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Abstract. This work features the boiling of FC72 on a transparent sapphire substrate. Tests are
performed using a thin ITO film (indium tin oxide) coated on the sapphire substrate as the heat
source, a fast speed video camera to capture the boiling process using a technique to track the
phase (liquid or vapor) in contact with the heating surface, an InfraRed video camera to capture
the average temperature on the surface, and a metallic grid to impose an electric field
perpendicular to the boiling surface. The maximum average electric field tested in this work is
3.3kV /mm, which led to a 18% increase of the critical heat flux. This study analyses in detail
the phase distribution data showing that (1) there is no evidence of microlayer formation, and
suggesting that (2) the triple contact line evaporation accounts for approximately 20% of the
total heat flux, while (3) the quenching stage accounts for approximately 80%. Finally, phase
distribution images are processed to characterize the size of vapor patches, showing that a boiling
crisis occurs when the distribution of the vapor patches becomes scale-free, and corroborating
the hypothesis that the boiling crisis can be modelled as a bubble interaction instability using a
percolation model.

1. Introduction

With the surge in electric transportation and the exponential growth of computing power, there is a
compelling need for increasingly efficient and compact cooling systems. Within the realm of electronic
cooling, liquid cooling is gaining prominence over air cooling due to its enhanced consistency and
efficiency. For instance, single-phase and two-phase thermal control systems have been proposed for
cooling power electronics and battery packs in the automotive industry [1]. Immersion cooling relies on
natural convection to remove heat especially when two phase heat transfer is used. Direct cooling has
also been proposed for electronic cooling in space applications [2-3]. However, the lack of natural
recirculation in microgravity environments requires other external actions to move the fluid, such as
pumps or the use of high intensity electric fields (EF) which enhance bubbles detachment from the
surface in boiling heat transfer [4].

In this work, we discuss the results of an experimental investigation focused on elucidating the effect
of EFs on the boiling dynamics and the CHF limits of a dielectric fluid, FC-72 (C6F14), manufactured
by 3M and often used for direct cooling of electronic components. To this end, we developed an
experimental setup that enables the use of advanced optical diagnostic to track the time-dependent
distributions of the liquid and vapor phase in contact with the heating surface. Thank to this diagnostics,
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we can shed light on the mechanism of heat transfer during the boiling of FC-72 as well as the
mechanisms triggering a departure from nucleate boiling.

2. Experimental apparatus

The apparatus, shown in figure 1, is built around a 1mm thick, 20 X 20 mm? wide sapphire substrate.
The heating element is a 700 nm indium tin oxide (ITO) film coated on top of the sapphire substrate,
which can be electrically heated. The electric power sent to the ITO is calculated by measuring the
voltage at the heater pads and knowing the resistance of the ITO film, which was measured separately
with high precision. Regarding the heat flux determination, the power is considered homogeneously
distributed on the 10 X 10 mm? ITO surface. The sapphire is assembled in a 3D printed resin cartridge
featuring a stainless-steel plate aligned with the ITO and a stainless-steel grid 6 mm above the ITO.
Using a high voltage power supply, we impose a positive voltage on the grid while grounding the ITO
heater and the stainless-steel plate. During the tests the high voltage power supply was used to impose
a positive d.c. voltage on the grid up to 20 kV.

The sapphire surface is recorded using 2 cameras simultaneously. A high-speed camera is used to
image the ITO surface from the bottom with a 20° incident angle. The surface is lighted by a coherent
LED light with a 20° incident angle in such a way that the phase detection technique can be used. In
particular, this technique permits to detect microlayers with a thickness up to 10 um [5]. The infrared
camera is used to image the sapphire from the bottom and measure the temperature on the surface.

The IR measurements during the boiling process were characterized by an appreciable variation of
temperature along the surface and very little difference in temperature between dry and wet areas. The
former leads the accuracy in the measurement of the average temperature of the surface, which can go
from a minimum of +2°C to a maximum of £5°C. The latter creates difficulties in determining the heat
flux between the solid and the liquid. This small temperature sensitivity to the boiling process is in
accordance with another work featuring boiling of FC72 on sapphire [6], due to the high thermal
diffusivity of sapphire. In conclusion, the IR video will not be used to calculate the time-dependent
distribution of heat flux between the surface and the liquid, but only to measure the average surface
temperature.
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Figure 1. On the left, Cartridge schematic; on the right, the detail of the sapphire heater and the
cameras used in the experiment.

3. Results

3.1. Boiling curves

All boiling curves are performed at a pressure of 101 + 5kPa and a corresponding saturation
temperature of T, = 56°C. The tests are conducted with 0kV, 10kV, 15kV, and 20kV of potential
between the grid and the heater. The resulting boiling curves are reported and compared with different
other studies in figure 2. As it can be seen, the critical heat flux increases of 25% between the case
without electric field and with 20kV of imposed voltage.

3.2. Image segmentation and percolation theory
Starting from the high-speed video of the phase detection, we binarize the image and then detect and
track vapor patches. The binarization of each image starts by removing the background from the image,
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slightly blurring it, and correct for non-uniform illumination. Then, the Otsu's method is used to perform
an automatic image thresholding. From this image processing, it is possible to calculate the dry area
fraction (DAF) and the contact line density (CLD).
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Figure 2. On the left, boiling curves in saturation conditions at 101 kPa with different voltage (i.e.,
EF) levels (these data are plotted without error bars). On the right, the same data are compared with
boiling curves obtained in similar operating conditions by other authors.

As it can be seen from the DAF and CLF plots in figure 3, increasing the voltage level reduces the
dry areas on the boiling surface. Moreover, it seems that the DAF has a maximum value at approximately
0.6. Conversely, the CLD seems to be unaffected by the voltage level. The electric field seems to reduce
the size of the bubbles while increasing the number of bubbles on the surface. A deeper investigation
can be made by analyzing the probability distribution of dry areas.
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Figure 3. On the left, dry area fraction (DAF). On the right, contact line density (CLD). Both quantities
are measured by post-processing the phase detection videos

Focusing on probability distribution of dry areas in figure 4, we can see that for low heat fluxes, the
footprint area PDF decreases rapidly following an exponential decay. Approaching to the DNB, the
distribution becomes a power law function P(A) = A™%, where 7 = 2 is the Fisher exponent. The
power-law distribution with T < 3 indicates a scale free phenomenon, which is consistent with separate
observations published in another study [7]. Curiously, the presence of high electric field delays the
raise in DAF and the appearance of a power-law distribution. This suggests that bubbles have higher
interaction probability (e.g., due to a larger bubble footprint radius) at low electric fields and lower
interaction probability at higher electric fields. This is consistent with previous experiments that reported
the tendency of bubbles to grow taller and narrower in the presence of electric fields [4,8]. Since the
determination of the bubble shape is a non-trivial exercise, it will be the analyzed more in detail in a
future work.
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Figure 4. Probability density functions of dry areas, plotted for different heat flux level with a)
0kV/mm, b) 10kV/mm, and c) 20kV/mm electric field intensities.

3.3. Microlayer un-detection

In our operating conditions, Cooper model [9], as well as the criterion on the critical velocity proposed
by Urbano [10] and the model on maximum critical radius by Bures [11] would predict the formation
of a detectable microlayer. However, we did not observe any interference fringe indicating the presence
of such microlayer in any of the test conducted. In conclusion, our observations are not in accordance
with all the cited models. This calls for more investigations on the formation and evaporation of
microlayer in different fluids.

4. Hypothesis and modelling

4.1. TCL evaporation

The static contact angle of FC-72 measured on smooth ITO is 11° [12]. When evaporation occurs, the
apparent contact angle increases due to the liquid mass flow rate in the microregion near the TCL and
the recoil from the liquid evaporation. In the present work, we will use the model proposed by Raj [13]
to simulate the microregion. We choose this model because it has been validated on the evaporation of
FC-72 droplets at ambient pressure. In our particular situation, we have neglected the impact of the
electric field on the microregion. The assumption that the effect of the electric field can be neglected is
consistent with the fact that the liquid in microlayer is electrically shielded by the overhead mass of
vapor, and will be better validated in a future work. The contact angle and the TCL evaporation resulting
from the model, calculated using the bubble base radius from the experiments, are represented in figure
5. Based on these results, we can estimate the contribution of the TCL evaporation on the overall heat
flux as qr¢, = qre X CLD.

10
12F @  56C lbar OkV @ 56C Ibar 0KV
[ ® 56C 1bar 10kV [ ® 56C lbar 10kV
r 56C 1bar 15kV st 56C 1bar 15kV T
41 F 56C 1bar 20kV r 56C 1bar 20kV ewn ™t g
L E I »
[ ~ 6F ___gn®®"
= 40F - E e
> [ 3 -
r o O 4l
) [
39t @ =
[ (L 2-_
- Y L
38 P
20 230 3 40 b5 30 3 1
AT, K] AT, [K]

Figure 5. Left, Contact angle at different temperature; right, the triple contact line evaporation term at
different temperature, according to [13].
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4.2. Quenching

Considering that the effusivity of the sapphire is considerably larger than the effusivity of the fluid,
it is reasonable to assume a constant wall temperature Ty, during rewetting of the dry areas. If we
consider the quenching to last for a time t,, the mean heat flux during quenching can be computed as

" _ Tw—Tp
< qu > = 281 NE \/5
we can determine, for each pixel, at which time the surface is wet or dry. With this information, we are
able to compute the ¢, for every quenching event and compute the average quenching heat flux as <

qgc > - Then, we can sum over all the quenching events (i) of every pixel (j) and average it in time:

[14]. We used the phase detection videos to track wet and dry areas. In particular

1
* Npixeltmax T 7 w-y Ql]

where tp,qy is the time span of the analyzed video and Nj;x; is the number of pixel analyzed.

4.3. Comparison of TCL and Quenching with the experimental heat flux

The results from the previous formulation of g, and gr¢;, are reported in figure 6. As it can be seen,
the contribution of the TCL evaporation is fairly small and goes from 5-10% near the onset of nucleate
boiling to almost 25% of the total heat flux near the boiling crisis. Instead, quenching heat transfer
accounts for 70-80% of the total heat flux. The model tends to underpredict the heat transfer near the
onset of nucleate boiling, this discrepancy is easily explained by considering that we are neglecting the
contribution of the natural convection to the heat transfer. Instead, the model tends to overpredict the
heat transfer near the boiling crisis, especially for high voltage levels. This might be explained by how
the contact angle has been considered and calculated. As previously stated, the presence of electric field
tends to “pull” upwards the bubbles increasing the contact angle, this effect is not considered in the
model that we used to simulate the microregion near the TCL. If indeed we have a greater contact angle,
this would reduce the TCL evaporation for high electric fields. The determination of the contact angle
in high electric fields is a non-trivial exercise and will be the subject of a future work. However, as
shown in figure 6, our mechanistic reconstruction of the boiling curve is fairly accurate.
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Figure 6. Boiling curves in the nucleate boiling regime with detail on the triple contact line evaporation
and quenching for different electric potentials. a) OkV/6mm, b) 10kV/6mm, and ¢) 20kV/6mm electric
field intensities.

5. Conclusions

Although different models in literature predicts the formation of the microlayer when boiling FC-72, we
shown that there is no evidence of microlayer formation, which indicates that the triple contact line
evaporation accounts for almost all the evaporation term in the heat flux partitioning. This is consistent
with the observations of other investigators [15]. We evaluated the contribution of the TCL evaporation
and quenching mechanistically showing that they can account for almost all the heat transfer in the
nucleate boiling regime. Finally, we have showed the signature of the boiling crisis in the power-law
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probabilistic distribution of the bubble footprint areas. This observation corroborates previous findings,
suggesting that a boiling crisis is triggered by an instability in the near-wall bubble interaction process.
By comparing the dry area fraction distributions, we observe that by increasing the electric field at a
given heat flux value, the bubble footprints get smaller, reducing the probability of interaction between
bubbles. Thus, the value of the CHF at which a boiling crisis occurs increases when an EF is applied.
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