) and the size of asperities and cavities (Sz). Tables 1 and 2 show that
the use of an abrasive material with a large η leads to the formation of a texture with large
Sdr values, i.e., it leads to an increase in the surface area due to an increased roughness.
The surface area of copper after grinding by the coarsest average grain size used in the
experiments increased by 4.6% (Cu46.2 in Table 1) and the surface area of steel increased by
0.8% (St46.2 in Table 2) compared to Cu1.0 and St1.0. It can be concluded that, when grinding
copper and steel surfaces using abrasive materials with a large η, the synergistic effect of
the texture characteristics estimated by Sa and Sz leads to an increase in the surface area
(Sdr) due to an increased roughness.

It is known that wetting properties depend on the roughness and elemental composi-
tion of the surface layer of metals [50,51]. However, the elemental composition remains
the same on surfaces treated with different abrasive materials. Therefore, in the conducted
experimental studies, the elemental composition is not a significant factor affecting the
difference in the wetting properties of copper (Table 1) and steel surfaces (Table 2). Based
on the analysis of the measured contact angles (Tables 1 and 2), it was found that, when
increasing the roughness, the wetting properties of copper surfaces deteriorate and the
contact angle increases from 66 ± 5◦ (Cu1.0) to 93 ± 4◦ (Cu46.2) (Table 1). In contrast, the
wetting properties of the steel surface are enhanced and the contact angle decreases from
89 ± 4◦ (St1.0) to 71 ± 5◦ (St46.2) (Table 2). The texture (roughness) and wetting properties
determine the phase transition characteristics of a droplet located on a heated metal surface
in single-phase regime.

In the conducted studies, copper and steel surfaces were processed by abrasive materials
under identical conditions. However, as noted earlier, when using the same abrasive materials,
with other conditions being equal, a different texture was formed on copper and steel surfaces,
characterized by different values of the roughness parameters. For example, the maximum
height of irregularities for copper is in the range of Sz(Cu1.0 ÷ Cu46.2) = 1.1 ÷ 7.3 µm and, for
steel, it is in the range of Sz(St1.0 ÷ St46.2) = 0.7 ÷ 1.7 µm. Moreover, these metals demon-
strate the opposite change in the wetting properties with an increase in roughness. As the
roughness increases, the wetting properties deteriorate (the contact angle increases) on
copper surfaces, whereas, on steel surfaces, the wetting properties improve (the contact
angle decreases). This is explained by the hypothesis formulated in [26] regarding the
effect of the distance between adjacent irregularities that form a texture of metals treated
by grinding or polishing on the wetting properties. In [26], there were two typical intervals
of change in the contact angle depending on the roughness parameters of copper and
steel. In the first interval, the wetting properties improve with an increase in roughness.
Among the studied textures in this work, all steel surfaces (St1.0 ÷ St46.2) belong to this
interval. A wetting improvement is associated with a sufficiently high density of peaks on
the surface, and, consequently, with a small width of the cavities formed by them. Owing
to such capillaries, which have an insignificant width compared to their depth (Sz no less
than 1.7 µm), the liquid wets the surface more effectively due to capillary forces. In the
second conventionally selected interval, the angle increases, and wetting worsens with an
increase in roughness. Among the studied textures, Cu12.6 ÷ Cu46.2 belongs to this interval.
The height of irregularities in the second interval increases, as does the distance between
neighboring peaks, and the energy barrier grows, which must be overcome by the droplet
contact line during the time from the moment the droplet is placed on the surface until the
equilibrium state is reached.
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3.2. Influence of the Metal Surface Texture on the Possibility of Controlling the Phase Transition of
water Droplets in the Single-Phase Regime

Figures 2 and 3 present the experimental dependencies of the contact angle and
diameter on the evaporation time obtained for distilled water droplets evaporating in the
single-phase regime from copper and steel surfaces heated to 80 ◦C.
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Based on the analysis of Figures 2 and 3, it was found that heating the copper and steel
surfaces to 80 ◦C does not affect the initial geometric parameters (contact angle, contact
diameter) of water droplets. The initial values of the contact angle and diameter at 80 ◦C are
close to the values recorded without heating at a temperature of 22–24 ◦C (Tables 1 and 2).
This is due to the fact that, in the experiments with heating, water dosed on the surfaces
had a temperature of 22–24 ◦C. When dosing a distilled water droplet on the heated
copper and steel surfaces processed by grinding, the droplet had a spherical-segment shape
immediately after spreading. The values of the contact diameter measured after rotating
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the surface with the droplet lying on it by 90◦ relative to the axis of the high-speed camera
did not differ by more than 4% (i.e., in the initial position of the surface with the droplet
relative to the high-speed camera and when the surface with the droplet was rotated 90◦).
After the droplet formation on the surface, the contact angle decreases, and the contact
diameter is pinned (stays constant) after slight spreading during the first seconds. It is
known that a droplet evaporating on heated metal surfaces is pinned due to balancing the
forces acting on it (friction, gravity, and surface tension). It can be seen from Figures 2 and 3
that the balance of forces acting on the evaporating droplet on Cu1.0, St1.0, St12.6, St15.3,
St21.8, and St25.8 surfaces is disturbed upon the evaporation of 60–90% of the initial droplet
volume. There is a transition from the constant contact diameter (CCD) stage to the mixed
evaporation stage. The mixed stage is followed by a decrease in the contact diameter and
contact angle. The contact angle decreases more quickly during the mixed stage than at the
CCD stage (Figures 2 and 3). A similar transition of the evaporation stages is well-studied
and registered on relatively smooth metal surfaces [10]. However, in [52], three stages of
droplet evaporation on polished steel surfaces were detected: CCD, constant contact angle,
and mixed stages following one after another.

For the case of rougher surfaces of copper (Cu12.6, Cu15.3, Cu21.8, Cu25.8, Cu46.2) and
steel (St46.2), the transition from the CCD to the mixed stage is accompanied by an increase
in the contact angle (by 7–10◦) and a significant decrease in the contact diameter in contrast
to the case of copper (Cu1.0) and steel (St1.0, St12.6, St15.3, St21.8, St25.8), where a monotonous
decrease in the contact angle and contact diameter was recorded. However, after such
an abrupt increase in the angle on Cu12.6, Cu15.3, Cu21.8, Cu25.8, Cu46.2, and St46.2 presented
in the insets of Figures 2a and 3a, they decrease monotonically. This is confirmed by the
analysis of the fitted curve θ = kτ + b in Figures 2a and 3a. As an example, Figures 2a and 3a
show fitted curves obtained for the sections of θ = f (τ) corresponding to the CCD and
mixed stages of droplet evaporation on Cu46.2 and St46.2 surfaces. The k coefficient, which
characterizes the slope of the dependencies θ = f (τ) in the mixed stage, is smaller in its
absolute value (for Cu46.2, k = |0.25| as shown in Figure 2a; for St46.2, k = |0.61| as shown
in Figure 3a) than in the CCD stage (for Cu46.2, k = |0.54| as shown in Figure 2a; for St46.2,
k = |0.67| as shown in Figure 3a).

Figure 2b shows the fitted curves d = kdx + bd presented for the sections of d = f (τ) in the
CCD and mixed stages of droplet evaporation on Cu1.0 and Cu46.2. It was found that the kd
coefficient in the mixed stage on Cu46.2 is smaller in its absolute value
(kd = |4.7·10−2|; Figure 2b) than that for Cu1.0 (kd = |5.6·10−2|; Figure 2b). The same result
is correct for steel surfaces (St1.0 and St46.2). This indicates that the rate of the decrease in
the contact diameter on the Cu46.2 surface is less than on the Cu1.0 surface. An increase in
the contact angle by 7–10◦ and a drop in the decrease rate of the contact diameter during
the transition from CCD to the mixed stage on rough Cu12.6, Cu15.3, Cu21.8, Cu25.8, Cu46.2,
and St46.2 surfaces is explained by grooves with a depth and width of more than 1.7 µm.
This is evaluated by the Sz parameter (Tables 1 and 2). It is known that asperities and
cavities on the surface are energy barriers that prevent three-phase contact line movement
during droplet spreading and evaporation [53]. If the size of these texture elements does
not exceed 1.7 µm (surface Cu1.0 in Table 1 and surfaces St1.0, St12.6, St15.3, St21.8, St25.8 in
Table 2), then the three-phase contact line movement during the transition from the CCD to
the mixed stage occurs uniformly from all sides (Figure 4).

If the size of these irregularities on the surface is greater than 1.7 µm (Cu12.6, Cu15.3,
Cu21.8, Cu25.8, Cu46.2 surfaces in Table 1 and St46.2 in Table 2), then the three-phase contact
line moves unevenly during the transition from the CCD to the mixed stage (Figure 5).
The line predominantly moves along the grooves formed by the abrasive material on the
surface. At the end of evaporation, there is an abrupt contact line movement, which is
accompanied by an abrupt increase in the contact angle.
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It can be seen from Figure 2b that the initial contact diameters decrease in the sequence
Cu1.0–Cu12.6–Cu15.3–Cu21.8–Cu25.8–Cu46.2. In the same sequence, the roughness on the
copper surfaces increases (Table 1) and the wetting properties deteriorate (the contact angle
increases) (Figure 2a). In the case of steel surfaces (Figure 3b), the initial contact diame-
ters decrease in the sequence St46.2–St25.8–St21.8–St15.3–St12.6–St1.0, the wetting properties
deteriorate (Figure 3a), and the roughness decreases (Table 2). Wetting properties and
surface roughness are the most significant factors affecting the diameter of the droplet
spreading over metal surfaces. The greater the wetting properties and the lower the sur-
face roughness, the larger the spreading diameter. In the case of copper, both factors
(wetting properties and roughness) affect the decrease in the spreading diameter in the
sequence mentioned above. On steel surfaces, the wetting properties affect the decrease in
the spreading diameter, and the roughness affects its growth in the sequence mentioned
above. As noted, the initial contact diameter decreases after balancing the forces acting
on the droplet in this sequence. It can be concluded that wetting properties are the most
significant factor that affects the contact spreading diameter when a texture on copper and
steel surfaces is formed by abrasive materials. For this reason, the spreading diameter of
a 10 µL droplet on the St46.2 surface is 0.6 mm larger compared to that on the St1.0 surface
(∆d = d(St46.2) − d(St1.0) = 4.0 − 3.4 = 0.6 mm (Figure 3b)). An increase in the spreading
diameter by 0.6 mm on the St46.2 surface is due to a decrease in the contact angle of
18◦ (∆θ = θ(St1.0) − θ(St46.2) = 89 − 71=18◦) with an increase in roughness of ∆Sz = 1.0 µm
(∆Sz = Sz(St46.2) − Sz(St1.0) = 1.7 − 0.7 = 1.0 µm). It can be seen from Table 2 and Figure 3b
that the spreading diameters on St12.6 and St15.3 surfaces are equal to each other (3.8 mm),
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as well as on St25.8 and St46.2 surfaces (4.0 mm). This is due to the fact that, in each pair
of the surfaces under consideration, the possible increase in the contact angle due to the
deterioration of the wetting properties is reduced by an increase in roughness. It can be
concluded that, during finishing metal surfaces with abrasive materials, in order to achieve
the largest contact diameter of water droplet spreading over Cu-ETP copper surfaces, it
is necessary to use abrasive materials with the smallest average grain size. In the case
of steel surfaces, it is necessary to use abrasive materials with the largest average grain
size. From a practical point of view, achieving the largest contact diameter is important for
intensifying the phase transition of droplets in the single-phase regime in cooling systems
of energy-saturated equipment.

Figure 6 presents the dependencies of the specific evaporation rate of water droplets
on copper (Figure 6a) and steel (Figure 6b) surfaces at a heating temperature of 80 ◦C.
A similar nature of the specific evaporation rate of a water droplet on a hydrophobic Teflon
surface was recorded in [10].
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The experimental results (Figure 6) illustrate the significant dominance of the influence of
the droplet spreading diameter, which, in turn, depends on the wetting properties and on the
evaporation rate. It can be seen from Figure 6a that the specific evaporation rate of the water
droplet on copper surfaces decreases in the sequence Cu1.0–Cu12.6–Cu15.3–Cu21.8–Cu25.8–Cu46.2,
i.e., in the sequence of decreasing the initial contact diameter (Figure 2b). With an increase in
the contact diameter, the heat exchange area between the surface and the droplet lying on it
increases; therefore, the heat transferred to the droplet increases, as well as the evaporation
rate. In practice, this leads to a more intensive cooling of energy-saturated equipment in
cooling systems.

The specific evaporation rate of the droplet on steel surfaces decreases in the sequence
St46.2–St25.8–St21.8–St15.3–St12.6–St1.0 (Figure 6b). The heat exchange area between the surface
and droplet depends not only on the contact diameter, but also on the roughness. In the case of
the same diameters on different surfaces (a pair of surfaces St12.6 and St15.3, as well as St25.8 and
St46.2), the specific evaporation rate of the droplet is higher on the surface, which has a greater
roughness, i.e., Wspecific (St15.3) > Wspecific (St12.6), and Wspecific (St46.2) > Wspecific (St25.8)
(Figure 6b). The greater the roughness, the larger the heat exchange area and, conse-
quently, the higher the evaporation rate. For two pairs of surfaces (St12.6 and St15.3, St25.8
and St46.2), the liquid / ambient interfacial surface area will be almost identical, since the
initial spreading diameters and contact angles on them are very close to each other. Conse-
quently, the difference in the evaporation rates of water droplets from St12.6 and St15.3, as
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well as St25.8 and St46.2 (Figure 6b), can only be due to the influence of an increase in the
surface area due to an increased roughness.

According to the analysis of Figure 7, we have evaluated the effect of an increase in
the surface area on an increase in the total evaporation rate of a water droplet (Wtotal) on
St12.6 and St15.3, as well as St25.8 and St46.2 surfaces. It can be seen from Figure 7 that an
increase in the surface area of 0.1% leads to an increase in the total evaporation rate of the
droplet of 6.5% on the St15.3 surface, and of 4% on the St46.2 surface. This indicates that an
increase in the surface area has a significant effect on the droplet evaporation rate, but this
effect decreases with an increasing surface roughness. The results obtained should be used
with caution when extrapolating too large surface area increments.
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It was found that the specific evaporation rate of a 10 µL water droplet on steel surfaces
is higher than that on copper surfaces (Figure 6). The result obtained is explained by the fact
that the average mass heat capacity of steel (460 kJ/(kg·◦C)) is greater than that of copper
(385 kJ/(kg·◦C)). The copper and steel surfaces had identical sizes; therefore, the volume of
the samples was identical. Despite the fact that the mass of the copper sample was 14%
greater than that of the steel sample, under identical conditions, where the surface heated
to a temperature of 80 ◦C, the steel sample accumulated 4% more heat. Consequently, in
the experiments performed, the specific heat flow from the steel samples to the droplet
was higher than on copper samples. For these reasons, the heating of the droplet on the
steel sample to the phase transition temperature was quicker, and the evaporation rate was
higher. The effect of the higher thermal conductivity of copper compared to that of steel
did not significantly affect the droplet evaporation rate due to the large size of the samples.
A 10 µL water droplet with a temperature of 23 ◦C dosed onto copper and steel samples
heated to 80 ◦C did not significantly affect the cooling of the samples. According to the
data recorded by thermocouples, it was established that the temperature on the sample
surface and under the sample did not change after dosing the droplet. It should be noted
that, with a decrease in the size of the samples, including a significant decrease in thickness,
the phase transition of a water droplet placed on copper and steel surfaces can reduce
their temperature. Under such conditions, in practice, when the surfaces of heat-loaded
equipment sections are cooled with water droplets, due to the constant heat supply from the
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heating source and the high thermal conductivity of copper, the droplet evaporation rate
on copper surfaces will be higher than on steel surfaces. Therefore, in practice, in order to
increase the cooling intensity of heat-loaded equipment by spray cooling systems operating
in the evaporation (single-phase) regime, it is necessary to use low-mass heat transfer
surfaces with a small thickness. However, in practice, the use of heat transfer surfaces
with a small thickness causes an increase in the risk of their thermal destruction due to
overheating. The search for the optimal thickness of heat transfer structures of cooling
systems operating in the evaporation regime of coolant droplets is a further direction in the
development of our research.

4. Conclusions

The use of abrasive materials with an average grain size of 1–46.2 µm for the finish-
ing treatment of heat transfer surfaces of cooling systems for power-saturated equipment
makes it possible to form a texture with a given roughness and wetting properties on cop-
per and steel surfaces. It was found that, with an increase in roughness (2–2.5-fold increase
in roughness parameters Sa, Sz, and Sdr), the wetting properties of copper surfaces de-
teriorate (the contact angle increases from 66◦ to 93◦), whereas the wetting properties of
steel surfaces improve (the contact angle decreases from 89◦ to 71◦). It was also estab-
lished that. if the size of cavities and asperities of the surfaces does not exceed 1.7 µm,
then the three-phase contact line movement during the transition from the pinning stage
to the mixed stage occurs without a sharp increase in the contact angle. However, if the
size of these texture elements is higher than 1.7 µm, the transition from the constant contact
diameter to a mixed stage is accompanied by an increase in the contact angle (by 7–10◦) and
a significant decrease in the contact diameter compared to the case of relatively smooth surfaces.

It was experimentally proven that, among two main factors that affect the contact
spreading diameter (wetting and roughness), wetting is the most significant. In order to
achieve the largest contact diameter of a water droplet spreading over Cu-ETP copper
surfaces, it is necessary to use abrasive materials with the smallest average grain size for
finishing. In the case of 1.4541 steel surfaces, it is necessary to use abrasive materials with
the largest average grain size. From a practical point of view, achieving the largest contact
diameter is important for intensifying the phase transition of droplets in the single-phase
evaporation regime in cooling systems of energy-saturated equipment.

It was also found that an increase in the surface area of 0.1% leads to an increase
in the total droplet evaporation rate of 4–6.5%. An increase in the surface area due to
roughness has a significant effect on the droplet evaporation rate, but this effect decreases
with an increasing surface roughness.
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Abbreviations

CCD constant contact diameter

Nomenclature
d contact diameter, mm;
S surface area of a droplet, mm2;
Sa arithmetic mean surface deviation, µm;
Sdr developed interfacial area ratio, %;
Sz maximum height, µm;
T temperature, ◦C;
V volume, µL;
Wspecific specific evaporation rate, kg/(s·m2);
Wtotal total evaporation rate, kg/s

Greek symbols
θ contact angle, ◦;
∆θ contact angle hysteresis, ◦;
ρ liquid density, kg/m3;
τ evaporation droplet time, s;
η average grain size, µm
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