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Boiling heat transfer associated with bubble growth is perhaps one of the most efficient cooling methodologies
due to its large latent heat during phase change. Despite the significant advancements, numerous questions
remain regarding the fundamentals of bubble growth mechanisms, which is a major source of enhanced heat
dissipation. This work aims to accurately measure three-dimensional (3D), space and time-resolved, local liquid
temperature distributions surrounding a growing bubble to quantify the heat transfer in the superheated liquid
layer during bubble growth. The dual tracer laser-induced fluorescence thermometry technique combined with
high-speed imaging captures transient 2D temperature distributions, that will render 3D temperature distribu-
tions by combining multiple 2D layers, within a 0.3 °C accuracy at a 30 pm resolution. Two fluorescent dyes,
fluorescein and sulforhodamine B, were used to measure transient temperatures, by account of their temperature-
sensitive emissions. The results show that the temperature close to the heated surface and bubble interface ex-
hibits an acute transient behavior at the time of bubble departure. The growing bubble works as a pump to
remove heat from the surface with a peak temperature difference of up to 10 °C during its growth and departure.
The experimental results were compared with previously reported studies to validate the accuracy of the tech-
nique. It was found that the heat transfer coefficient close to the bubble interface and heater is approximately 1.3
times higher than the heat transfer coefficient in the bulk liquid.

1. Introduction more efficient cooling systems that can effectively manage the extreme

heat. Considering the size of bubbles at a microscale, a non-invasive

Thermal management of microelectronic devices has become
increasingly important as their power density continues to increase,
emitting excessive heat over a limited space. The extreme heat nega-
tively impacts device performance, lifespan, and reliability [1,2]. One
promising approach for managing severe heat in microelectronic devices
is the utilization of nucleate boiling. Nucleate boiling occurs when a
liquid is heated to its boiling point generating small vapor bubbles from
a heated surface [3]. These bubbles carry heat away from the surface by
phase change, enhancing cooling efficiency. Nucleate boiling effectively
prevents the development of hotspots, by spreading the heat across a
larger surface area, which would otherwise cause device failure or re-
duces system performance. Nucleate boiling also reduces thermal
resistance between the microelectronic device and the cooling system,
extending its lifespan [4].

To investigate nucleate boiling and associated heat transfer, tran-
sient temperature near a growing bubble must be fully characterized.
Analysis of the liquid temperature distribution would allow us to design
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technique that can analyze liquid temperatures at microscale is suit-
able to quantify the heat transfer accurately. Dual-tracer fluorescence
thermometry (DFT) offers non-invasive, transient liquid temperature
measurements at a microscale [5]. The reported accuracy of DFT for
temperature measurements is as small as 0.17 °C as it removes the effect
of the excitation intensity (input laser light) [6]. For a given fluorophore
solution at a known molar concentration C, its emission intensity (Iy) is
expressed [7].

I:(T) = AlLg(T) @

where A is the collection efficiency of the imaging system, I is the in-
tensity of the excitation (i.e., illumination), and g(T) depends on the
quantum yield and the molar absorption coefficient of the fluorophore
[8]. The temperature (T) can be obtained from the relationship between
Irand T.

DFT employs a ratiometric approach that decouples the variations in
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laser intensity to improve measurement accuracy—The ratio of the
emissions from two different fluorophores, A and B, excited by the same
illumination (4 = IB) is expressed [9]
/ l? (T) gA(T)
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Coppeta and Rogers [10] were the first to describe a ratiometric
scheme and presented a comprehensive analysis of various
temperature-sensitive fluorophores. They demonstrated that the ratio of
signals obtained from fluorescein (F1) and rhodamine B (RhB) enabled
the accurate determination of two-dimensional mean steady-state tem-
perature fields within a thermal plume, achieving a precision of 1.8 °C.
Sakakibara and Adrian [6] employed the DFT from RhB and rhodamine
110 (Rh110) to measure water temperature, achieving an accuracy of
0.17 °C. Recently, studies on boiling phenomena using the DFT tech-
nique have helped researchers better understand heat transfer mecha-
nisms involved in boiling. Using DFT, Tange et al. [11] investigated the
temperature distribution around multiple boiling bubbles generated in a
confined space. Voulgaropoulos et al. [12] employed advanced tech-
niques, including high-speed infrared thermometry, ratiometric
two-color laser-induced fluorescence, and particle image velocimetry
(P1V), to investigate the bubble lifecycle in deionized water. The results
revealed the contribution of evaporation at the solid-liquid-vapor con-
tact line to bubble growth, the dynamics of the near-wall superheated
liquid layer, and the quenching heat transfer process when bubbles
depart from the boiling surface. Abdelghany et al. [13] used DFT ther-
mometry to map the local and temporal temperature fields around
boiling bubbles and above the heat-transfer surface using RhB and
Rh110. They found that the upward movement of the vapor bubble in-
duces the superheated liquid layer to be pulled and stretched, which is
consistent with the superheated liquid layer scavenging phenomenon, as
reported in the literature [2].

Despite some pioneering studies existing on temperature measure-
ments near a growing bubble, there remains more to explore. Previous
studies lack measurements of transient temperature variations at a
microscale resolution near a growing bubble. Moreover, no previous
studies have addressed the measurements of space- and time-resolved
two-dimensional (2D) liquid temperature distributions surrounding a
growing bubble, which would enable a quantitative assessment of the
heat transfer from the superheated liquid layer to a vapor bubble. In this
study, DFT was employed with thin film illumination to measure 2D
bulk fluid temperature fields near a growing bubble within 0.3 °C at a
30 pm resolution. To visualize 3D temperature fields, multiple 2D fields

11 (@) g

c —_—
5 Fl
° StB - =
S
(o]
]
Kol
<
©
)
N
©
£
S
(]
2 \

\

N
600 700

Wavelength [nm]

International Journal of Heat and Mass Transfer 222 (2024) 125119

have been measured on different layers near a growing bubble. Our
findings reveal an interesting transient temperature distribution during
bubble departure, wherein a significant temperature drop of approxi-
mately 8-10 °C occurs in the liquid near the heated surface and liquid-
vapor interface.

2. Materials and methods
2.1. Fluorophore solution

Most temperature-sensitive fluorophores show an emission intensity
that decreases with increasing temperature; this negative correlation is
due to the nonradiative dissipation, which, in most cases, increases with
temperature [5]. However, fluorescein (Fl) depicts a positive correlation
with an emission intensity that when excited at a wavelength A = 514
nm (significantly off its absorption peak), increases with temperature
[14]. Sulforhodamine B (SrB) was chosen as the second fluorophore
because: (1) it can also be excited at 514 nm due to its relatively broad
absorption spectrum; and (2) its emission band, with a peak at 591 nm,
has little overlap with that of Fl, with a peak at 518 nm [15].

Fig. 1 shows the normalized absorption spectra (left) and the
normalized emission spectra (right) as a function of wavelength at
Sumol/L Fl (solid line) and 5umol/L SrB (dashed line) in the same
deionized (DI) water [5]. The absorption spectra verify that both Fl and
SrB can be excited at a wavelength of 514 nm. The emission spectra
show that the fluorescence from the Fl and the SrB can be isolated from
each other using appropriate emission filters—a bandpass filter (525 nm
< A < 555 nm, ET540/30 m, Chroma Tech.) and a long pass filter (> 600
nm, 25 mm Dia. Edmound Optics) for Fl and SrB, respectively. The effect
of Fl emissions on SrB emissions (i.e., cross-talk) was no more than 0.1%
of the total signal [15].

2.2. Optical system

To accurately quantify the transient local heat fluxes and 3D map-
ping of transient fluid temperature at a microscale spatial resolution, a
thin microscale laser sheet was created. A continuous-wave (CW) air-
cooled argon-ion laser (Modu-Laser, Stellar-Pro-Select 150) was used
to create the laser sheet, which provides multi wavelengths from 457.9
nm to 514.5 nm. The laser beam passed through an iris (10 OD,
Edmundptics) to remove higher-order spatial modes and a laser exci-
tation filter (z514/10x, Chroma Technology) subsequently to isolate the
light at == 514 nm. The 514 nm beam is then passed through a Powell
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Fig. 1. Absorption (left) and emission (right) spectra for Fl (solid line) and SrB (dashed line). The arrows on both spectra indicate the excitation at 514 nm; the
shaded and hatched regions on the emission spectrum denote the wavelengths transmitted by the filters that isolate the emissions from Fl and SrB, respectively [5].
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lens (Edmund Optics), also known as a laser line generator lens, which
diverges laser beams and creates a thin 2D laser sheet. Then, it is passed
through a PCX cylinder lens (12.5 mm diameter illumination grade,
Edmund Optics) to convert laser beams into uniform, straight lines.
Then, the optical mirrors are adjusted to ensure that the 2D laser sheet
illuminates the appropriate region of interest. Two high-speed cameras
(Fastec IL5) with 2x magnification lenses and 25 frame per second and
shutter speed of 40 ms are used from two sides of the boiling chamber to
capture emissions of Fl and SrB near the growing bubble. Fig. 2 shows a
schematic diagram of the optical system and the 2D laser sheet setup.

2.3. Fluorescence thermometry calibrations

The relationship between fluorophore’s emission and temperature
was calibrated in the same boiling chamber with the designed optical
system at temperatures T = 20-100 °C. The temperature of the DI water
in the chamber was maintained constant using a PID controller (Plat-
inum high performance PID controller, OMEGA Engineering). In order
to mitigate any potential disruption caused by dissolved air bubbles
during phase-change-induced nucleation, we meticulously deaerated
the DI water solution for 30 min before conducting each test. Two car-
tridge heaters and a K-type thermocouple and one resistance tempera-
ture detector (RTD) were immersed from the top of the solution to
control and regulate the liquid temperature (Fig. 2). The pressure is
atmospheric pressure, and the liquid is in subcooling state. The satura-
tion temperature of water was considered 100 °C at atmospheric pres-
sure. A sequence of 140 images was acquired for both the Fl and SrB
emissions, respectively. After compensating for camera nonlinearities,
the grayscale values were spatially averaged over a 38 x 38 pixels (0.5 x
0.5 mm?) region in the center of the chamber and then temporally
averaged. Fig. 3 shows the average intensity, I, normalized by that at
20 °C, Iy, as a function of solution temperature T measured by the
thermocouples at T = 20-100 °C for Fl (red diamond) and SrB (green
circle). The calibration for Fl and SrB were repeated and consistent over
five independent experiments. The fluorescence from Fl increases by
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about 2.44% per °C, based on a linear curve-fit, whereas the signal from
SrB decreases by about 1.54% per °C. Both temperature sensitivities are
in good agreement with the 2.43% per °C and the 1.55% per °C,
reported by Coppeta and Rogers [14] for Fl and SrB, respectively. The
ratio of Ip/Isp was fitted to a polynomial function. As the order of the
polynomial curve fit increases, the R? value may also increase. However,
the increase in R? could be attributed to overfitting, where the model fits
the noise in the data and the underlying signal, leading to poor gener-
alization to new data. Therefore, the optimal order of polynomial curve
fit depends on the balance between capturing the underlying trend in the
data and avoiding overfitting. This balance can be achieved by selecting
the order of polynomial that results in the highest R? value while
minimizing the complexity of the model. Thus, in this study, the
fifth-order polynomial curve fit for Ir)/Is;p was selected (Figs. 4 and 5),
as follows.

T[C] = —0.004531 xT +0.1176 xT'— 09379 xT +1.02 xT°
+20.85 x1+2512 3)

where T and T are temperature and the ratio of average normalized
fluorescence intensities (Ir;/Isp), respectively.

We’d like to note that there would be a thermal degradation effect on
fluorescence dyes, but we assume that this effect is negligible as sug-
gested by the literature [7,16].

2.4. Fin structures

The formation of a large single bubble from a heated surface is key to
accurately differentiating temperature distributions by DFT at different
planes. For this purpose, we introduced a fin structure, made of copper,
with a cross-sectional area 2 mm x 2 mm and 1.5 mm height. The fin has
a parabolic artificial nucleation site on the top surface, which is 500 pm
deep in diameter of 300 pm on the top surface, enabling the creation of a
single bubble from a heated surface as large as 1.5 mm in length, as
shown in Fig. 6. The nucleation site was artificially fabricated on top of

Fig. 2. The optical systems used for the DFT experiments.
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Fig. 3. An average normalized fluorescence intensity I/I5o as a function of solution temperature T for Fl (red diamond) and SrB (green circle). The ratio of intensities
from FI and SrB (Ip/Is,p) is shown in blue triangle. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 4. A relationship between the order of polynomial curve fit and R? value
for Iry/Isp.

regular heat sinks by a milling tool. The addition of an artificial nucle-
ation site provides a preferential location for bubble formation, which
leads to more uniform and controlled bubble growth [17]. It should be
noted that, due to such special arrangement on the fin structure with an
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artificial nucleation site, the bubble growth process in this study might
differ from that on a flat surface. The copper fin structure used in the
study was obtained in the form of extruded rectangular molds with a
cross-sectional area of 2 mm x 2 mm and a height of 1.5 mm. To facilitate
controlled heating, we employed an insertion cartridge heater
(McMaster, 400 W). A K-type thermocouple was affixed to the lower
section of the heater for temperature monitoring. It’s worth noting that
while we conducted temperature measurements at the base of the
heater, surface measurements were not the focus of our investigation as
outlined in this manuscript. A 3D optical profilometer (Keyence
VR-6000) was used to perform non-contact surface and roughness
measurements on the fin structure at a resolution of 0.1 pm, as shown in
Fig. 6.

3. Results and discussion
3.1. Transient liquid temperature distributions around a single bubble

Measuring the transient liquid temperature distribution around a
single bubble, particularly in three different stages of the ebullition
cycle, including initiation, growth, and departure, is crucial for under-
standing the heat transfer mechanisms involved in bubble growth. We
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Fig. 5. (a) A fifth-order polynomial curve fit for Ir/Is,s with (b) the corresponding error (error between the fitted curve and actual data point).
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Fig. 6. 3D profiles of three fin structures with artificial nucleation sites. The white box represents the tested fin structure (i.e., a single fin) in this study. The right

image is an exploded view of an artificial nucleation site.

applied the DFT technique to measure transient 2D liquid temperature
for ebullition cycles. In the analysis of DFT measurements, the utiliza-
tion of feature-based registration algorithm in MATLAB served as the
initial step to align and match the Fl and SrB raw images, enabling
precise spatial mapping and subsequent quantitative analysis of fluo-
rescence intensity distributions. Fig. 7 shows the raw images of the
bubble captured by Fl and SrB cameras.

When the surface superheat is approximately 3 °C higher than the
bulk fluid temperature (i.e., T;—Tpk ~ 3 °C), we could observe an
initiation of a single bubble. Fig. 8 shows the liquid temperature dis-
tribution surrounding the growing bubble 3 s after initiation. It dem-
onstrates that the liquid temperature is relatively uniform at 65 °C with
a = 2 °C variation from the average. This uniformity is because the
bubble is small in size (~ 0.35 mm in diameter) and has just begun to
form. The temperature at the liquid-vapor interface is slightly higher (T
= 70.4°C, x on Fig. 8) than the surrounding liquid, but the temperature
gradient is low, 4.5 °C per 1 mm along the line indicated in the figure.
The temperature distribution during initiation can be used to estimate
the heat transfer rate, which is detailed in Section 3.6. The heated sur-
face was whitened in temperature colormaps for visualization purposes.
Also, the temperature measurement was not accomplished in the zone
beyond the bubble (the dashed region) due to insufficient light intensity.

Fig. 9 shows the liquid temperature distribution 8-10 s after initia-
tion during the growth stage when Tsgurated—Touk = 20 °C, which is
nonuniform. The approximate size of the bubble is 2.1 mm in diameter.
The nonuniformity of temperature is primarily caused by the super-
heated liquid layer formed in liquid very next to the heated surface (i.e.,
close to y = 0). The contribution of heat transfer to bubble growth in-
creases as the superheated liquid layer expands. However, we found the

Original image of Fl
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Fig. 8. Temperature colormap of a single bubble during initiation 3 s after
initiation. The approximate size of the bubble is 0.35 mm in diameter.

nonuniformity in liquid temperature is dominant mainly in the early
stages of bubble growth as a relatively uniform temperature distribution
was observed in later stages (Fig. 9a-9c). It should be noted that the
temperature at the liquid-vapor interface is close to the saturation
temperature of the fluid. At the interface, liquid is in contact with the
vapor phase where phase change occurs, and thus the liquid temperature

Original image of SrB

Fig. 7. Original bubble images obtained by two cameras for Fl and SrB at 5 s after initiation.



M. Ghazvini et al.

85 OC

60
100 200 300 400 500 600

85 °C

60
100 200 300 400 500 600

85 oC

50
100 80
150
200 75
250
300 70
350
400 65
450
500 aE 60

100 200 300 400 500 600

Fig. 9. Liquid temperature distributions near a bubble during growth at
approximately (a) 8 s, (b) 9's, and (c) 10 s after initiation. The approximate size
of the bubble is 2.1 mm in diameter at 10 s.

approaches the saturation temperature. Additionally, the very large heat
transfer coefficient at the liquid surface significantly contributes to this
effect, leading to the liquid temperature closely aligning with the tem-
perature within the bubble, i.e., the saturation temperature.

Fig. 10 shows the liquid temperature distribution around the bubble
during its departure, which is almost uniform at 82 °C, much higher than
those at the bubble initiation and growth stages. This suggests that, in
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the bubble departure stage, the superheated layer region is further
expanded along y, and the heat transfer from this layer is generally
homogeneous. We observed that, after the bubble departure, the liquid
temperature close to the surface decreases due to the entrainment of
colder liquid (Fig. 10c). Within a short period of time (~ 2 s), the liquid
temperature distribution gradually returns to its pre-bubble state
(Fig. 10d).

3.2. Transient liquid temperature distribution in three locations around a
single bubble

Accurate measurements of temperature during bubble departure are
of interest as bubble departure and its corresponding temperature drop
directly affect the heat transfer coefficient in nucleate boiling. Further-
more, the temperature drop specifically during the departure phase re-
mains unmeasured in literatures [18-21]. Our findings show a
significant temperature drop of approximately 8-10 °C in the liquid near
the heated surface and bubble interface during departure. This section
details transient liquid temperature distributions at three different lo-
cations of the liquid (Fig. 11): (1) near the heated surface and the bubble
interface (“1”), (2) in the middle of the bubble at the liquid-vapor
interface (“2”), and in the bulk liquid away from the bubble (“3”). At
each location, the temperature was averaged over a spatial resolution of
10 x 10 pixels, corresponding to 50 pm x 50 pm, at different times.

Fig. 12 shows that, at location 1, liquid temperature is relatively
uniform within a 1 °C variation before bubble departure. However, as
the bubble begins to detach from the heated surface, the liquid tem-
perature close to the heated surface and the bubble interface drops
rapidly due to the sudden loss of heat transfer and the influx of colder
liquid. As the bubble detaches, it removes the thermal boundary layer,
allowing cold liquid to come into contact with the heated surface, which
further contributes to the reduction in temperature near the heated
surface (Fig. 10). When a bubble detaches from the heated surface, the
direct contact between the bubble and the surface is interrupted. This
separation disrupts the efficient transfer of heat from the surface to the
liquid, resulting in a drop in temperature [22,23]. The average tem-
perature in the location “1” during departure differs from that of during
growth (up to 10 °C). On the other hand, transient liquid temperature in
the locations “2” and “3” increases as the bubble detaches from the
heated surface and ascends through the liquid. This temperature rise can
be attributed to the removal of the thermal boundary layer around the
heated surface by the departing bubble, as well as the subsequent
movement of the bubble through the liquid. This movement carries heat
upward from the surface which leads to an increase in the local liquid
temperature in locations “2” and “3” [24,25]. This upward movement
during bubble departure is shown in Fig. 13. The maximum liquid
temperature difference before and after bubble departure at locations
“2” and “3” is approximately 5-7 °C when they are at approximately 350
and 900 pm away from the liquid-vapor interface, respectively.

3.4. Temperature profile along x and y

We quantified liquid temperature differences along different x and y
locations during bubble growth as they provide a quantitative measure
of heat transfer from liquid to the vapor bubble. Fig. 14 shows the liquid
temperature distribution and associated profiles after the bubble initi-
ation at t = 10 s. The Gaussian smoothing algorithm was used to smooth
out noise in temperature profiles, resulting in a smoothing effect of
approximately 0.2-0.3 °C in the measurements. The temperature vari-
ation at y; shows a sharp increase from the liquid-vapor interface toward
bulk liquid, indicating significant heat transfer from the heated surface
(Tsurface = 110 °C) to the surrounding liquid (T,—¢ = 90 °C). These re-
sults are consistent with the expected behavior of convective heat
transfer in the vicinity of the surface. The temperature gradients at y;,
Y2, and y3 locations over a 0.75 mm distance (AT/Ax) are approximately
11, 6, and 5 °C, respectively, suggesting that the heat transfer rate is
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Fig. 10. (a, b) liquid temperature distribution near a bubble during departure at approximately 30 s after initiation, (c, d) liquid temperature distribution after
departure at approximately 32 s after initiation. The approximate size of the bubble is 3.4 mm.
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Fig. 11. A liquid temperature distribution near a bubble during departure. 1- a
section of the liquid close to the heated surface and bubble interface, 2 and 3 -

sections of the liquid away from the bubble.

highest at y; and gradually decreases at y, and ys. This indicates that the
heat transfer in the liquid surrounding the bubble strongly depends on
the distance from the heated surface (i.e., along y). Furthermore, the
liquid temperature at three y locations approaches the bulk liquid
temperature (T = 75 °C), which is consistent with the conduction heat
transfer in liquid away from the bubble and thermal Marangoni flow
around a single bubble [26]. As the surface experiences heating, the
temperature of the liquid at the bottom will exceed that of the bulk
liquid. This discrepancy in temperature influences the surface tension of
the bulk liquid, causing it to be greater than that of the liquid at the
bottom. Consequently, a thermal Marangoni flow is initiated, trans-
ferring heat towards the bulk liquid [26].

The temperature profiles at x; and x, provide a different perspective
from those at y locations. The temperature profile at different x positions
exhibits a relatively constant temperature trend along y. This indicates
that heat transfer in the x-direction is relatively uniform within the re-
gion of interest. However, similar to the temperature profiles observed
at y locations, as we move further away from the heated surface and
bubble interface, the temperature gradually decreases closer to the bulk
liquid temperature. This temperature reduction is attributed to the
dissipation of heat into the surrounding bulk liquid. As the distance from
the heat source increases, the influence of the heated surface and bubble
diminishes, leading to a convergence towards the bulk liquid tempera-
ture. Therefore, the temperature gradient at xo far from the interface
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Fig. 12. Transient liquid temperature on three different sections near the bubble (see Fig. 11 for locations 1, 2, and 3). The time of bubble departure is indicated at

32 s from the initiation.

Fig. 13. Instantaneous bubble images at two subsequent times at (a) 32 and (b) 32.04 s before bubble departure.

shows a gradual decrease (AT/Ay = 1.5 °C over a 1.5 mm distance),
when compared to 3.5 °C at x; due to the slower rate of heat transfer by
diffusion.

The temperature profiles and gradients along x and y provide valu-
able insights into the heat transfer mechanisms during the departure of a
bubble. The sharp increase in temperature observed at y;=0 indicates
the importance of heat transfer from the heated surface and superheated
liquid layer to the surrounding liquid. The gradual decrease in temper-
ature observed at x far from the liquid-vapor interface underscores the
significant interplay between diffusion and the Marangoni effect in the
heat transfer mechanisms.

3.5. Temperature distributions at different planes

We quantified 2D temperature distributions at different z planes,
starting from the middle plane of the bubble cross-section (z = 0) and

moving toward the positive z-direction at Az = 0.5 mm and Az = I mm,
as shown in Fig. 15. At the middle plane (z = 0), the liquid temperature
showed a higher average liquid temperature compared to other planes
(Az = 0.5, and Az = 1 mm), indicating higher convective heat transfer
from the bubble to the surrounding liquid (the temperature of vapor is
higher than the bulk liquid temperature because of heat flux from the
heated surface and the superheated liquid layer). The approximate
temperature difference at the same x-y locations on the plane at z = 0
mm and z = 0.5 mm is measured to be in the range of 3-5 °C. This is
expected as the middle plane is where the temperature gradient is most
intense with a larger surface area of the bubble in contact with the
heated surface and the superheated liquid layer. A much lower average
liquid temperature at z = 0.5 mm is presumably because a smaller
surface area is in contact with the fluid, and heat transfer becomes
restricted. It should be noted that, at the z = 0.5 mm plane, the tem-
perature closer to the liquid-vapor interface will be much higher than
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Fig. 14. (a, b) Temperature map surrounding a growing bubble at 10 s after initiation. The lines at different x and y locations are shown to measure temperature
profiles. (¢, d) Temperature profiles along horizontal lines (y;, ¥, y3) and vertical lines (x;, x2). Note that the temperature profiles in Fig. 14c are shown from 0 - 750
pm along y direction, so the lengths of y;, y2, and y3 are irrelevant to the actual distance scale in Fig. 14c.

the temperature farther from the interface, due to the temperature
gradient (see Fig. 14c). This means, the temperature difference between
z =0 mm and z = 0.5 mm at the same distance from the liquid-vapor
interface would be much larger than 3-5 °C. At Az = 1 mm, average
liquid temperature is significantly lower than that at z = 0 and 0.5 mm,
which is attributed to the fact that at Az = 1 mm, the measurement plane
is much further away from the heated surface, leading to a lower tem-
perature increase. In sum, the heat transfer magnitude at different z
planes varies considerably, resulting in unique temperature gradients
from the liquid-vapor interface toward the bulk fluid.

3.6. Heat transfer coefficient using rohsenow correlation

The DFT temperature measurements were used to estimate the heat
transfer coefficient associated with the bubble growth. We employed
Rohsenow empirical correlation to estimate heat transfer rates, one of
the acceptable equations is in a good agreement with experimental
measurements [27,28]. In this correlation, the heat transfer coefficient
(h) was estimated using physical properties of the liquid, including
density p;, specific heat (c), latent heat of vaporization (hg), and the
diameter of the bubble (d) formed during boiling. Additionally, the
correlation includes a dimensionless parameter, g, that characterizes the
heat flux and a power exponent, m, that depends on the mode of boiling
(1.5 < m <4), and B is a coefficient that is based on the surface-fluid
combination (for copper-water combination = 0.013) [29-31].

0.25 s .. " ..
h = B.pl3c)S (hyd) "™ " 03 AT"H0%S 4)

Fig. 16 shows the distribution of heat transfer coefficients around a
single bubble and its profile at y;, y2, and ys3, estimated by the Rohsenow
correlation. Based on these figures, the heat transfer coefficients are
higher close to the bubble interface, heated surface, and in the super-
heated liquid layer. The estimated gradients of convective heat transfer
coefficients (Ah) atyj, y2, and y3 are 1476 W/m?K, 519 W /m2K, and 420
W/m2K, respectively, for a 0.75 mm distance. These values indicate a

substantial variation in heat transfer coefficients along the horizontal
lines, reflecting the spatial distribution of heat transfer around the
bubble. In Fig. 16a, we observe that the heat transfer coefficient is
higher in proximity to the liquid-vapor interface, the heated surface, and
the superheated liquid layer. This observation aligns with our under-
standing that these regions play a crucial role in heat transfer during
bubble departure. The elevated heat transfer coefficient in these areas
indicates intensified thermal interaction and enhanced heat dissipation.
Furthermore, we found that the heat transfer coefficients close to the
liquid-vapor interface and heater are approximately 1.3 times higher
than those in the bulk liquid. The heat transfer coefficient near the
heated surface is approximately 8% higher than that in the superheated
liquid layer.

4. Conclusion

This study aimed to accurately measure the local liquid temperature
distributions surrounding a growing bubble during nucleate boiling.
Using the DFT technique combined with high-speed imaging, the study
measured the 2D, space-and-time-resolved temperature distribution at
10 pm at 0.3 °C. The results provide insights into the dominant heat and
mass transfer leading to bubble growth and departure. The noteworthy
findings are summarized below:

e During bubble growth, liquid temperature is nonuniform near the
growing bubble due to the non-uniform heat transfer from the su-
perheated liquid layer and heated surface.

e During departure, liquid temperature shows a transient behavior
with rapid temperature rise near the heater and bubble interface just
before departure, temperature drop after detachment, and gradually
the temperature returns to the pre-bubble state.

o The liquid temperature distribution around a single bubble is highly
transient and dependent on different stages of bubble growth and
departure. The temperature exhibits a strong transient behavior
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Fig. 15. (a) Schematic of the laser sheet movement along z direction. (b-d) Liquid temperature distributions near a growing bubble at 8 s after initiation at different z
locations at (b) 2 = 0, (c) 2 = 0.5 mm, and (d) 2 = 1 mm.

immediately before departure, with a peak temperature difference the bubble interface due to the reduced surface area, leading to less

right before departure and after departure up to 10 °C observed efficient heat transfer.

during bubble growth and departure. o The temperature and heat transfer measurements in this study pro-
e The liquid temperature distribution on different z planes reveals that vide valuable insights into nucleate boiling, which can be further

the temperature decreases as the measurement plane moves closer to utilized to optimize the thermal management of extreme heat loads

in electrical systems. The findings highlight the highly transient

10



M. Ghazvini et al.

Heat Transfer Coefficient using Rohsenow Correlation (WlmzK)
; T

8000

100
150 -
200 -
250 -
3001
350 &
400 -
450 g \\,,t b
500 ad

5500

5000

100 200 300 500

International Journal of Heat and Mass Transfer 222 (2024) 125119

8500 -
— oY,
Nx y3
c =72
= 8000 -

2 %]
IS
[}
‘5 7500
=
[
O
[8)
& 7000
% .
=
o
= 6500
©
[
4

6000

250

500 750

Distance (um)

Fig. 16. (a) A distribution of heat transfer coefficients estimated by Rohsenow correlation, and (b) Heat transfer coefficients on horizontal lines at t = 10 s after the

bubble initiation.

nature of the temperature distribution around a single bubble at
different spatial locations, emphasizing the necessity to accurately
measure and account for these dynamic heat transfer characteristics
in thermal transport models. Additionally, the comprehensive tem-
perature information obtained in this study can be used to validate
existing thermal transport models.
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