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Abstract: Boiling, as the most efficient type of convective heat transfer, is an area of interest in many
fields of industry and science. Many works have focused on improving the heat transfer efficiency of
boiling by altering the physical and chemical properties of surfaces by using different technological
processes in their fabrication. This paper presents experimental investigations into pool boiling
on enhanced surfaces with open microchannels. The material of the fabricated surface was copper.
Parallel microchannels made by machining were about 0.2, 0.3, and 0.4 mm wide, 0.2 to 0.5 mm deep,
and spaced with a pitch equal to twice the width of the microchannel. The experiments were carried
out in water at atmospheric pressure. The experimental results obtained showed an increase in the
heat flux and the heat transfer coefficient for surfaces with microchannels. The maximum (critical)
heat flux was 2188 kW/m2, and the heat transfer coefficient was 392 kW/m2K. An improvement
in the maximum heat flux of more than 245% and 2.5–4.9 times higher heat transfer coefficient
was obtained for the heat flux range of 992–2188 kW/m2 compared to the smooth surface. Bubble
formation and growth cycle in the microchannel were presented. Two static computational models
were proposed to determine the bubble departure diameter.

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

1. Introduction

Devices used in the power industry are designed to work in a given temperature
range. To maintain the correct operating temperature, it is important to use suitable heat
exchangers, using special surfaces to increase the heat transfer coefficient and the heat
flux dissipated.

The dissipation of large amounts of heat is required when working with many tech-
nically advanced devices, including electronics used in hybrid vehicles, heat exchangers
for hydrogen storage, supercomputers, computer data centers, X-ray medical equipment,
avionics in aircraft and spacecraft, advanced radar, and laser and microwave-directed
energy weapons [1].

Equipment that generates significant heat flux, such as electronics, gas turbines, nu-
clear reactors, and internal combustion engines, requires thermostabilization. In the design
of such heat exchangers, the aim is to miniaturize the systems receiving and dissipating
the heat flux as much as possible. For this purpose, different types of active and pas-
sive enhancement techniques [2] are used, related to flow [3–6] and pool boiling [7–12].
Hożejowska et al. [3] analyzed two-dimensional temperature distributions in rectangu-
lar, vertical, and nonaxial heated flat minichannels, finding five different two-phase flow
patterns. Piasecka and Strąk [4] focused on two types of minichannel surfaces used for
flow boiling enhancement, with randomly placed minicavities and with soldered metallic
powder. The highest heat transfer coefficient was obtained for the enhanced foil with mini-
cavities. The same authors [5] also investigated subcooled flow boiling in unequally heated
rectangular minichannels oriented with few inclination angles. Piasecka and coworkers [6]
computed the flow boiling heat transfer coefficient for a 1.7 mm depth minichannel with
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an enhanced surface during FC-72, HFE-649, HFE-7000, and HFE-7100 flow. Gil et al. [7]
examined the influence of glow plasma water treatment at low pressure on pool boiling
heat transfer. They observed a strong reduction in the heat transfer coefficient. In another
work, Gil and Fijałkowska [8] determined the pool boiling heat transfer coefficients of
selected refrigerants (RE170, R600a, and R601) and compared them with R134a. The highest
performance was obtained for RE170. Hożejowska et al. [9] tested pool boiling heat transfer
on surfaces with an open microchannel using ethanol as a working fluid. The highest heat
transfer coefficient was obtained for the deepest and narrowest microchannel. Investiga-
tions of pool boiling of water, ethanol, and Novec-649 on surfaces with microchannels of
variable and constant depth were carried out by Bedla-Pawlusek et al. [10]. The largest
HTC at the boiling of water, about 45 kW/m2K, was obtained for microchannels with a
constant depth of 0.2 mm. The results of investigations of the impact of mesh aperture
on pool boiling heat transfer were presented by Orman [11]. He concluded that surfaces
with meshes of smaller aperture provided better results. Orman and coworkers [12] also
analyzed the pool boiling of water and ethanol on surfaces with microchannels made by
laser treatment. The authors suggested that the samples with deeper microchannels and
narrower fins provided the best performance.

The most effective and the most versatile passive technique of increasing the critical
heat flux (CHF) and the heat transfer coefficient (HTC) comprises modification of the
surface, which consists of changing the roughness of the heating surface, covering it with a
porous layer, texturing, and applying perforations, forming subsurface tunnels, small fins,
or microchannels.

Among the existing boiling liquids, water as a working fluid in contact with a cop-
per surface provides the highest HTCs and CHFs. This liquid is generally available and
relatively cheap, but its use in electronic systems is possible only in deionized and dem-
ineralized forms, because impurities cause corrosion and calcification in cooling channels.

Table 1 shows a summary of example surfaces with microchannels (MCs) used for
pool boiling heat transfer intensification with water as a working fluid. Additionally, for
comparison purposes, an example of a surface with a wire mesh is shown (last item).

Table 1. Types of open microchannels.

Reference Configuration The Highest HTC

Cooke and Kandlikar [13]
Silicon microchannels 0.04–0.2 mm

wide and 0.18–0.275 mm deep,
etched in silicon plates

73 kW/m2K

Cooke and Kandlikar [14] Copper microchannels 0.2–0.4 mm
wide and 0.100–0.400 mm deep

269 kW/m2K (channel
width: 0.375 mm; depth:

0.4 mm)

Jaikumar and Kandlikar [15]

Microchannels 0.3–0.762 mm wide;
three configurations of copper

powder sintering: all surface, only
microfin tops, only microchannels

2900 kW/m2K, relative
to the structured

10 × 10 mm2 surface

Patil and Kandlikar [16]
Microchannels 0.3–0.762 mm wide
and 0.2–0.4 mm deep; microfin tops

with porous coatings

995 kW/m2 K (channel
width: 0.762 mm)

Jaikumar and Kandlikar [17]
Microchannels 0.762 mm wide and

0.4 mm deep; coating
configurations as in [15]

565 kW/m2K

Gheitaghy et al. [18]
Inclined (45◦) microchannels

0.5–0.7 mm wide and 0.5–1 mm
deep

About 120 kW/m2K for
the channel width of
0.5 mm and depth of

1.4 mm

Kaniowski et al. [19] Microchannels 0.3 mm wide and
0.2–0.4 mm deep About 64 kW/m2K
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Table 1. Cont.

Reference Configuration The Highest HTC

Rahman and McCarthy [20]

Microchannels 0.42–0.43 mm wide
and 0.25–0.31 mm deep with

nanostructured coatings (copper
oxide)

461 kW/m2 K

Kwak et al. [21] Microchannels 0.03 mm wide and
0.01–0.1 mm deep with a SiO2 layer

About 60 kW/m2K for
the microchannel depth

of 0.1 mm

Walunj and Sathyabhama [22]
Microchannels 0.25–0.8 mm wide,

0.5 mm deep; three types of shapes:
rectangular, parabolic, and stepped

About 16 kW/m2K

Gouda et al. [23]
Microchannels 0.4 mm wide and

0.45 mm deep and microfin 0.2 mm
wide

About 128 kW/m2K

Zhang et al. [24]

Minichannels 0.8 mm wide and
1.5 mm deep covered with

microporous copper structure with
a thickness of 2–4 mm

About 127 kW/m2K

Li et al. [25]
Sintered copper wire mesh

0.21–2.3 mm thick (pore size:
0.119–0.232 mm)

About 175 kW/m2 K

The departure diameter of the bubble is one of the most important parameters used to
describe and model the boiling process on both plain and extended surfaces. The maximum
diameter of the vapor bubble results from the balance of forces acting on it at the end of the
growth period or at the beginning of the detachment period. Various methods of balancing
the forces acting on a detaching bubble can be found in the literature. In relation to pool
boiling on surfaces such as micro- and minichannels and micro- and minifins, the number
of publications is limited.

Ramaswamy et al. [26] analyzed an enhanced structure with an array of microchannels
on opposite sides. They considered six forces (surface tension, lift, vapor inertia, liquid in-
ertia, buoyancy, and unsteady growth), the balance of which made it possible to determine
the diameter of the detaching bubble. The authors additionally assumed that there is no
inertia force when the velocity of the bubble is constant. Zhao et al. [27] analyzed pool boil-
ing on surfaces with microfins with a width and height in the range of 0.2–0.8 mm. For this
kind of surface, they suggested that the drag force, pressure force, and inertia force could
be neglected. Then, the force balance equation was shortened to surface tension, buoyancy,
and capillary force balance; however, the authors did not perform calculations for the
presented assumptions. Zhou et al. [28] presented a modified bubble dynamics model to
predict the bubble departure diameter on a microfin surface. The traditional force balance
model, additionally with Marangoni force, has been expanded by including the surface
tension force of minor bubbles acting on the major bubble. Walunj and Sathyabhama [22]
used a force balance similar to that given by Ramaswamy et al. [26] to estimate the bubble
departure diameter for rectangular, parabolic, and stepped microchannels. The calculation
of the surface tension force for the growing bubble was divided into two growth phases: in
the space of the microchannel and at the tips of the microfins. The mean error between the
calculated and experimental bubble detachment diameters for all microchannel surfaces
was found to be 5.6%. For surfaces with open microchannels, Cooke and Kandlikar [14]
presented a simple relationship to calculate the diameter of the departing bubble, including
the width of the microchannel and the contact angle. They found that the diameters of
the bubbles on chips with 0.2 mm and 0.375 mm wide microchannels were larger than the
analytical calculation by about 13%.
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This article recapitulates the results of the pool boiling heat transfer experiments
and theoretical analysis conducted on surfaces with microchannels. The study aimed to
find the most advantageous microchannel geometry for the highest heat transfer coeffi-
cients and critical heat flux. The authors also proposed two methods of bubble departure
diameter determination.

2. Materials and Methods

Heat transfer and visualization measurements were performed on the measurement
system shown in Figure 1, being a modified set-up as described in [29,30].

Figure 1. Pool boiling measurement stand.

The basic module enabled determining the temperature difference between the heating
surface and the fluid and to evaluate the heat flux. Furthermore, the collected data could
be used for creating the boiling curves α(q) and q(∆T). A 1500 W electric cartridge heater,
100 mm in length, 16 mm in diameter, was placed into the bar. Eight thermocouples
(K-type, NiCr-NiAl) with a diameter of 0.5 mm were used for temperature measurements.
Thermocouple calibration was performed using the Altek 422 calibrator with an accuracy
and resolution of 0.1 K. The absolute error of temperature measurement was taken as
0.2 K [31]. The FLUKE Hydra Series II measurement data acquisition station collected the
readings from the thermocouples.

The linearity of the temperature values over a distance of 35 mm was examined and is
presented in Figure 2. The coefficient of determination R2 = 0.99 suggested one-dimensional
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heat conduction at the top of the heating cylinder. The arrangement of thermocouples in
the heating cylinder is shown in Figure 3a.

Figure 2. Temperature distribution at different heat fluxes: Specimen MC-0.3-0.4-0.6.

Figure 3. (a) Arrangement of thermocouples; (b) specimen with microchannel dimension.

A PHOT MV-D1024-160-CL (Photonfocus) digital monochromatic camera with a
resolution of 1024 × 758 pixels was used for collecting images of bubbles at different
heat fluxes. Photos were taken by the camera with a speed of 300 fps and a resolution of
480 × 360 pixels, with an average error of 2 fps. For recording the whole surface of the
specimen, the EX-FH20 (Casio) camera was used. During the visualization of the boiling
process, front and side lighting with an LED lamp was used.

Prior to the actual measurements, the liquid was degassed for about 15 min in the main
module by bringing it to a boil. Measurement data were collected when the temperature
change did not exceed 0.1 K in 3 min. Experiments were conducted at atmospheric pressure
in distilled water with increasing heat flux to reach the boiling crisis (CHF).
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The surfaces with microchannels were made of copper and had parallel rectangular
grooves made with an end mill (CNC machining process) (Figure 4a). The mean roughness
was 0.123 µm. Tests were also carried out on a plain surface (Figure 4b) made of copper
with a milling machine and polished with 600-grit sandpaper. The test section consisted of
a 27 × 27 mm2 boiling region on a 32 × 32 mm2 square copper specimen. Table 2 compiles
the surface codes and parameters of eleven MC surfaces according to the notations in
Figure 3b.

Figure 4. (a) View of the MC-0.2-0.5-0.4 surface and surface enlargement; (b) view of the plain,
smooth specimen.

Table 2. Surface codes and specifications.

Specimen Code w, mm h, mm p, mm ϕ

MC-0.2-0.2-0.4 0.2 0.2 0.4 2.00
MC-0.2-0.3-0.4 0.2 0.3 0.4 2.50
MC-0.2-0.4-0.4 0.2 0.4 0.4 3.00
MC-0.2-0.5-0.4 0.2 0.5 0.4 3.50
MC-0.3-0.2-0.6 0.3 0.2 0.6 1.67
MC-0.3-0.4-0.6 0.3 0.4 0.6 2.33
MC-0.3-0.5-0.6 0.3 0.5 0.6 2.67
MC-0.4-0.2-0.8 0.4 0.2 0.8 1.50
MC-0.4-0.3-0.8 0.4 0.3 0.8 1.75
MC-0.4-0.4-0.8 0.4 0.4 0.8 2.00
MC-0.4-0.5-0.8 0.4 0.5 0.8 2.25

The surface extension coefficient (enhancement factor) was defined as:

ϕ =
Aext

Abs
(1)

where Aext = (2h + p)ws, Abs = pws, and finally, ϕ = (2h + p)/p (Figure 3b). For instance,
for Specimen MC-0.2-0.4-0.4, ϕ = (2 × 0.4 + 0.4)/0.4 = 3

According to Newton’s law of cooling, HTC is equal:

α =
q

∆T
(2)

By Fourier’s law:

q = λCu
TT8 − TT5

δT8−T5
·
πd2

cyl

4a2 (3)
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The wall temperature (Tw) was related to the microchannel bottom. Due to the shift of
the thermocouples T3 and T4, Tw was extrapolated by the following equation:

Tw =
TT3 + TT4

2
− q

(
δbs
λCu

+
δSn

λSn

)
(4)

where δbs is the distance between the microchannel bottom (reference surface) and thermo-
couples T3 and T4 (Figure 3a).

The wall superheat, defined as the difference between temperatures of the reference
surface and the saturated liquid, is shown by the following equation:

∆T = Tw − TT1 + TT2

2
(5)

The diameter of the cylinder was dcyl = 45 mm, and the copper thermal conductivity
was λCu = 380 W/(mK). A tin layer with a thickness of 0.1 mm (δSn) and a thermal
conductivity of 66.5 W/mK (λSn) was used to attach the sample to the heating cylinder.

The measurement uncertainty of the heat flux was defined as the total differential
error dependent on the errors in determining:

• The thermal conductivity coefficient ∆λ = 1 W/mK;
• The temperature difference in the heating cylinder ∆(∆TT5–T8) = 0.2 K;
• The temperature difference ∆(∆Tsat) = 0.2 K, where ∆Tsat = (TT3 + TT4)/2 –

(TT1 + TT2)/2;
• The distance between the temperature sensors and the geometric quantities, i.e.,

diameter of the heating cylinder and side of the sample ∆δT5–T8 = ∆dcyl = ∆a =
0.00025 m.

The dependence is shown by the equation:

∆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

(6)

On the other hand, the uncertainty of the heat transfer coefficient was determined as:

∆α =

√(
∂α

∂q
∆q
)2

+

(
∂α

∂∆T
∆(∆T)

)2
(7)

where the uncertainty in the superheat measurement was defined as:

∆(∆T) =

√(
∂∆(∆T)

∂λ
∆λ
)2

+

(
∂∆(∆T)
∂∆Tsat

∆(∆Tsat)

)2

+

(
∂∆(∆T)

∂δbs
∆δbs

)2

+

(
∂∆(∆T)

∂q
∆q
)2

(8)

For the considered heat fluxes, the relative error varied between 11.4% and 2.3%
for heat fluxes 50–2188 kW/m2 (Figure 5a), while the relative error of the heat transfer
coefficient was between 5.8% and 33.5% for the range of 35–392 kW/m2K (Figure 5b).
Similar results of relative error calculations were obtained by Kandlikar and coworkers in
the paper [15].



Energies 2021, 14, 3062 8 of 21

Figure 5. (a) Relative uncertainty at different heat fluxes; (b) relative uncertainties at different heat transfer coefficients.

3. Results
3.1. Boiling Curves

The measurement results for copper surfaces with microchannels are presented in the
form of relationships α(q) (Figure 6) and q(∆T) (Figure 7).

Figure 6. Boiling curves for water: heat transfer coefficient vs. heat flux.
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Figure 7. Boiling curves for water: heat flux vs. superheat.

The obtained boiling curves for the surface with microchannels were compared with
the data for a plain smooth surface. The best performance was recorded for the surface MC-
0.4-0.3-0.8, whose HTC reached 306.5 kW/m2K in the range of up to about 1400 kW/m2

at superheat ∆T ≈ 4.8 K. However, on the MC-0.2-0.5-0.4 surface, the highest HTC was
obtained (392.4 kW/m2K) and CHF (2188 kW/m2) at superheat ∆T ≈ 5.6 K. At such high
heat fluxes, the relative error of HTC determination reached up to 33%. Measurement
results for the tested specimens may show discrepancies related to the change in parameters
such as surface extension coefficient, roughness, and contact angle. Surface wettability
can have a decisive effect on the value of HTC and CHF. In the paper [32], the authors
described techniques improving this parameter, i.e., by using microporous surfaces, and
decreasing the contact angle of copper surfaces by covering the surface with a thin layer of
SiO2 and TiO2. Despite the lack of additional surface modifications, the analyzed surfaces
allowed obtaining high HTCs within the range of 49.7–2188 kW/m2. In relation to the
plain smooth surface, for heat fluxes smaller than CHF, a 1.04–2.7-fold increase in HTC was
obtained (Figure 8).

Figure 8. Heat transfer coefficient enhancement in nondimensional form for MC surfaces below the
CHF for plain and smooth surfaces.
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For microchannels with a width of 0.2 and 0.3 mm, the highest critical heat fluxes
(CHFs) of about 2200 and 1700 kW/m2, respectively, and the highest heat transfer coeffi-
cients (HTCs) of about 390 and 330 kW/m2K, respectively, are obtained using the deepest
microchannels (h = 0.5 mm). When the above-mentioned small microchannel widths are
used, high capillary pressures, according to the relationship ∆pcap = 2σ cosΘ/w, ensure an
adequate amount of liquid and compensate for the pressure drop during liquid inflow at the
depth of 0.5 mm. In addition, small pitches (p = 2w) are used at small microchannel widths,
hence the analyzed surfaces contain a significant number of microchannels, ensuring that a
large number of nucleation sites are obtained. For surfaces with the smallest microchannel
width (0.2 mm), an almost constant slight superheat of 5–6.5 K can be observed for heat
fluxes above 500 kW/m2 (Figure 7), which is important in obtaining large HTC values.

When using microchannels with a larger width (w = 0.4 mm), the medium depth of
microchannels (0.3–0.4 mm) is the most beneficial. At this width, the diameters of detached
bubbles are larger than for channels with widths of 0.2–0.3 mm. The largest diameters
according to the measurements were 4–4.3 mm for a 0.4 mm microchannel width, compared
to diameters of 3.6–3.8 mm for w = 0.2–0.3 mm. Bubbles with larger diameters require
more liquid to evaporate. The shallowest microchannels (h = 0.2 mm) do not ensure that
an adequate mass flow rate of the inflowing liquid is maintained. However, by using the
deepest microchannels (h = 0.5 mm), the lower capillary pressures obtained with a width
of 0.4 mm do not compensate for the greatest pressure losses during the liquid inflow to
this depth.

The surface extension coefficient value depends on the h/p ratio, i.e., with the same
pitch for large-depth microchannels, the highest ϕ values are obtained. As for the tested
MC surfaces, it was assumed that the pitch is twice the width, hence the dependence on
the surface extension coefficient can be simplified to form ϕ = h/w + 1. The MC-0.2-0.5-0.4
surface has the narrowest (w = 0.2) and the deepest (h = 0.5) microchannel, which allows for
the highest coefficient value, ϕ = 3.5, to be obtained. The deep microchannels are intensely
supplied with liquid even at the biggest heat flux, which prevents them from drying out
even at the highest superheating. Moreover, a higher value ofϕmeans a larger heat transfer
surface and an increased number of microchannels. For a specimen width ws = 27 mm
and microchannel width w = 0.2 mm, 134 microchannels are obtained. The knowledge of
the value of ϕ allows for the estimation of the CHF increase for the compared surfaces.
For example, the ratios of the surface extension coefficient for surface MC-0.2-0.5-0.4 to
the surface extension coefficient for surfaces MC-0.2-0.3-0.4 and MC-0.3-0.5-0.6 are 1.4 and
about 1.31, respectively. The CHF ratios for these surfaces are approx. 1.25 and approx. 1.28,
respectively.

Surfaces with microchannels with a width of 0.2 (MC-0.2-0.5-0.4) and 0.3 mm (MC-
0.3-0.5-0.6) have the highest surface extension coefficients (Table 2, ϕ = 3.5 and ϕ = 2.67,
respectively), which, with the efficiency of microfins η ranging from 0.85 to 0.99 [9], guar-
antees high effectiveness ε = ϕ η. Similar conclusions regarding the influence of the surface
extension coefficient on HTC were presented by Cooke and Kandlikar [13].

The data presented in this study for specimens MC-0.2-0.5-0.4 and MC-0.4-0.5-0.8
were compared to several other microstructured surfaces reported in Table 1, as shown in
Figure 9. The surface with microchannels with a width of 0.2 mm shows a CHF close to the
values presented in the publications [13,15,23,24], i.e., 1900–2700 kW/m2, while allowing
the highest HTC values. For an exemplary surface with 0.4 mm wide microchannels (MC-
0.4-0.5-0.8), the maximum HTC is obtained, similar to those presented in [15,25], while the
CHF is about 1.8–2.9 times smaller.
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Figure 9. Pool boiling performance comparison with different structures reported in the literature
with water as the working fluid [13,15,18,22–25].

3.2. Visualization

Relationships between the frequencies and diameters of departing bubbles are pre-
sented in Figure 10a. The experimental data were checked using the Zuber correlation [33]:

fdb = C
(
σg(ρl − ρv)

ρl
2

)0.25

(9)

where C = 0.59, and the Jakob correlation [34] is:

fdb = 0.078 (10)

With respect to the experimental data for boiling in microchannels, both correlations
show underprediction. Correcting the C factor in the Zuber correlation from 0.59 to 0.7
brings the experimental data within ±20% (Figure 10a). For the analyzed microchannel
surfaces, it is recommended that the modified Zuber correlation with the constant C = 0.7
be used to predict the frequency for known values of the departing bubble diameter.

Figure 10. Averaged departing bubble frequency vs. departing bubble diameter (a) and heat flux (b).
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Figure 10b shows the dependence of bubble departure frequency on the heat flux.
With small heat fluxes of 50–60 kW/m2, vapor bubbles are formed with different diameters
ranging from 2 to 3 mm, and their frequency of detachment from the heating surface is
variable (30–60 Hz). In the initial phase of nucleate boiling, the increase in heat flux causes
a drop in the bubble departure frequency by about 70% and a simultaneous increase in
the bubble diameter of 60% in the heat flux range of q = 50–90 kW/m2 (Figure 10a,b).
Nucleation sites operate at different frequencies, are scattered over the entire surface, and
do not affect each other. At higher heat fluxes, for q > 120 kW/m2, the bubble frequencies
stabilize (Figure 10b), while the number of nucleation sites increases. In the heat flux range
of 120–200 kW/m2, the frequency of the vapor bubbles remains approximately constant.
Some nucleation sites are constantly active, continuously producing bubbles.

Figures 11 and 12 show the nucleate boiling for plain and extended surfaces with
increasing heat flux. When boiling on a plain surface, there is intense coalescence above
100 kW/m2. For surfaces with microchannels, even at higher heat flux, a significant number
of isolated bubbles can be observed. At a heat flux of about 200 kW/m2, the bubbles start to
combine with each other before detachment (horizontal coalescence) and after detachment
(vertical coalescence), as a result of which the vapor bubbles take funnel-like shapes at
the bottom. For these vapor formations (bubble groups), the diameter and frequency of
departing bubbles became impossible to measure.

Figure 11. Visualization observation of pool boiling of water on the entire area of the plain smooth surface.

Figure 12. Visualization observation of pool boiling of water on the entire area of the surface with microchannels (MC-0.4-
0.5-0.8).

3.3. Bubble Formation and Growth

Example images of isolated bubble growth on a surface with 0.4 mm wide microchan-
nels are shown in Figure 13. The images show bubble growth above the microchannel
space in contact with the edges of the microfins.

Another camera shot at an angle of 45◦ (Figure 14) to the tested surface allowed for a
more accurate analysis of the bubble formation and growth cycle in the microchannel space.
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Figure 13. Successive images of growing isolated bubbles boiling on the MC-0.4-0.4-0.8 surface.

Figure 14. Bubble formation cycle in the microchannel of Specimen MC-0.4-0.4-0.8, q = 90 kW/m2: (1) bubble at the channel
bottom; (2) bubble growing in the microchannel space; (3) forming the bubble above the microfin tips; (4) the beginning of
the detachment period; (5) bubble departure.

Bubble nucleation and growth in water at low and medium heat fluxes are shown in
Figure 14. Analysis of the visualization images showed that the initial period of bubble
growth is associated with its formation in a microchannel space limited by microfins. The
observations made allowed us to distinguish between two modes (Mode A and Mode B) of
nucleation, bubble growth, and departure. In the case of Mode A, which is characteristic
of small heat flux, the microchannel spaces are almost filled with liquid and nucleation
occurs in a corner near the bottom of the microchannel. The bubble expands to the width
of the microchannel, then elongates and moves vertically, followed by the formation of
the bubble above the microfin tips and an intense increase in the volume of the bubble,
assuming a spherical shape above the microfin tip. At the same time, the volume of vapor
filling the microchannel space decreases, resulting in an intense influx of liquid into the
lower part of the microchannel, and the predominance of buoyancy force over the surface
tension force results in the onset of the detachment period. A mechanism of bubble growth
similar to the described one was presented by Walunj and Sathyabhama [22] in relation to
a rectangular microchannel, distinguishing four phases of bubble growth: nucleation at the
corner of the microchannel, growth in the channel, vertical bubble growth, and departure.

For higher heat flux, and therefore higher superheat, the lower part of the microchan-
nel remains filled with vapor during the entire bubble formation cycle (Mode B). Subse-
quent stages related to the increase in the vapor volume in the microchannel space, without
displacement of the whole bubble, and the formation of a spherical bubble above the
microfin tip are similar to those in the discussed Mode A (Stages 2, 3, and 4; Figure 14). The
primary difference is the separation of the expanded bubble from the vapor plug in the
microchannel space (Stage 5; Figure 14). By leaving the vapor in the microchannel space,
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rapid formation and growth of a new bubble from the same nucleation site is possible at
higher heat flux.

3.4. Bubble Departure Diameter

The existing dependencies for the bubble departure diameter calculation were de-
veloped for plain, smooth surfaces and therefore are of limited use on surfaces with
microchannels. Due to the different mechanisms of the bubble cycle on surfaces with
microchannels, the authors propose a new relationship for calculating the bubble departure
diameter for these kinds of enhanced surfaces.

The diameter of the bubbles departing from the analyzed surface was calculated
taking into account the buoyancy force and surface tension force balance. This simplified
procedure ignores the inertia force, drag force, and pressure difference force during bubble
growth. A similar simplification was adopted by Zhao et al. [27], analyzing the balance
of forces acting on the bubble at boiling on plain surfaces. They concluded that the drag
force and the inertia force played the most important role in the first period of bubble
growth and were inconsiderable when coming to the critical departure point. Moreover,
the pressure force is small enough to be neglected because, at the critical departure point,
the pressure inside the bubble is almost equal to the liquid pressure. By adopting these
simplifying assumptions, the following dependence can be obtained:

Fbu = Fst (11)

Buoyancy force is calculated from:

Fbu =
πd3

b
6

g(ρl − ρv) (12)

and the surface tension force can be defined as:

Fst = σ Lc (13)

For the correct determination of the surface tension force, it is necessary to determine
the length of the contact line Lc, which is the line separating three phases: solid (surface
material), liquid (saturated liquid), and gas (saturated vapor). According to Wang et al. [35]
“during the bubble departure period, the vapor-liquid-solid triple contact line gradually
recedes toward the center and the bubble shape changes from the spherical to ellipsoidal”.
At the same time, these authors assume that the changes in the bubble volume during the
detachment period are insignificant, and the balance of forces refers to the beginning of the
detachment period. For the analyzed surface with microchannels, this point corresponds to
Stage 4 in Figure 14. The determination of the shape and length of the contact line relates
to Mode B, i.e., higher heat flux.

Two methods were used to determine the length of the contact line, related to the
possible position of the bubble on the microfins at the beginning of the detachment period.

3.4.1. Method I

The bubble base diameter (dbs) was assumed to span two adjacent microfins, with
the bubble in contact with their faces, lateral surfaces, and the bottom of the microchannel
(Figure 15a). In determining the contact line by this method, the presence of liquid in the
corners of the microchannel near the bottom is ignored. The length of the contact line can
be calculated from the relationship:

Lc = πdbs + 4h (14)

whereby given dbs = 2p−w, we obtain:

Lc = π(2p − w) + 4h (15)
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Based on the force balance (Equations (11)–(13)) and Equation (14), the relationship
for the diameter of the detaching bubble is obtained in the form:

db =

(
6σ[π(2p − w) + 4h]

πg(ρl − ρv)

)1/3

(16)

Figure 15. Two methods of determining the contact line: (a) Method I: contact with microfin tips,
lateral surface, and the bottom of the microchannel, (b) Method II: contact with the microfin edge;
the contact lines are marked in red.

3.4.2. Method II

In this case, the bubble was assumed to contact only the two edges of the microfin
face on the microchannel side (Figure 15b). It was also assumed that there is a microlayer
of liquid on the side surfaces of the microfin and the bottom of the microchannel, which
prevents direct contact between the vapor and the walls in the microchannel space. The
part of the bubble located in the microchannel space, between the microfins, is oval in shape,
with the assumption that the larger dimension of the oval corresponds to the theoretical
base diameter, i.e., the base of the spherical part of the bubble, dbs. The geometrical
relationships, derived from Figure 15b, allow the calculation of the contact line length
Lc = 2lc:

Lc = 2
√

dbs
2 − w2 (17)
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According to Wang et al. [35], as well as Beer [36], the ratio between the bubble base
diameter and bubble departure diameter dbs/db during the bubble growth period is taken
as 7/11 for the plain surface. Such a ratio was also adopted for the analyzed surface with
microchannels, assuming that the base of the bubble is limited only in one direction by the
microfins forming the microchannel. Formula (17) then takes the form:

Lc = 2

√(
7

11
db

)2
− w2 (18)

After substituting (18) into Equation (13), using Relationships (11) and (12), the fol-
lowing equation is obtained:

πd3
b

6
g(ρl − ρv) = 2σ

√(
7
11

db

)2
− w2 (19)

The bubble diameters presented in Figure 16 were determined for the 4th stage of the
bubble formation cycle (Figure 14), i.e., for the beginning of the departing period. This
period is characterized by slight changes in the diameter of the bubble, while the contact
surface of the bubble with the side walls of the microchannels decreases rapidly. At the
same time, the shape of the bubble changes from spherical to ellipsoidal. For the mentioned
fourth stage, the balance of forces is performed by most authors who analyze the growth
and detachment of the bubble on a plain surface. Figure 16 also shows two modes of bubble
formation. Regarding Mode A, at small heat fluxes, where the bottom of the channel is
filled with liquid, the departing bubbles have smaller diameters. With larger heat fluxes,
the vapor fills almost the entire volume of the channel, which results in the detachment of
larger diameter bubbles.

The numerical solution of the above equation gives the sought-after values of the
bubble departure diameter. Figure 16a–c shows a comparison of the measured bubble
departure diameters with the values calculated according to Methods I and II. For mi-
crochannels with a width of 0.2 mm, calculation Method I gives satisfactory results for
heat fluxes above 80 kW/m2, i.e., for diameters greater than 3 mm, while calculations
according to Method II give overprediction. For an average microchannel width (0.3 mm),
the theoretical models are correct for heat fluxes of about 200 kW/m2. Calculations ac-
cording to Method II are similar to the calculations according to Method I for the deepest
microchannels. For the widest microchannels (0.4 mm), both calculation methods give
similar results and are correct for the largest heat fluxes. The results show that the bubble
departure diameter increases with an increase in the microchannel width and depth. Using
Method I, errors in determining the bubble departure diameter do not exceed 17% for
heat fluxes greater than 100 kW/m2, with errors decreasing to 8% for heat fluxes around
200 kW/m2. For Method II, the obtained errors for the mentioned heat fluxes were 22%
and 10%, respectively.
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Figure 16. Comparison of measured and predicted bubble departure diameters for microchannels: (a) 0.2 mm wide; (b) 0.3
mm wide; (c) 0.4 mm wide.
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4. Conclusions

This article analyzes the pool boiling heat transfer of water on surfaces of rectangular
microchannels with a depth of 0.2–0.5 mm and a width of 0.2–0.4 mm. The effects of the
geometrical dimensions of the surface and the surface extension coefficient on the critical
heat flux and the heat transfer coefficient were presented. The HTCs of the selected surfaces
were compared with the coefficients for seven different structures reported in the literature.
Visualization of the isolated bubble formation cycle was carried out, and the diameters of
departing bubbles were measured. Two methods of departing bubble diameter calculation
were proposed in relation to the two kinds of determining the vapor–liquid–microchannel
contact line.

The measurements and calculations led to the following conclusions:

• The surface with microchannels enabled obtaining more than a four-fold increase in
the heat transfer coefficient in relation to the plain smooth surface with water as the
boiling liquid.

• The highest HTCs and critical heat fluxes were obtained using microchannels with the
smallest widths, i.e., 0.2–0.3 mm. All surfaces analyzed allowed a significant increase
in the maximum (critical) heat flux compared to the plain smooth surface: from 1.3 to
2.5 times.

• The surface extension factor (enhancement factor) has a significant impact on the value
of the critical heat flux. Increasing this coefficient results in an almost linear increase
in CHF.

• As the heat flux rises, the average diameter of the departing vapor bubbles increases
while the departing frequency decreases. Above 100 kW/m2, only slight increases in
bubble diameter were recorded.

• The proposed modified Zuber correlation allowed to determine the dependence of
the departing bubble frequency on the diameter of the microchannel surfaces with an
error not exceeding 20%.

• The article showed two possible modes of bubble formation and growth in the mi-
crochannel: with the microchannel partially filled with liquid or dried, i.e., almost
filled with vapor.

• Two methods were presented to determine the bubble departure diameter, assuming
that the bubble base covered two adjacent microfin tips or the bubble only contacted
the two edges of the microfin face. Both calculation methods provided satisfactory
accuracy for heat fluxes above 100 kW/m2, i.e., assuming almost complete filling of
the microchannel with vapor.
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Nomenclature

A Area, m2

a Width of specimen, m
C Constant
CHF Critical heat flux, W m−2

d Diameter, m
F Force, N
f Frequency, Hz
g Gravitational acceleration, m s−2

HTC Heat transfer coefficient, W m−2K−1

h Microchannel depth, m
L Total length, m
l Length, m
q Heat flux, Wm−2

p Pitch, m
T Temperature, K
w Width, m
Greek letters
α Heat transfer coefficient, W m−2K−1

∆ Error, uncertainty
∆T Superheat referred to the microfin base, K
∆p Pressure difference, Pa
δ Thickness, m
ε Fin effectiveness
η Fin efficiency
Θ Contact angle, rad
ϕ Surface extension coefficient
λ Thermal conductivity, W m−1 K−1

ρ Density, kg/m3

σ Surface tension, N/m
Subscripts
b Departing bubble
bs Base
bu Buoyancy
Cu Copper
c Contact line
cap Capillary
cyl Cylinder
ext Extended
l Liquid
MC Microchannel
Sn Tin
s Specimen
sat Saturated
st Surface tension
T Thermocouple
T1, . . . , T8 Thermocouple number
v Vapor
w Wall
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