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Micro Bubble Blanket Coated Nano-Ridge Surfaces for
Robust and Efficient Thermal Management

Xiongjiang Yu,* Guohan Wu, Wenli Ye, Bo Zhang, and Jinliang Xu*

To achieve robust and high-efficient thermal management at micro scale, this
study focuses on interplay of a micro bubble blanket and lifting large bubbles
on locally heated surfaces with nano-ridge structures. The micro bubble
blanket covers the surface dynamically after heat fluxes exceed a criterion
where heat transfer coefficients exhibit constant values, highlighting the
robust and predictable two-phase heat transfer. By quantitative investigations
of diameters as well as lifting speed of large bubbles, it ensures that
convective boiling heat transfer mechanism dominates without forced
convection, accounting for constant heat transfer coefficient at high-heat-flux
regions. Force analyses are adopted to investigate the individual micro
bubbles that form the bubble blanket, which is pinned downside to nano-ridge
surfaces by free energy while pulled upside by merging effect of
buoyancy-driven large bubbles. The presence of the bubble blanket facilitates
the removal of large bubbles by modifying the surface tension distribution,
sustaining safe boiling heat transfer across a broad range of heat fluxes. This

out for its exceptional cooling efficiency,
attributable to the nucleate boiling effect,®
positioning it as a potential succes-
sor to air cooling as the predominant
chip cooling method in the future.

Achieving precise temperature control in
chip cooling necessitates an accurate deter-
mination of the heat transfer coefficient at
the fluid-heating surface interface.’l How-
ever, forecasting this coefficient in two-
phase immersion cooling presents a chal-
lenge due to the intricacies of nucleate boil-
ing, a heat transfer process mediated by
bubble nucleation, which entails a com-
plex interplay of macroscopic and micro-
scopic factors. Studies on the fundamen-
tals of nucleate boiling have been under-
way since the 1930s, and three principal
heat transfer mechanisms have been identi-

approach achieves a convective boiling mechanism without the need for
power equipment, opening a new paradigm in microscale heat removal that is

both robust and energy-efficient.

1. Introduction

Concurrently with the strides in chip performance, heat gen-
eration has also escalated significantly. Inefficient heat dissipa-
tion from chips can adversely affect both their performance and
longevity.'! The traditional method of air-cooling is becoming
progressively insufficient to address the cooling requirements of
contemporary high-performance chips.!?) In light of these chal-
lenges, immersion liquid cooling has emerged as a viable so-
lution, notable for its high heat transfer efficiency and mini-
mal energy consumption.’] This technology is bifurcated into
single-phase and two-phase immersion cooling, based on the oc-
currence of phase changes within the coolant during the cool-
ing process.*’! Notably, two-phase immersion cooling stands

X. Yu, G. Wu, W. Ye, B. Zhang, ). Xu

The Beijing Key Laboratory of Multiphase Flow and Heat Transfer for Low
Grade Energy Utilization

North China Electric Power University

Beijing 102206, P. R. China

E-mail: yuxiongjiang@ncepu.edu.cn; xjl@ncepu.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202411835

DOI: 10.1002/smll.202411835

Small 2025, 2411835

2411835 (1 of 14)

fied: (i) Transient Conduction,®! where heat
is rapidly transferred from the surface to
the liquid as cool fluid replaces a depart-
ing bubble. (ii) Micro Convection,!®l which
arises from fluid movement around the
heating surface due to bubble nucleation,
growth, detachment, and ascent, thereby enhancing heat trans-
fer. (iii) Microlayer Evaporation,!’”] where heat transfer occurs
through the evaporation of a thin liquid film at the base of
an expanding bubble. High-resolution measurement techniques
have facilitated a deeper understanding of these mechanisms’
contributions under diverse conditions. Demiray et al. investi-
gated FC-72 boiling using microheater arrays and high-speed
imaging,['! revealing that Microlayer Evaporation predominates
at low subcooling, while Transient Conduction and Micro Con-
vection gain importance at higher subcooling levels. Gerardi et al.
employed a thin-film heater composed of indium tin oxide (ITO)
and synchronized infrared and high-speed cameras to track bub-
ble growth in water,[?! confirming the dominance of Transient
Conduction in heat transfer. Yabuki et al. utilized a microelec-
tromechanical system (MEMS) sensor to measure local temper-
ature changes under isolated bubbles,!!*] demonstrating that Mi-
crolayer Evaporation contributes to approximately half of the heat
transfer during bubble growth. These studies underscore the
intricacy of heat transfer prediction in nucleate boiling, as the
mechanisms are intimately linked to bubble dynamics.['* Ad-
ditionally, the critical heat flux (CHF), as a pivotal performance
metric of two-phase immersion cooling technology, directly de-
termines the safe operational limit of boiling systems. Exceeding
CHEF triggers an abrupt transition to film boiling, characterized
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by a drastic reduction in heat transfer coefficient and the risk
of localized overheating. Recent advancements in surface micro-
nano structure engineering have propelled CHF enhancement
strategies to the forefront of research, with mechanistic studies
centered on optimizing the balance between liquid replenish-
ment and vapor escape. The copper microcavity and nanocone
composite (CMN) developed by Ze et al. achieved a 64% CHF en-
hancement in water, driven by superhydrophilic properties that
facilitate liquid supply.l'>) However, this enhancement dimin-
ishes with prolonged microstructure growth time, revealing chal-
lenges in maintaining optimal structural parameter. Yu et al.’s
investigation of artificial microcavity surfaces in FC-72 demon-
strated that while high-density microcavity arrays significantly in-
crease CHF, excessive cavity density conversely suppresses CHF
due to bubble coalescence-induced vapor film formation.!'®! Ha
and Graham engineered micropore architectures with vapor es-
cape channels, achieving a CHF of 3500 kW/m? while restrict-
ing surface superheating to 49 °C, though the vapor layer growth
mechanism within porous structures remains unresolved.['”] De-
spite the potential of surface modification techniques to en-
hance CHF, persistent challenges remain in addressing struc-
tural stability, multiscale heat transfer coupling, and adaptability
to complex operational conditions during practical implementa-
tion, which substantially constraining the widespread adoption
of two-phase immersion cooling technology.

In addressing the challenges outlined, this study introduces an
innovative strategy based on active regulation of bubble dynam-
ics. Utilizing microelectromechanical systems technology fabri-
cated microheaters,'®! we perform pool boiling experiment us-
ing liquid carbon dioxide (15 °C, 5.7 MPa) as the coolant. The
developed configuration synergizes nanoscale ridge surface ar-
chitectures with the low surface tension of liquid carbon diox-
ide to induce vigorous micro bubble activity in high heat flux re-
gions. To our surprise, this engineered system enables precise
modulation of interactions between small and large bubbles, es-
tablishing robust and efficient heat transfer in high heat flux en-
vironments: On one hand, the absorption of micro bubbles by
large bubbles establishes rapid vapor migration channels, effec-
tively preventing heat transfer deterioration caused by vapor ac-
cumulation on heating surfaces. This non-structure-dependent
vapor management strategy demonstrates excellent robustness
and operational adaptability. On the other hand, the micro bub-
ble blanket persistently reduces the gas-liquid interfacial contact
line length for the lifting big bubbles, significantly diminishing
surface tension constraints on bubble detachment. This mech-
anism profoundly influences bubble departure size and facili-
tates the establishment of stable flow field adjacent to the heat-
ing surface. Consequently, experimental results confirm that the
heat transfer process under these conditions is predominantly
convective, sustaining a stable heat transfer coefficient across a
broad range of temperature, thus enabling predictable boiling
heat transfer. The convection-dominated boiling generally occurs
in flow boiling at high mass fluxes or vapor mass qualities in
microchannels.['-22] Here, we uniquely achieve it in pool boiling.
Moreover, carbon dioxide boasts superior thermophysical proper-
ties, such as high thermal conductivity, density, latent heat, and
specific heat capacity, coupled with low viscosity. It also presents
additional advantages over other dielectric coolants, including in-
herent fire suppression capabilities and a low global warming po-
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tential (GWP).[23] This study introduces a new perspective for the
practical application of two-phase immersion cooling technology
in industrial production.

2. Results and Discussion

Within the heat flux range of ¢ = 0-9 MW m~2, three distinct
heat transfer regimes are delineated, as shown in Figure 1a.
(i) Natural Convection (NC): In this regime, no bubbles nucleate
on the heating surface, and as the heat flux (q) escalates, so does
the wall superheat (AT,). (ii) Nucleate Boiling (NB): At a critical
heat flux of 0.912 MW m~2, bubble formation initiates, signaling
the onset of nucleate boiling (ONB). Here, the slope of the boil-
ing curve steepens, enhancing heat transfer due to the cooling
effect of bubble nucleation on the wall surface. (iii) Convective
Boiling (CB): In this regime, as g further increases, the slope of
the boiling curve starts to diminish. Figure 1b illustrates that the
heat transfer coefficient (h) remains nearly constant rather than
escalating with q. It is noteworthy that CHF is not encountered
in this mode. Contrary to other pool boiling experiments where h
typically decreases at elevated heat fluxes due to vapor film forma-
tion on the heating surface, the CB mode sustains enhanced heat
transfer. This augmentation is ascribed to the synergistic inter-
action between micro and large bubbles in the CB region. Micro
bubbles expedite the growth and detachment of large bubbles, 24!
which in turn cools the microheater more efficiently. This phe-
nomenon, where micro bubbles aid in the detachment of large
bubbles at high heat fluxes, holds promise for mitigating CHF-
related heat transfer degradation.

2.1. Visual Images Analysis
2.1.1. Visual Images and Transient Wall Temperatures

In the low heat flux region of the Nucleate Boiling (NB) mode (q
= 0.912-1.621 MW m™?), the transient wall temperature (T, (t)
and transient heat flux (q(t)) exhibit relatively minor fluctuations,
as shown in Figure 2a. To elucidate the correlation between T, (t)
fluctuations and bubble nucleation more clearly, the fluctuations
within the 770-790 ms interval were magnified (see Figure 2b).
Visual observations (Figure 2c) indicate that bubbles nucleate,
grow, and detach in a largely independent fashion. The varia-
tions in T, (t) are influenced by the behavior of the bubbles. For
instance, the reduction in T, (¢) observed during the time inter-
val from 770.5 to 773.25 ms is attributed to the cooling effect as
bubbles detach from the heating surface, permitting cool fluid
to contact the wall surface. In this region, the predominant heat
transfer mechanism is the nucleation of individual bubbles.

In the middle heat flux region of the Nucleate Boiling (NB)
mode (q = 1.773-3.530 MW m~?), the fluctuations in T, (t) and
q(t) are similar to those observed in the low heat flux region, ex-
hibiting minimal variation, as shown in Figure 3a. To delve into
the nuances, the T, (t) fluctuations within the 937-945 ms in-
terval were magnified, leading to the visualization presented in
Figure 3b. In this region, alongside the formation of large bub-
bles, distinct small bubbles are also observed at the base of the
large bubbles (see Figure 3c). The fluctuations in T, (t) are in-
fluenced not only by the nucleation, growth, and detachment of
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Figure 1. Heat transfer characteristics of the microheater with P=5.7 MPa and T, = 15 °C. a) Boiling curve of carbon dioxide (CO,). b) heat transfer

coefficients (h) dependent on heat flux (g).
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Figure 2. a) Fluctuations of transient wall temperature (T,,(t)) and transient heat flux (q(t)) at g = 0.912MW m~2. b) Detailed wall temperature

fluctuations at 770-790 ms. c) Corresponding visual images at 770.5-789 ms.
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fluctuations at 937-945 ms. c) Corresponding visual images at 936.5-944 ms.

large bubbles but also by the nucleation of micro bubbles and
their subsequent merging. These interactions introduce signifi-
cant irregularities in the T, (t) fluctuations, suggesting that heat
transfer in this region is modulated by the combined effects of
both large and micro bubble nucleation.

In the high heat flux region of the Convective Boiling (CB)
mode (g = 4.093-8.290 MW m~2), the fluctuations in T, (t) and
q(t) markedly diverge from those observed in the nucleate boiling
(NB) region. The data here exhibit more pronounced oscillations
with distinct peaks and troughs, as shown in Figure 4a. Visual in-
spections reveal a heightened level of activity involving both large
and micro bubbles, leading to intricate T, (t) fluctuations. The ex-
panded plot of T, () fluctuations in Figure 4b indicates that be-
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tween 1340.5 ms and 1362.25 ms, T,,(t) experiences a significant
decrease due to the sequential detachment of large bubbles (see
Figure 4c). This cooling effect is ascribed to the convective mo-
tion induced by the movement of large bubbles, a phenomenon
not encountered in the NB mode. In this high heat flux domain,
heat transfer is predominantly driven by convection.

2.1.2. Bubble Diameter and Bubble Velocity
This part focuses on the dynamics of bubble formation during

the boiling of carbon dioxide, scrutinizing parameters such as
bubble diameter, frequency, and velocity (Figure 5). The figure
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Figure 5. Statistical distribution of bubble departure diameter (D) at different heat fluxes. a) g = 0.912 MW m~2. b) g = 2.535 MW m~2. ¢) g = 4.093 MW

m~2.d) g = 8.290 MW m~2.

also captures the visualization of the final moment of bubble de-
tachment. The data reveal that at a heat flux of 0.912 MW m™2,
the majority of D values hover ~55 um, whereas at 2.535 MW
m~2, these values escalate to ~135 pm. Notably, within the high
heat flux region, D values tend to cluster at 160 um for a heat flux
0f 4.093 MW m~2, but exhibit greater heterogeneity at 8.290 MW
m~2, spanning from 100 to 180 um. This heightened variability
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is ascribed to the intensified activity of micro bubbles in the high
heat flux region, where both the quantity and dimensions of mi-
cro bubbles play a role in shaping the diameter of the ultimately
detached bubbles.

The average bubble departure diameter (D) was calculated and
is depicted in Figure 6a. In the low and medium heat flux regions,
D increases almost linearly with the elevation of g. However, in
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Figure 6. a) Variation of average bubble departure diameter (D) with heat flux (g). b) Variation of average bubble frequency (f) with g.
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Figure 7. a) Schematic diagram of bubble growth time (t,) calculation method. b) Variation of average bubble growth time (tg) and average bubble
growth velocity (Vg) with heat flux (g). c) Statistical distribution of t, at g = 8.290 MW m~2. d) Statistical distribution of Vg at g = 8.290 MW m=2.

the high heat flux region, D does not continue to rise consistently;
instead, it plateaus within the range of 145-165 um as g increases.
Figure 6b shows the variation of the average bubble frequency
(f) with g. In the low heat flux region, f decreases as g increases.
This decline is attributed to the fact that as D grows, the length of
the three-phase contact line also augments, leading to increased
surface tension that hinders bubble detachment. In the medium
heat flux region, fincreases gradually with q. This uptick occurs
because the buoyancy force on the bubble increases at a faster rate
than the growth of surface tension, thereby reducing the difficulty
of detachment. In the high heat flux region, fascends rapidly with
q due to the presence of a multitude of micro bubbles at the base,
which coalesce with large bubbles. These micro bubbles facilitate
detachment, causing fto increase more precipitously.
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The growth velocity (V,) and growth time (t,) of bubbles are
examined, as illustrated in Figure 7a. The calculation of the bub-
ble growth velocity is detailed as follows: The initial moment
t; (596.75 ms) is identified when the bubble first forms into a
complete sphere, with the leftmost and rightmost edges noted as
points A and B, and the top and bottom edges as points C and D.
The final moment t, (622.50 ms) is recorded when the bubble is
fully detached and no longer interacts with micro bubbles at its
base, with the leftmost and rightmost edges labeled as points E
and F, and the top and bottom edges as G and H. To dissect the
bubble growth dynamics, t, and V, are determined using Equa-
tions (1) and (2), respectively.

tg=t4—t1 (1)

© 2025 Wiley-VCH GmbH
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Figure 8. a) Schematic diagram of bubble rise velocity (V,) calculation method. b) Variation of average rise velocity (Vr) with heat flux (g). c) Statistical

distribution of V, at g = 2.535 MW m~2. d) Statistical distribution of V, at g =

\/( XA-;—XB _ XE;XF )2 + (YC*Z'YD — YG;YH )2 % 0.96525

ve= (t4 — t1) x 10° @

The experimental setup incorporated a high-speed camera
with a frame rate of 4000 frames per second (fps) to ensure clear
visualization of the bubble dynamics. The pixel length in the im-
ages captured was calibrated to 0.96525 um, allowing for precise
measurements of the bubble dimensions over time.

Fifty instances of bubble growth and detachment processes,
analogous to those depicted in Figure 7a, were captured for each
scenario, with the statistical outcomes displayed in Figure 7c,d.
Specifically, for a heat flux of 8.290 MW m~? within the high
heat flux region, t, values are predominantly centered ~12 ms,
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8.290 MW m~2,

and V, values are primarily focused at 6 mm s~'. The average
bubble growth time (tg) and the average bubble growth velocity
(Vg) were computed and are presented in Figure 7b. The find-
ings indicate a trend where, as g escalates, fg diminishes while Vg
augments. This pattern suggests that the presence of micro bub-
bles significantly influences the acceleration of both the bubble
growth and detachment processes in the high heat flux region.
The subsequent phase of the study focuses on determining the
bubble rise velocity (V,) post-detachment, as shown in Figure 8a.
The methodology for calculating V, is outlined below: The de-
tachment of the bubble is marked by the initial moment ¢, (622.50
ms), which signifies the commencement of the bubble’s ascent.
The leftmost and rightmost edges at this instant are denoted as
points I and ], respectively, with the top and bottom edges la-
beled as K and L. The final moment for the calculation of V, is
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tg (623.250 ms), with the corresponding edges labeled as M and
N for the leftmost and rightmost, and O and P for the top and
bottom. The V, is then computed using Equation (3).

2 2
\/ (XI;XI _ XM;XN> N (@ - @) X 0.96525

vr= (t8 — £5) x 10° ©)

For each scenario, 50 bubble rise processes akin to those in
Figure 8a were captured, with the statistical outcomes presented
in Figure 8c and Figure 8d. In the medium heat flux region, at g =
2.535 MW m~2, the V, values are predominantly concentrated be-
tween 35 and 36 mm s™'. In contrast, in the high heat flux region,
atq=8.29 MW m~2, the V, values exhibit a broader distribution,
ranging from 30 to 35 mm s~!. The average rise velocity (Vr) was
determined by averaging the V, values (see Figure 8b). The find-
ings indicate that in the low and medium heat flux regions, Vr in-
creases gradually with the increase of q. However, in the high heat
flux region, Vr does not continue to increase with g but instead
stabilizes within the range of 33-34 mm s~!. This observation
suggests that once the large bubbles have completely detached
from the micro bubble blanket, the facilitative effect of the micro
bubbles vanishes, causing the large bubbles to lose their “power
source”. Consequently, the V, values no longer escalate.

2.2. Micro Bubble Generation Analysis

In this research, liquid carbon dioxide serves as the heat trans-
fer medium, leveraging its exceptionally low surface tension of
1.95 mN m~!, which is approximately one-thirty-sixth that of wa-
ter. This low surface tension significantly diminishes the nucle-
ation energy barrier for bubble formation. Drawing from classi-
cal nucleation theory, the critical radius for homogeneous bub-
ble nucleation (r.) and the critical energy increment required for
bubble formation (Ay ) can be determined using Equations (4)
and (5), respectively.[’ Additionally, the specialized micro-nano
structure on the heating surface substantially amplifies the nu-
cleation process by markedly increasing the density of active bub-
ble nucleation sites.[2] At high heat fluxes, a continuous cycle of
nucleation and merging of micro bubbles occurs on the heating
surface concurrent with the growth and detachment of large bub-
bles. The low surface tension also aids in bubble coalescence, as
it renders the liquid film between bubbles more prone to rup-
ture. Vrij’s research indicates the existence of a critical liquid film
thickness (h.) between bubbles (as Equation 6), which dictates
whether the film ruptures and the bubbles coalesce.[?”) When the
actual liquid film thickness (h) is less than h_, the film ruptures,
permitting bubbles to merge. Micro bubbles can coalesce with
each other, and before the detachment of a large bubble, these
micro bubbles ultimately merge into it, a process termed as “de-
parture” for micro bubbles. Following this merging, the punc-
tured vapor neck left behind facilitates the swift reformation of
new bubbles.2®]

o= 20 Tsat (4)
pvhlv (T1 — Tsat)
4drorc?
Ayc= =2 )
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Figure 9. Comparison between experimental data and calculated results
for micro bubble diameter (D,y,).

he ~ 0.1(AH /o) "* (6)

where o is the surface tension coefficient, T, is the saturation
temperature, p, is the density of vapor, T is the liquid tempera-
ture, h, is the latent heat of vaporization, r is the radius of the
liquid film, and A, is Hamaker constant.

Figure 9 shows the bubble departure diameters calculated us-
ing correlations for a smooth, flat surface (see Table 1). The com-
parison reveals that, in the majority of instances, the calculated
departure diameters exceed the experimental measurements for
individual micro bubbles. This discrepancy suggests that micro
bubbles do not reach the conventional detachment diameters in-
dependently and are instead swept away by large bubbles.

The analysis of the diameter and number of micro bubbles (D,,
and n) is presented below. It is noted that the existing relational
correlations, which are heavily contingent on specific experimen-
tal conditions, yield predicted values that significantly deviate
from the observed experimental data. This discrepancy suggests
that these correlations are not readily applicable for calculating

Table 1. Correlations for bubble departure diameter.

Authors Correlations
Kim and Kim(2} 2Rd = 0.16491a°~7\/g(01‘;v)
Colel3] 2Rd = 0.04Ja g(,jf,,v)
Kutateladze and 2Rd = 0.25[(1+ 10°K1) —— 1"*fork1 < 0.06
Gogoninl31] Ja prgollol=pv) ;o 13/2y7"
K1 = m{[T][m] }
ensen and Memmell32] 2Rd = 0.19(1.8 + 10°k1)*"? -
glpl=pv)
1/2
133] - Ja\2 100000 2
Stephan 2RAd=025[1+(5) =41 e
_ (Plg(pl=pv) - _ ucpl
Ar=( u? W) Pr=
3
Phan et al.(**] 2Rd = 0.626977 &H3stcos ) oy for6 < 90°
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Figure 10. Fitting results for micro bubble diameter (D,,).

the bubble detachment diameters in the context of this experi-
ment. Nevertheless, the experimental findings demonstrate that
the diameter of micro bubbles increases with both heat flux and
superheat, aligning with the trend observed in existing correla-
tions. Consequently, it is inferred that the diameter of micro bub-
Dbles is associated with surface superheat and the physical prop-
erties of the liquid, akin to the structure of existing correlations.

Dm = CJa™/20 /g(pl — pv) (7)
Ja = plepl(Tw — Tsat) [ pvhly (8)

where p, is the density of the liquid, and c,, is the constant pres-
sure specific heat capacity.

To determine the values of C and m, the experimental data
were fitted. From the images of the bubble just before detach-
ment from the heating surface, the diameter of the micro bubble
was measured. Based on the fitting results (Figure 10), the values
obtained are C = 0.024 and m = 0.585. The correlation can thus
be expressed as:

Dm = 0.024]a°°% /20 /g(pl — pv) 9)

Based on the law of conservation of energy and the law of con-
servation of mass, the number of micro bubbles can be calculated
using the following formula:

n=(6Viot—zD*) /xD’ (10)
where V,, is the total bubble volume, D is the diameter of the
large bubbles, and D,, is the diameter of the micro bubbles. The

detailed derivation process is provided in Note S1 (Supporting
Information).

2.3. The Modified Bubble Dynamics Model

In this section, we explore the role of micro bubbles in facilitat-
ing the detachment of large bubbles during carbon dioxide pool
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boiling experiments. Through an analysis of the forces exerted
during bubble growth, we have developed a modified model that
elucidates the mechanism by which micro bubbles enhance the
detachment of large bubbles. Utilizing this model, we predict the
bubble departure diameter in high heat flux regions, finding that
our predictions closely match the experimental data.

2.3.1. The Force Balance Analysis of Bubble

Generally the force impeding bubble detachment is termed the
negative force, whereas the force promoting detachment is the
positive force. As the liquid evaporates, bubbles expand; bub-
ble detachment occurs when the positive force surpasses the
negative force. In the medium heat flux region, as shown in
Figure 11a, bubbles detach without micro bubble influence, per-
mitting analysis via the traditional force balance model (see
Figure S1, Supporting Information). This model identifies buoy-
ancy (F,), differential pressure force (F,), and inertia force (F)
as positive forces, counterbalanced by drag force (F;) and surface
tension (F,) as negative forces. In contrast, the high heat flux re-
gion, as illustrated in Figure 11b, is characterized by the continu-
ous nucleation and merging of micro bubbles with large bubbles.
Given the prevalence of micro bubbles, the interaction between
large and small bubbles is considered as a form of surface ten-
sion, denoted as F,,,.**) Here, we employ a modified force bal-
ance model to dissect the forces acting on the bubble.
The expression of force balance is:

Fb + Fp + Fi = Fd + Fs, tot (11)

Surface tension at the vapor-liquid interface originates from
the imbalance of molecular interactions along the liquid’s sur-
face, predominantly shaped by the properties of the liquid and the
vapor interface. The traditional force balance model (Figure 11a)
overlooks the interactions between bubbles. In this model, the
surface tension for a bubble is presumed to be dependent on the
radius of the contact line at the base of a large bubble (R,), for-
mulated as F, = 2zo R sind. In the context of the modified force
balance model, the force exerted at the base of a large bubble by
an individual micro bubble is denoted as F,;, as depicted in the
magnified view of Figure 11b. The direction of F,; aligns with
the tangent to the micro bubble, with its line of action at the con-
tact line between the micro and large bubbles (denoted as R).
Consequently, this force is influenced by both the radius of the
micro bubbles (R,,) and their quantity. Incorporating these ele-
ments yields the total surface tension:

Fs, tot = 2nmwo Rmc sin Om (12)

where 0, is the angle between the tangent direction of the micro
bubble and the interface of the micro bubble and the large bub-
ble, measured from the visual images as 6, = 43.5°. The relation-
ship R,. = R sinf_, is then used to calculate R, .. The modified
total surface tension is obtained using Equations (9), (10), and
(12).
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Figure 11. Visualizations and force analyses with and without the layer of micro bubble blanket. a) for medium heat flux region. b) for high heat flux

region.

2.3.2. Comparison of the Prediction Results

The analysis presented establishes the correlation between the
forces acting during bubble growth and the corresponding bub-
ble diameters. Figure 12a illustrates the force-diameter relation-
ship for the traditional force balance model under high heat flux
region, with a heat flux of g = 8.290 MW m™2. Figure 12b offers
a detailed view near the critical point where the bubble depar-
ture diameter is achieved, specifically when the net force (F,.,)
is zero. Figure 12c depicts the force-diameter relationship using
the modified force balance model under identical conditions (g
= 8.290 MW m~2), and Figure 12d magnifies the view near the
zero F, ., point for the modified model. As shown in the figures,
F,, F,;, and F, remain relatively constant and small throughout the
bubble’s growth, indicating that their influence on the bubble’s
growth is minimal. The pivotal forces that dictate the detachment
of bubbles from the heating surface are F;,, and F,.

In the traditional force balance model, in the case of small bub-
bles, F exceeds F,, preventing bubble detachment and prompt-
ing continued growth on the heating surface. Detachment initi-
ates when F,_, equals zero, with the diameter at this point defined
as the bubble departure diameter.

In the modified force balance model, when bubbles are in
their nascent stage, numerous micro bubbles reside at their base,
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yet their diminutive sizes result in F,, that exceeds F,. Conse-
quently, the bubble persists in growing on the heating surface.
Upon reaching a critical size, the micro bubbles at the base begin
to coalesce horizontally, augmenting their diameter but reduc-
ing in number, which in turn diminishes F; ,, while F, escalates
with the bubble’s expansion. The transition of F, ., from nega-
tive to positive signifies the bubble’s detachment diameter, ini-
tiating its separation from the heating surface. Contrasting with
the traditional model, where F, and F,, trends are inverse, the
modified model shows F, trending in concert with F . This
concordance underscores the pivotal role of inter-bubble interac-
tions in the detachment of large bubbles. Furthermore, the force
balance curve reveals that the traditional surface tension exceeds
the modified total surface tension, implying that F; ,, aids in the
facilitation of bubble detachment.

In the traditional force balance model, surface tension and
bubble diameter exhibit a negative linear relationship, whereas
the modified force balance model reveals a positive relationship.
Consequently, in the traditional model, bubble diameter must
increase sufficiently for F, to surpass F to enable detachment,
particularly under high heat flux conditions. Figure 13a illus-
trates that at g = 8.290 MW m~2, the calculated bubble departure
diameter is 234.54 um, markedly larger than the experimental
value of 145.08 um. This divergence stems from the traditional
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Figure 12. Variations of forces acting on a growing bubble at g = 8.290 MW m~2. a) Traditional force balance model. b) Enlarged view at the zero net
force point in the traditional force balance model. c) Modified force balance model. d) Enlarged view at the zero net force point in the modified force

balance model.

model’s omission of micro bubbles’ role in facilitating large bub-
ble detachment. Incorporating micro bubble effects in the mod-
ified force balance model prompts F,, to transition from neg-
ative to positive at a smaller diameter, enabling earlier detach-
ment. Figure 13b shows that the calculated diameter of 138.61
pm closely aligns with the experimental data of 145.08 um, with
the bubble diameter trend matching experimental observations.
As depicted in Figure 13, while the traditional model anticipates
an increase in D with rising g, the modified model mirrors the
experimental data’s trend of D change with g.

3. Conclusion

In this study, we conducted micro-scale carbon dioxide pool boil-
ing experiments utilizing a microheater with nanoscale thickness
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under experimental pressures of 5.7 MPa and a pool tempera-
ture of 15 °C. High-speed imaging and simultaneous data col-
lection elucidated the dynamics and heat transfer characteristics
of micro-scale CO, boiling bubbles. Three distinct boiling heat
transfer regimes were identified: Natural Convection (NC), Nu-
cleate Boiling (NB), and Convective Boiling (CB). Heat transfer
coefficients (h) in NC and NB modes increase with rising heat
flux (g), while in CB, h exhibits a counterintuitive constancy de-
spite increasing q.

Visual observations and synchronized data analyses revealed
that in the low and medium heat flux regions of the Nucle-
ate Boiling (NB) mode, the transient wall temperature (T, (t))
and transient heat flow (¢(t)) exhibited minimal fluctuations dur-
ing bubble nucleation and departure. However, in the high heat
flux region of the Convective Boiling (CB) mode, significant
fluctuations in T, () and q(t) were observed, attributed to the
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Figure 13. Comparison between calculated results and experimental data in the high heat flux region. a) Results obtained using the traditional force
balance model. b) Results obtained using the modified force balance model.

successive departure of bubbles. Here, the bubble diameter and
rise velocity at detachment were relatively stable, with the heat
transfer process being predominantly influenced by the convec-
tive effects of bubble motion. To elucidate the rapid increase
in bubble frequency (fj in the CB mode, we modified the tradi-
tional force balance model. The traditional force balance model
neglects bubble interactions, whereas the modified force bal-
ance model incorporates the merging of micro and large bub-
bles and represents the interaction force as surface tension: Fj
=2nxoR,, sinf,,. While the traditional model displays a negative
linear relationship between surface tension and bubble diameter,
the modified model exhibits a positive linear relationship. This
allows the net force (F,.,) to reach zero at a smaller bubble di-
ameter, facilitating earlier detachment. Quantitative calculations
employing the modified model closely align with experimental
data regarding bubble departure diameters in the high heat flux
region.

4. Experimental Section

Microheater: In this study, microelectromechanical systems (MEMS)
technology was utilized to fabricate a microheater with nanoscale thick-
ness. The microheater was designed with platinum (Pt) as the heating
resistor, gold (Au) as the electrode, and BF-33 (BOROFLOAT-33) glass as
the substrate for metal sputtering. The physical configuration of the test
section is depicted in Figure S2a (Supporting Information). Each micro-
heater, measuring ~50 um X 50 um, was arranged in a 3x3 linear array, as
shown in Figure S2b (Supporting Information). The microheater’s compo-
sition, being platinum, allows its resistance to change linearly with temper-
ature, thus functioning as a miniaturized resistance temperature detector
(RTD) capable of both heating and temperature measurement. The 3D
surface morphology, with the Pt layer highlighted in red (Figure S2c, Sup-
porting Information), captured using a 3D profiler (Bruker Contour GT-K,
Germany). The measured heights at y = 20 pm and y = 50 pym, indicat-
ing a ridge height of 200 nm, are displayed in Figure S2d (Supporting
Information). The heat transfer area was calculated to be A =4 x (61 +
5+49+5+49+49+49+ 49+ 49 +49 +49 + 49 +49 +5 + 61)
= 1372 um?. The microheater was submerged in a constant-temperature
water bath, with a current of 0.5 mA applied to the measurement circuit
to ensure that the self-heating of the RTD was less than 0.1°C. Resistance
measurements across various temperatures confirmed a linear relation-
ship between resistance and temperature for the microheater, as shown
in Figure S3 (Supporting Information).
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Experimental Setup:  For the investigation of heat transfer in liquid car-
bon dioxide using a microheater, an experimental system was established,
including a high-pressure vessel, a pressure/temperature control system,
a high-speed camera, and a high-speed data acquisition system, as shown
in Figure S4a (Supporting Information). The horizontal pressure vessel,
fabricated from 304 stainless steel, was equipped with sapphire glass win-
dows on both sides for optical access. Carbon dioxide was both intro-
duced and vented from the top of the vessel through a pressure con-
trol mechanism, which also manages system pressure and purges non-
condensable gases. Within the vessel, spiral copper tubes regulate the
circulation of temperature-controlled water to maintain a stable internal
environment (see Figure S4b,c, Supporting Information). A thermocou-
ple passes through the front of the pressure vessel, and the microheater
was connected to an external circuit via wiring. The spiral copper tube,
thermocouple, and wiring were sealed with appropriate fittings to preserve
the integrity of the experimental setup.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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