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Abstract: In this paper, pool boiling of ethanol at atmospheric pressure was analyzed. The enhanced
surfaces were made of copper, on which grooves with a depth ranging from 0.2 to 0.5 mm were
milled in parallel. The widths of the microchannels and the distances between them were 0.2 mm,
0.3 mm and 0.4 mm, respectively. The highest heat transfer coefficient, 90.3 kW/m2K, was obtained
for the surface with a microchannel depth of 0.5 mm and a width of 0.2 mm. The maximum heat
flux was 1035 kW/m2. For the analyzed surfaces, the maximum heat flux increase of two and a half
times was obtained, while the heat transfer coefficient increased three-fold in relation to the smooth
surface. In the given range of heat flux 21.2–1035 kW/m2, the impact of geometric parameters on
the heat transfer process was presented. The diameters of the departing bubbles were determined
experimentally with the use of a high-speed camera. A simplified model was proposed to determine
the diameter of the departure bubble for the studied surfaces.

Keywords: pool boiling; microchannel; heat transfer coefficient; bubble departure diameter

1. Introduction

The equipment used in the power industry is designed to operate within a pro-
grammed temperature range. For the purpose of maintaining the correct operating temper-
ature, it is important to use special heat spreaders that use phase change to increase the
intensity of heat removal.

Devices that generate significant heat fluxes, such as electronics, microprocessors, gas
turbines, nuclear reactors, hybrid vehicles, power electronics, fuel cells, and spacecraft
electronics, require thermostabilization [1,2]. The aim of designing heat exchangers and heat
spreaders is to optimize them in terms of reducing the size and the amount of material. An
effective method for increasing the heat transfer coefficient and heat flux is to use the boiling
process, as large heat fluxes can be dissipated due to the latent heat of vaporization (ethanol
963 kJ/kg, water 2257 kJ/kg at boiling point, atmospheric pressure). The modification
of the surface, which can consist in a change in geometry, the roughness of the heating
surface [3], covering it with a porous [4] or capillary porous layer [5,6], texturing, the use
of surface structures [7], metal foams [8,9], the formation of subsurface tunnels, small
fins [10,11] or microchannels [12,13], contributes to a multiplication of the heat transfer
coefficient (HTC), reduces the temperature difference between the surface and the fluid
(superheat), and increases the critical heat flux (CHF) multiple times. These parameters
are responsible for the efficient operation of heat spreaders and heat exchangers with
phase change.

The rate of heat transfer during boiling is influenced by several factors, the most
important of which are the surface roughness and the contact angle.

Particularly, rough surfaces trap vapor bubbles and, at the same time, inhibit heat
transfer. A rough surface provides more nucleation sites, resulting in more vapor bubbles
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during boiling. As a result, the boiling heat transfer coefficient increases at the nucleation
sites and promotes rapid bubble formation and separation. The degree to which the surface
roughness affects the boiling heat transfer in essence depends on the nature of the boiling
medium and the specific properties of the surface.

The contact angle has a huge influence on how well the liquid wets the surface. The
contact angle influences the spread of the liquid on the surface and thus forms a sufficiently
stable liquid film. A smaller liquid surface contact angle ensures better wetting. This
property increases the heat transfer of boiling. This is explained by the fact that better
wetting leads to better contact between the liquid and the hot surface, promoting the
nucleation and growth of bubbles.

Other factors influencing the transfer of boiling heat are the properties of the circulating
medium (viscosity, specific heat, thermal conductivity), the material of the heated surface
(surfaces with higher thermal conductivity transfer heat more efficiently to the liquid),
pressure (at lower pressure, the boiling point of the liquid decreases and, at the same time,
the heat transfer characteristics change), and flow conditions (laminar flow conditions
reduce heat transfer rates, while high flow rates enhance convective heat transfer during
boiling).

Organic liquids, e.g., ethanol—C2H5OH, isobutane—C4H10, Novec-649—C2F5C(O)CF(CF3)2,
etc., are alternatives to water as working fluids in two-phase heat transfer exchangers
with high heat fluxes due to their lower saturation temperatures than water under normal
conditions. In the paper by Shen et al. [14], the authors used surfaces with alternating
arrangements of hydrophilic and hydrophobic structures during ethanol boiling in the
experiment. They achieved an almost threefold increase in the heat transfer coefficient. In
their work, Kalani and Kandlikar used enhanced surfaces with copper-fabricated open
microchannels with a channel depth ranging from 0.25 to 0.47 mm and a width ranging
from 0.19 to 0.41 mm [15]. Ethanol, as a working medium, was used to test the boiling
process under vacuum. The HTC they obtained was approximately 70 kW/(m2K) for
microchannels with a depth of 0.46 mm deep and a width of 0.2 mm. In the work of
Deng et al. [16,17], the authors used ethanol and water for the boiling process on the
developed surfaces. They conducted experimental tests at atmospheric pressure on copper
specimens shaped like Ω. The tested surfaces dissipated significant heat fluxes at low
superheat, allowing heat transfer coefficients of 30 kW/(m2K) to be achieved. Similar
heat transfer coefficient values during ethanol boiling were obtained by Hao et al. [18] on
samples with open, closed and combined channels.

The heat exchangers and radiators must be resistant to corrosion and contamination
and meet the requirements for operating conditions. These devices should also be suitable
for maintenance, i.e., cleaning various types of contaminants. Regular maintenance of the
heat exchangers and ensuring that the required operating conditions are met significantly
extend their service life and efficiency [19,20].

Heat exchangers are often integrated into piping systems, and temperature differences
can cause these installations to expand and contract. Metal expansion joints are used to
absorb thermal deformations of the installation and prevent damage to structures and
devices [21,22]. Metal expansion joints play an important role in ensuring the stability and
protection of the heat exchangers themselves and the piping connections, especially when
temperature changes occur within the system. The boiling consideration was also analyzed
in relation to the heat exchangers with forced flow through microchannels with different
spatial orientations [23,24].

This paper is a summary of the experimental investigations of nucleate pool boiling
heat transfer. The aim of the study was to find the most favorable microchannel geometry in
terms of obtaining the highest heat transfer coefficient and the critical heat flux. In addition,
taking into account the equilibrium of the four forces acting on the bubble, a computational
model has been proposed to determine the departure bubble diameter.
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2. Materials and Methods

Among existing boiling agents, ethanol is a widely available liquid and is relatively
cheap. Its saturation temperature at normal pressure is 78 ◦C. It is often used as a working
medium for nucleate boiling. The thermophysical properties are shown in Table 1.

Table 1. Ethanol—thermophysical properties.

Parameters at 1013.25 hPa Ethanol

Tsat, ◦C 78.3
ρl, kg/m3 717
ρv, kg/m3 1.43
λl, W/(mK) 0.17

ilv, kJ/kg 963
σl, N/m 0.0177
µl, Pas 0.00044

cpl, J/(kgK) 723

Figure 1 shows the test setup, which enabled the measurement of the parameters
necessary to analyze the heat transfer process, i.e., heat fluxes, superheat temperatures, the
heat transfer coefficient, and from visualization studies, the diameter and frequency of the
heat flux-dependent vapor bubble detachment. A water cooler installed on the test bench is
used to condense boiling ethanol vapor. A closed glass vessel, sealed with high-temperature
silicone, is attached to the heating segment from below. An autotransformer is used to
regulate the heat flux set to the heating module. The time required for the temperature to
stabilize across the heating roll was approximately 15 min. A measurement data acquisition
system (FLUKE Hydra Series II 2635A, Fluke, Everett, WA, USA) was used to record the
temperature. The total instrument accuracy in the range from −100 ◦C to 1372 ◦C was
0.45 K for thermocouples Type K. The diameter of the thermocouple was 0.5 mm. Since
the measurement uncertainty is large, the thermocouples were calibrated in the range
from 40 to 200 ◦C every 10 ◦C. Before measurements were performed, the thermocouples
were checked using an Altek 422 calibrator. Readings from the Altek 422 calibrator (Altek,
Liberty Lake, WA, USA) were compared using a calibration dry-well and the FLUKE Hydra
Series II recorder (Fluke, Everett, WA, USA). The measurement uncertainty did not exceed
0.1 ◦C. The layout of the temperature sensors is shown in Figure 2. The sample with
microchannels was fixed with pure tin on a copper heating cylinder. A 16 mm diameter,
100 mm long 1500 W heater was used to simulate a constant heat flux source. It was placed
inside a copper cylinder.

The test samples were made of copper with a thermal conductivity coefficient of
380 W/(mK). Microchannels were made with a disc cutter 0.2, 0.3 and 0.4 mm wide at
depths of 0.2, 0.3, 0.4, 0.5 mm, respectively, Table 2.

Table 2. Specimen codes and specifications. The sample area—27 × 27 mm2.

Surface Code p,
mm

w,
mm

h,
mm ϕ

dh,
mm Bo Bo0.5 Rat,

µm
Rabt,
µm

M#2.2 0.4 0.2 0.2 2.00 0.200 0.016 0.126 0.30 0.30
M#2.3 0.4 0.2 0.3 2.50 0.240 0.023 0.151 0.30 0.40
M#2.4 0.4 0.2 0.4 3.00 0.267 0.028 0.168 0.14 0.25
M#2.5 0.4 0.2 0.5 3.50 0.286 0.032 0.180 0.24 0.30
M#3.2 0.6 0.3 0.2 1.67 0.240 0.023 0.151 0.18 0.12
M#3.3 0.6 0.3 0.3 2.00 0.300 0.036 0.189 0.20 0.12
M#3.4 0.6 0.3 0.4 2.33 0.343 0.047 0.216 0.18 0.18
M#3.5 0.6 0.3 0.5 2.67 0.375 0.056 0.236 0.14 0.25
M#4.2 0.8 0.4 0.2 1.50 0.267 0.028 0.168 0.22 0.12
M#4.3 0.8 0.4 0.3 1.75 0.343 0.047 0.216 0.25 0.15
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Table 2. Cont.

Surface Code p,
mm

w,
mm

h,
mm ϕ

dh,
mm Bo Bo0.5 Rat,

µm
Rabt,
µm

M#4.4 0.8 0.4 0.4 2.00 0.400 0.063 0.252 0.31 0.14
M#4.5 0.8 0.4 0.5 2.25 0.444 0.078 0.280 0.25 0.12
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Using the Talysurf CCI Lite 3D Profiler non-contact measurement system for optical,
non-contact analysis of geometric data, the profiles and surface roughness of the sam-
ples were determined. The measurement procedure for mean roughness was carried out
according to the guidelines given in the paper. Measurements of mean roughness were
carried out according to the procedure in the article [25]. As an example, a sample with
code M#2.5 is shown in Figure 3a, and a 3D and 2D surface profile along with roughness
measurements at the top and bottom of the microchannel is shown in Figure 3b–e, respec-
tively. Table 2 summarizes the codes with the average roughness at the top and bottom
of the microchannels. Relative displacements occurring in the tool–workpiece system are
a harmful and undesirable phenomenon that always accompany the machining process.
They constitute basic difficulties in increasing the efficiency of machining and significantly
affect the geometric structure of the machined surface. Hence, the surfaces of each sample
have a different roughness [26].
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For the purpose of understanding the heat transfer mechanism, it is important to
visualize the boiling process and to understand the dynamics of vapor bubble growth. In
order to determine the diameter of the detaching vapor bubbles, image registration was
used using a digital monochrome camera PHOT MV-D1024-160-CL (Photonfocus, Lachen,
Switzerland) with a maximum resolution of 1024× 758 pixels. The camera captured images
at 428 frames per second at a resolution of 500 × 250 pixels. In addition, visualization was
performed using an RX-10 camera (Sony, Tokyo, Japan).

The measurement procedure is as follows:

• starting the cooling section to obtain condensate from the boiling ethanol vapor;
• heating the liquid to saturation temperature (ethanol degassing);
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• setting the appropriate electric voltage on the autotransformer (simulating the set
value of the heat flux);

• waiting about 15 min until the system reaches thermal equilibrium (temperature
indications will not change for the next 5 min);

• recording measurement data (temperature in the heating cylinder, fluid temperature,
taking photos of the boiling fluid).

The HTC for boiling ethanol and the surfaces with microchannels were calculated
according to the following equation:

α = q
(

TT3 + TT4

2
− q

δbs
λCu
− TT1 + TT2

2

)−1
(1)

where:

• TT1 to TT4—temperatures measured in the set-up,
• δbs—distance between the center of the thermocouple T4 and the bottom of the

microchannel,
• λCu—copper thermal conductivity.

The heating cylinder had thick insulation; hence, to calculate the heat flux, the one-
dimensional Fourier equation was used:

q = λCu
TT8 − TT5

δT8−T5
·
πd2

cyl

4a2 (2)

where:

• δT8–T5—distance between thermocouples,
• dcyl—external diameter of the copper cylinder.

The diameters of the db bubbles were measured in the x and y directions. These
were determined for at least 30 departing bubbles with 9–11 nucleation sites on average.
The diameter of bubble detachment was determined at a constant heat flux value. The
detaching bubble was treated as two rotating semi-ellipticals with a vertical and horizontal
axis of rotation. The diameter of the bubble can be calculated from the relationship [27]:

db =
(

x2y
)0.33

(3)

Uncertainty in diameter measurement is presented in the paper [13].
As is well known, the resistance to fluid flow is proportional to the quotient of the

length and diameter of the conduit through which it flows. The dimensionless number
representing the resistance to flow between the intercostal spaces is the Bond number. For
microchannels, they can be defined as follows:

√
Bo =

dh
Lcap

(4)

whereby the capillary length is the ratio of surface tension to buoyancy force and was
determined from the relationship:

Lcap =

√
σ

g(ρl − ρv)
(5)

The hydraulic diameter is defined as the quotient of four times the area to the circum-
ference of the microchannel, i.e., the height and space between the microchannels. After
transformation, it can be written as follows:

dh =
2wh

w + h
(6)
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Increasing the heat transfer surface area is a major factor in increasing the heat transfer
efficiency. The surface extension is the ratio of the extended surface area to the area of the
smooth surface:

ϕ =
Aext

Abs
=

2h + p
p

(7)

In addition, porosity as the ratio of the volume of material with void spaces to the total
volume of the material φ = Vvoid space/Vtotal can affect CHF and HTC, but for the surfaces
considered, this parameter is constant at 0.5.

3. Results

Experimental studies (heat transfer and visualization) were performed from ONB to
CHF for ethanol as a working fluid at atmospheric pressure, i.e., in the temperature range
77.4–148.2 ◦C. The surfaces tested were microchannels with the configuration shown in
Table 1. The determined boiling curves and qualitative and quantitative images of the
vapor bubbles were taken with increasing heat flux.

The analysis of measurement uncertainty was carried out similarly to the work of
Hożejowska et al. by means of a complete differential error [28]. The uncertainty values for
the measurement sensors utilized in this investigation are shown in Table 3. The absolute
error of thermal conductivity was adopted ∆λ = 1 W/mK. Measurement uncertainty is
affected by the following parameters: the thermal conductivity of the copper, the measure-
ment of the distance between the thermocouples, and the calibration of the thermocouples.
The partial derivative method was used to calculate the measurement uncertainty of the
heat flux and the heat transfer coefficient.

Table 3. Uncertainty regarding the equipment.

Parameter Tools Uncertainty

Temperature, K K-type thermocouple calibrated ±0.1
The temperature difference in the

Heating cylinder, K K-type thermocouple calibrated ±0.2

Wall superheat, K K-type thermocouple calibrated ±0.2
Geometric quantities, m Calipers for precision 0.00025 m

Using the total differential error determined heat flux measurement uncertainty:

∆q =

√√√√(∂q
∂λ

∆λ
)2

+

(
∂q

∂∆TT5−T8
∆(∆TT5−T8)

)2
+

(
∂q

∂δT5−T8
∆δT5−T8

)2
+

(
∂q

∂dcyl
∆dcyl

)2

+

(
∂q
∂a

∆a
)2

(8)

The absolute error of wall superheat:

∆(∆T) =

√(
∂∆(∆T)

∂λ
∆λ
)2

+

(
∂∆(∆T)
∂∆Tsat

∆(∆Tsat)

)2

+

(
∂∆(∆T)

∂δbs
∆δbs

)2

+

(
∂∆(∆T)

∂q
∆q
)2

(9)

wherein
∆Tsat =

TT3 + TT4

2
− TT1 + TT2

2
(10)

The absolute error in HTC:

∆α =

√(
∂α

∂q
∆q
)2

+

(
∂α

∂∆T
∆(∆T)

)2
(11)

Changes in the measurement uncertainty with increasing heat flux and HTC are shown
in Figures 4 and 5, respectively. The relative error of the heat flux measurement ranging
from 21.2 to 1035 kW/m2 reached values between 25% and 2.4%. The largest measurement
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uncertainties occur at q < 120 kW/m2. The relative error in the determination of HTC,
which depends on the heat flux and superheat, ranging from 2.6 to 90.3/(m2K) was between
25.9% and 4.4%. The uncertainties in HTC measurements are high because the superheat
value is low [29]. In the following boiling curve diagrams, the error bars are not given so as
not to obscure the drawings.
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The space between the micro-fins causes an increase in capillary pressure ensuring that
the fluid is pumped to the bottom of the microchannel, which promotes fluid replenishment
and prevents the heating surface from drying out. A higher surface extension factor ϕ
means a narrower gap, resulting in a significant increase in capillary pressure. It should be
borne in mind that the flow resistance then increases and the replenishment of the fluid
in the microchannel is hampered, reducing the CHF [30] values. Figure 6 shows CHF as
a function of (a) surface extension factor and (b) Bo0.5, where the trend of increasing heat
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flux with increasing extension factor is evident. With constant microchannel width and
increasing depth, the flow resistance of the fed fluid in the microchannels increases, thus
decreasing the CHF (Figure 6b). In addition, according to Jaikumar and Kandlikar [31],
increasing channel width results in better fluid delivery to the channel which prevents
drying. However, the opposite trend occurs in the following studies. This likely has to do
with a significant increase in capillary pressure and an increase in flow resistance for the
test substance. The differences in CHF magnitude occurring for similar values ϕ and Bo0.5

are not necessarily related to the number of active nucleation sites but are due to the much
better fluid delivery to the channel bottom [32].

Energies 2023, 16, x FOR PEER REVIEW 9 of 20 
 

 

the fluid in the microchannel is hampered, reducing the CHF [30] values . Figure 6 shows 

CHF as a function of (a) surface extension factor and (b) Bo0.5, where the trend of increasing 

heat flux with increasing extension factor is evident. With constant microchannel width 

and increasing depth, the flow resistance of the fed fluid in the microchannels increases, 

thus decreasing the CHF (Figure 6b). In addition, according to Jaikumar and Kandlikar 

[31], increasing channel width results in be�er fluid delivery to the channel which pre-

vents drying. However, the opposite trend occurs in the following studies. This likely has 

to do with a significant increase in capillary pressure and an increase in flow resistance 

for the test substance. The differences in CHF magnitude occurring for similar values φ 

and Bo0.5 are not necessarily related to the number of active nucleation sites but are due to 

the much be�er fluid delivery to the channel bo�om [32]. 

  
(a) (b) 

Figure 6. Variation in CHF with (a) surface extension factor, (b) Bo0.5 for microchannel. 

The best CHF and HTC results were obtained for surfaces with M#2.5, Figures 7 and 

8. There was a more than twofold increase in the CHF and a threefold increase in the heat 

transfer coefficient compared to the smooth sample. The heat flux was 1035 kW/m2, and 

the heat transfer coefficient reached 90.3 kW/(m2K) with superheat ΔT ≈ 11.5 K. 

During the initial boiling phase from ONB to q < 80 kW/m2, the tested surfaces show 

significant MC/smooth differences of αMC/αsmooth  1.01 ÷ 2.89 depending on the surface 

geometry, Figure 9. For q-values between 80 and 400 kW/m2, αMC/αsmooth values are in the 

range of 1 to 1.65, indicating a low amplification of the heat transfer coefficient. 

 

Figure 7. Maximum heat flux for different specimens. 

0

200

400

600

800

1000

1200

1 2 3 4

C
H

F
, 

k
W

/m
2



0

200

400

600

800

1000

1200

0.1 0.2 0.3

C
H

F
, 

k
W

/m
2

Bo0.5

M#2.2

M#2.3

M#2.4

M#2.5

M#3.2

M#3.3

M#3.4

M#3.5

M#4.2

M#4.3

M#4.4

M#4.5

Figure 6. Variation in CHF with (a) surface extension factor, (b) Bo0.5 for microchannel.

The best CHF and HTC results were obtained for surfaces with M#2.5, Figures 7 and 8.
There was a more than twofold increase in the CHF and a threefold increase in the heat
transfer coefficient compared to the smooth sample. The heat flux was 1035 kW/m2, and
the heat transfer coefficient reached 90.3 kW/(m2K) with superheat ∆T ≈ 11.5 K.
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During the initial boiling phase from ONB to q < 80 kW/m2, the tested surfaces show
significant MC/smooth differences of αMC/αsmooth ≈ 1.01÷ 2.89 depending on the surface
geometry, Figure 9. For q-values between 80 and 400 kW/m2, αMC/αsmooth values are in
the range of 1 to 1.65, indicating a low amplification of the heat transfer coefficient.
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The effect of microchannel depth and width on the heat transfer process was analyzed,
Figures 10–12. With constant microchannel depth and increasing width, a decrease in
CHF was noted, similar to the papers [13]. An increase in the heat transfer efficiency of
surfaces with microchannels occurs when the heat transfer surface area is increased and
also when the number of nucleation sites increases; this is particularly noticeable for porous
surfaces. An additional factor affecting CHF and HTC is the sliding velocity of the vapor
bubble inside the microchannel, and as discussed earlier, hydraulic resistance and capillary
pressure [33]. Microsurfaces with channels 0.2 mm wide show a favourable increase in
thermal performance because there is effective flooding of the microchannels by the liquid,
and they have the largest heat transfer surface area of the samples tested. Experimental
measurements of the 0.3 mm wide microsurfaces show that they work (performance) the
worst. In the initial phase, when q < 430 kW/m2, the HTC values are similar to those for
a smooth surface. The only advantage of these areas is that they obtain almost double
the CHF.
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Figure 13 shows the boiling curve with the most favorable values for the M#2.5
surface and is compared with the boiling curves proposed by other authors. The results
of maximum heat fluxes and HTC obtained by other authors are significantly lower. This
is due to the development of the surface or material from which they are made. These
samples were characterized by a small extension factor.
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Figure 13. Comparison of pool boiling performance of ethanol between the present sample M#2.5
and samples in the literature Hao et al. (2017) [18], Surtataev et al. (2018) [34], Shen et al. (2019) [14],
Nikulin et al. (2023) [35].

4. Bubble Departure Diameter

The diameter of the departing bubble is an important parameter for modelling boiling
on both smooth and developed surfaces. Determining this diameter involves solving the
balancing equation of the positive forces aiming to detach the bubble and the negative
forces keeping the bubble on the test surface.

Beer [36] analyzed the balance during boiling on a smooth surface. He assumed that
the positive forces were differential pressure force (including excess capillary pressure and
excess vapor pressure force) and buoyancy force, while the negative forces were surface
tension force, viscous drag force and liquid inertia force. A similar balance of power was
applied by Wang et al. [37], with negative forces supplemented with Marangoni force,
yielding a 3.8% prediction error for FC-72 bubble departure diameter. Identical positive
forces were considered by Kumar et al. [38], but they assumed only one negative force: the
surface tension force. Zeng et al. [39] took into account three forces aiming to detach the
bubble (contact pressure force, buoyancy force and lift force) and two forces holding the
bubble (surface tension force, unsteady growth force), determining the bubble diameter
with an error of 16% (reduced gravity for water and methanol). Bucci et al. [40] and Iyer
et al. [41] analyzed a balance including two forces tending to detach the bubble, i.e., contact
pressure force and buoyancy force, while the forces maintaining the bubble were surface
tension force and growth force, with Iyer et al. additionally including a viscous drag force,
which made it possible to determine the bubble diameter with an accuracy of 7.6% for
boiling water and 8.4% for boiling methanol.

For the extended surface with microchannels between micro-pin-fins, the authors
analyzed different configurations of forces acting on the bubble at the moment before
detachment: two positive forces and one or four negative forces. Zhou et al. [42] and
Kong et al. [43] considered differential pressure force and buoyancy force as positive forces,
while negative forces included surface tension force, viscous drag force and liquid inertia
force, supplemented with Marangoni force by Zhou et al., and by Kong et al. with additional
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virtual force–channel pressure. A simplified balance of forces was used by Zhao et al. [44]:
capillary pressure force and buoyancy force versus surface tension force. On tunnel-pore
structural surfaces, buoyancy force and lift force were used as forces that facilitate bubble
departure from a surface, and surface tension force, unsteady growth force and liquid
inertia force or bubble inertia force as forces that prevent bubble departure [45,46]. Chien
and Webb [47] used a simple equilibrium of buoyancy and surface tension force, which
enabled the determination of the bubble departure diameter with a good accuracy of
12% for R-123. When analyzing the boiling of Novec-649 on surfaces with microchannels
0.2–0.4 mm wide, Kaniowski and Pastuszko [13] used the same balance of forces but
obtained a larger diameter determination error of 25%. Also, for microchannel surfaces
with top width 0.25–0.5 mm and base width 0.5–0.8 mm, Walunj and Sathyabhama [48]
used a balance like that of Murthy et al. [46], obtaining a bubble diameter prediction error
of 5.6% for boiling water. Taking the balance of differential pressure force and buoyancy
force versus surface tension force, drag force and bubble inertia force for boiling FC-
72 and Novec-649 in deep mini-channels, Pastuszko et al. [49] obtained larger errors of
determination of bubble departure diameter, i.e., 18–32%.

In this paper, the balance of two positive forces (the pressure difference force and
buoyancy force) and two negative forces (drag force and surface tension force) were used
to determine the diameter of the detachable bubble on a surface with microchannels
(Figure 14).

Fp + Fbu = Fd + Fst (12)
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4.1. Pressure Difference Force

The pressure difference force is dependent on the vapor pressure and capillary pres-
sure [36,37]:

Fp =

(
Cdρl

8

(
dR
dt

)2
+

4σ
db

)
Ac (13)

A constant bubble growth rate dR/dt = db/2tg, similar to Walunj and Sathyab-
hama [48], while the value of the drag coefficient, Cd = 0.5, was assumed according to
Pastuszko et al. [49]. The bubble growth period was calculated using the bubble growth
equation proposed by Mikic et al. [50]:(

dR
dt

)2
=

(
πilvρv∆T

7ρlTsat

)(
Tv − Tsat

Tw − Tsat

)
(14)

The authors used a modified form of Equation (14) proposed by Chien and Webb [47]
with the width of the microchannels introduced instead of the pore diameter:

tg =
1

Cg

[
7

4π
ρlTsat

ilvρv∆T

(
db

2 −w2
)]1/2

(15)

The empirical parameter Cg = 0.0296 was proposed by Chien and Webb for boiling
R-11, R-123, R-134a and R-22. In the case of ethanol boiling, numerical simulations showed
the need to increase Cg to a value of 0.08.

The contact surface area (dry spot) between the bubble and the top of the microfins
can be calculated using the following formula:

Ac =
πd2

bs
4

(16)

where the diameter of the base of the bubble corresponds to the sum of the width of the
microchannels and the thickness of the two micro-ribs, giving dbs = 2p − w (Figure 14).

4.2. Buoyancy Force

The detaching bubble is shaped like an elongated truncated spheroid, but assum-
ing, as a simplified example, a spherical shape of the bubble, the buoyancy force is
calculated using

Fbu =
πd3

b
6

g(ρl − ρv) (17)

4.3. Drag Force

The drag force is the liquid resistance that occurs when the diameter of the bubble
changes. The bubble growth rate, dR/dt, and the drag coefficient Cd were defined similarly
to the pressure difference force. The reference surface is the cross-sectional area of the
departing bubble:

Fd =
Cdρl

2

(
dR
dt

)2πd2
b

4
(18)

4.4. Surface Tension Force

The surface tension force can be determined depending on the relationship:

Fst = σLc sin Θ (19)

The contact line Lc separates the three phases and consists of horizontal arcs with radii
corresponding to half the diameter of the base of the bubble (dbs), located at the tops of
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adjacent microchannels, and four vertical sections with a height equivalent to the depth of
the microchannels, minus half the width of the microchannel (Figure 14).

Lc = πdbs + 4
(

h− w
2

)
(20)

The diameter of the base of the bubble dbs was determined according to the explanation
under Formula (16). In addition, it is assumed that contact angle Θ→ π/2, hence sin Θ→ 1.

Figure 15 shows a comparison of the bubble diameters determined experimentally
and from the theoretical model presented, with reference to the individual surfaces. A
small bubble diameter can be observed, which was 1.5–1.8 mm at the smallest heat flux
(22–30 kW/m2). An increase in superheat corresponding to approximate heat fluxes of
50–125 kW/m2 results in the stabilization of bubble diameter in the range of 1.9–2.8 mm.
The computational model shows the trend associated with the increase in diameter for
the heat flux range considered. The best compatibility between the calculations and
the experimental data was obtained for the average depths of the microchannels, i.e.,
0.3 and 0.4 mm. The relative error in diameter determination does not exceed 19% for
q > 49 kW/m2.
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5. Conclusions

This paper presents the results of an experimental study of pool boiling on microchan-
nel surfaces using ethanol as a working fluid. The experiments were carried out at atmo-
spheric pressure in the range from the onset of boiling to its crisis.

When constructing and prototyping heat dissipators and exchangers, it is necessary to
know the heat transfer coefficient and critical heat flux. When electronic systems, energy
sources and digital systems are cooled, heat flux increases with the smallest possible
temperature difference between the heating surface and the refrigerant. To achieve this, it
is necessary to develop new surfaces and fluids.

For the tested surfaces with microchannels, an intensification of the heat transfer per-
formance was found, with the heat transfer coefficient and the critical heat flux depending
on the depth and width of the microchannel. A maximum of three times the heat transfer
coefficient of the plain smooth surface was achieved, reaching a value of 90.3 kW/(m2K).
The highest HTC and CHF were obtained with the largest surface extension, i.e., for mi-
crochannels with a width of 0.2 mm and a depth of 0.5 mm having ϕ = 3.5. The critical heat
flux for this surface was more than double that for the plain smooth surface.

The article showed the method of isolated bubble departure calculation for possible
modes of bubble formation in a cavity at the microfin base and growth in the space
of the microchannel and at the top of the microfins. The developed theoretical model
allowed the diameter of the detachable bubble to be determined for the boiling of ethanol
on surfaces with microchannels with an average error of 17% in the superheat range of
3.0–9.7 K, corresponding to an approximate heat flux range of 20–130 kW/m2. Calculations
assuming a balance of four forces and the bubble departure between two fins showed good
compatibility with experimental data for mini-channels with a width 0.2–0.4 mm in the
given heat flux range, taking into account a significant increase in diameter in the range
from 20 to approximately 50 kW/m2.

Theoretical modeling of the diameter of departure bubbles leads to a better under-
standing of the heat transfer mechanism, which in the future will lead to the determination
of semi-analytical models for CHF and HTC. Additionally, tests will be carried out on
surfaces with inclined microchannels.
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Nomenclature

A area, m2

a width of specimen, m
Bo Bond number
C constant
cp specific heat, J/(kgK)
CHF critical heat flux, W/m2

d diameter, m
F force, N
f frequency, Hz
g gravitational acceleration, m/s2

HTC heat transfer coefficient, W/(m2K)
h microchannel depth, m
i enthaly, kJ/kg
L length, m
q heat flux, W/m2

p pitch, m
R radius, m
Ra roughness, µm
T temperature, K
t time, s
w width, m
x, y distance, m
Greek letters
α heat transfer coefficient, W/(m2K)
∆ error, uncertainty
∆T superheat referred to the microfin base, K
δ thickness, m
Θ contact angle, rad
ϕ surface extension factor
λ thermal conductivity, W/(mK)
ρ density, kg/m3

µ dynamic viscosity, Pas
σ surface tension, N/m
Subscripts
b departing bubble
bs base
bt bottom
bu buoyancy
Cu copper
c contact line
cap capillary
cyl cylinder
d drag
ext extended
h hydraulic
g growing
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l liquid
MC microchannel
p pressure difference
Sn tin
sat saturated
st surface tension
t top
T1,. . .,T8 thermocouple number
v vapor
w wall
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