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Research on thermal management of micro-electronics based on
microfluidics
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Abstract: The rapid development of electronic communication, supercomputing and other fields has move
forward the need of high power densities and the miniaturization of devices, which requires more advanced
microchip heat flow management technology. Gallium nitride (GaN) high-electron-mobility-transistor
device (HEMT) can generate radio frequency (RF) power densities of 6 W/mm at high breakdown voltage.
The purpose of this study is to achieve more efficient high-density, non-uniform heat management of
microelectronic devices by developing high-performance heat transfer fluid (HTF) and compact cooling
devices, such as study GaN based transistors. Through the performance characterization of nano heat
transfer fluid and their performance simulation studies in micro-jet-channels, it was found that boron nitride
water nanofluids (0.5 wt.%,) at room temperature increases 5.2 % thermal conductivity compared to the
base fluid. Besides, reduced graphene oxide (rGO) in EG/rGO, for temperatures up to -50 °C achieved 17 %
and 11% thermal conductivity increase with 2.0 wt.% rGO. The result of the performance of the designed
microfluidic system suggests that with a microchip target power density of 5 W/mm (1x107 W/mm?), the
peak temperature in the devices was far below 200 °C with the thermal resistance of jetting channel
accounting for 20-41% of the total thermal resistance.

Keywords: Thermal management, Microfluidic channel, GaN transistors, Nanofluids, Heat transfer
coefficient, Thermal resistance

stable operation of electronic equipment.
Generally, enhanced heat transfer technology
includes the development of

efficient heat transfer fluid (HTF) [2-6] and

1. Introduction

Recent development trends of Electronic

Science and Technology in recent decades,
moved gradually to high-power and
miniaturized microchips. In order to ensure
safe and stable operation, power consumption
has to be automatically limited in electronic
devices to prevent high heat flux density and
uneven heat flux distribution, which makes a
large amount of heat accumulate locally in
electronic equipment, resulting in the
continuous rise of equipment temperature and
the increase of equipment failure rate.
According to literature [1], with the increase
of working temperature, the possibility of
equipment  failure increases almost
exponentially. Good thermal management
technology is the key to ensure the safe and

the improvement of comprehensive heat
transfer coefficient through the optimal
design of internal heat transfer surface
structure  [7-10]. The low  thermal
conductivity and low convective heat transfer
coefficient of air cannot meet the heat
dissipation requirements of microelectronics.
Liquid forced convection is the mainstream
heat transfer scheme at present. Traditional
HTFs include water, oil, EG, and/or their
mixtures etc. Studies have shown that the use
of nanofluids with nanoparticles added to the
basic HTF has the effect of enhancing heat
transfer. In addition, as an excellent heat
transfer design method, the application of
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micro jet impingement array in the cooling
of microelectronics can obtain good external
surface heat dissipation effect. Compared
with other cooling channels such as
microchannels and metal foam based
channels, micro jet impingement has the
highest heat transfer coefficient.
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Experimental study of magnetic convection in a lab-scale direct absorption solar
collector
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Abstract Nanofluids can be used for gathering and transporting heat in direct absorption solar collectors
(DASC). In this study, we experimentally demonstrate that an aqueous nanofluid of Fe,O; can flow in a pump-
free DASC through photomagnetic convection. The flow was established for particle concentrations of 1-2%
wt. under the simultaneous influence of radiated heat and a permanent magnetic field of up to 28 mT. To
achieve this, we developed a theoretical model to calculate the velocity of convection and the thermal

efficiency of the DASC.

Keywords: nanofluid, ferrofluid, direct absorption solar collector, magnetic convection

1. Introduction

There are multiple studies of nanofluid-based
direct absorption solar collectors in the
literature. DASCs based on nanofluids of CuO
[1] demonstrated better thermal performance if
compared to solar collectors with equivalent
geometry but with surface absorption.
However, commercial collectors with surface
absorption outperform DASCs [2]. Therefore,
the thermal performance of DASC can be
improved through photomagnetic convection.
In this case, a magnetic nanofluid is used in the
collector together with an external source of
magnetic field.

In this research, we developed a laboratory-
scale experimental system to study the
phenomenon, presented schematically in Fig. 1.

water cooker — §

thermocouple
—e ~—

lamp

Fig.1. Scheme of the experiment.
The system consisted of a closed-loop of 4-mm

glass tubes with a total length of 1.2 m. One side
of the loop included a spiral heat exchanger,
which was used to cool down the nanofluid with
tap water at 12°C. A DASC region was located
100-mm from the opposite side of the loop, and
was irradiated by a 2.8-W halogen lamp. Two
K-type thermocouples were placed at the sides
of the loop.

The magnetic field was established at the
entrance to the DASC zone using FC-5818
solenoid from APW. The solenoid operated at 6
V and 0-1.3 A. The produced magnetic field
was up to 28 mT. The solenoid and the rest of
the rig were protected from the thermal
radiation of the lamp using the reflective
shields. The solenoid was cooled by an air fan
whose power was adjusted to maintain the
solenoid at ambient temperature equal to 23 °C.
We produced nanofluid dispersing 50-nm
nanoparticles of Fe>Os in distilled water using
an ultrasound cleaner at 130 W. The
concentration of the particles was 2% wt. The
particle size, as measured by static light
scattering, remained around 50 nm in fresh
samples but increased to 110 nm after
experiments due to aggregation.

The experimental procedure consisted of the
following steps: filling up the nanofluid in the
loop, connecting tap water to the cooling heat
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exchanger, switching on the lamp and solenoid,
and recording the temperatures at the
thermocouples until a steady-state was
achieved.

2. Results and discussion

In Fig. 2, we present the temperature difference
in the flow loop over time for different particle
concentrations with and without the magnetic
field. With no magnetic field, there is a low
temperature gradient in the DASC, indicating
incipient flow and temperature distribution
mainly due to thermal conduction. When the
magnetic field was on, a temperature difference
of 12 °C was established in the system for the
concentration of 1% wt. The temperature
difference reduced when the concentration of
particles increased. The increase in the number
of nanoparticles increases the driving force for
photomagnetic  convection, causing the
temperature profile to narrow in the loop..

el.0wt%, 04 A

1.5 wt%, 0.4 A

12 +20wt%. 04 A
20wt%, 0.0 A

AT [°C)

) &

0 500 1.500 2.500 3.500

time [s]
Fig.2. Temperature difference as a function of
concentration and solenoid current.

The velocity of convection can be estimated by
assuming that hydraulic flow resistance
balances the flow-driving forces in the loop.
This means that the frictional pressure drop is
balanced by the magnetic and thermophoretic
forces [3]:

2
v
gpnf 7 ~ qbp:uOMmHmax
—6n,muv,dCs  ki/k, + 2CtKn AT
1+4+6C,Kn 1+ 2k;/k,+4CKn T’

where € is the hydraulic resistance of the
system, pn is the density of the nanofluid, v is the
mean flow velocity, ¢y is the volume fraction of
particles, Mn is the magnetization, Hmax is the
magnetic field, np is the number density of
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particles, w, v are the dynamic and the kinematic
viscosities of the base fluid, k is the thermal
conductivity, Kn is the Knudsen number of the
particles, T is the temperature, and the constants
are Cs=1.17, Cn=1.14, C=2.18.

The calculation revealed that the mean flow
velocity increases to an asymptotic value with
the current. The asymptotic value rose from 2
mm/s to 5 mm/s when the particle concentration
increased from 0.5% wt. to 2% wt. Using the
computed flow velocity, we calculated the
thermal efficiency of the DASC. The maximum
thermal efficiency was 65% for the 2-%
nanofluid at 28 mT.

3. Conclusions

In this work, we examine the impact of magnetic
field on the convection of nanofluid in the
laboratory-scale  DASC. The nanofluid was
produced using 50-nm particles of Fe;O3 and
distilled water without surfactant. The collector's
temperature difference was dependent on particle
concentration and magnetic field. The thermal
efficiency of the collector was 65%,which was
lower than the efficiency of the third-party
DASCs from the literature. Further optimization
of the system is required to achieve better
performance.
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Selection of hybrid or mono nanofluids for one-phase heat exchangers: common
features in experimental research
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Abstract: Hybrid nanofluids show increasing attention in convective heat transfer applications.
Numerous experimental studies independently analyse the convective heat transfer for mono or hybrid
nanofluids in single-phase convective heat transfer applications. However, there are still no general
conclusions about which nanofluids, mono or hybrid, performs better. This work analyses the experimental
studies that jointly evaluate both hybrid and mono nanofluids and the main outcomes are classified
according to the heat transfer device (tubular, plate and minichannel heat exchangers). The results from the
literature mainly support that there is no synergistic effect for hybrid nanofluids on convective heat transfer

in laminar flow.

Keywords: Nanofluids, Hybrids, Heat exchangers, Convection

1. Introduction

Based on the heat transfer mechanism, heat

exchangers are classified into single-phase and
two-phase. In terms of construction features,
tubular heat exchangers (double tube, shell and
tube, flexible tube) and plate heat exchangers
(gasketed, brazed, welded) are the most
common. Miniature heat exchangers are
increasingly  required in  technological
applications [1]. Research on the efficiency
optimization of systems involving exchangers
has led to the development of several passive
and active techniques. Among the former,
nanofluids have been a noticeable field of
research in last decades. In addition, interest in
hybrid nanofluids has grown due to the chance
of further improving heat transfer. [2].
This article reflects on whether hybrid or mono
nanofluids are the best candidates for single-
phase convection based on experimental results
from the literature. Consequently, the
experimental studies (up to early 2022) that
jointly analyse hybrid nanofluids and the
corresponding mono nanofluids in single-phase
convective heat exchangers have been critically
summarized, classifying them into three
groups: tubular, plate and mini-channel heat
exchangers.

2. Discussion and Results:

2.1 Tubular heat exchangers

Two experimental studies [2, 3] analyse
hybrid nanofluids and all corresponding mono
nanofluids (Figure 1). Gupta et al. [2] studied a
silver:multi-walled carbon nanotubes
(AgzcMWCNT) hybrid nanoadditive, and the
corresponding Ag and MWCNT mono
nanoadditives. The MWCNT/water mono
nanofluid obtained the higher heat transfer
coefficient (k) rise, 67.5%.
Naddaf et al. [3] considered MWCNT:graphene
nanoplatelet (MWCNT:GNP) hybrid
nanoadditive at 1:1 ratio, and the corresponding
MWCNT and GNP mono nanoadditives.
Nanofluids based on a diesel oil were designed
and tested in laminar flow. The GNP/water
mono nanofluid reached the highest / increase.
In addition, fourteen experimental research
papers examining hybrid nanofluids and only
one of the mono options were found [1]. Water
is the base fluid in all cases. Some of these
studies show that the mono nanofluid obtains
the greatest 4 or Nusselt number (Nu)
improvement, while others revealed that the
hybrid nanofluid performs better. However, the
mono nanofluid with the best thermal
performance could not have been included in
the analysis.
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Fig. 1. Nu (a) and /4 (b) versus Re for aqueous
nanofluids from experimental studies [3-8].

2.2 Plate heat exchangers

Two experimental studies [4, 5] investigate
hybrid nanofluids and all corresponding mono
nanofluid (Figure 1). Bhattad et al. [4] studied
AlO3:MWCNT hybrid nanoadditives and the
corresponding AlO3 and MWCNT mono
nanoadditives. Aqueous nanofluids were
analysed in laminar flow. The mono nanofluid
MWCNT/water achieved the greatest £
improvement, 15.2%. The higher thermal
conductivity (TC) of MWCNT plays a key role.
Bhattad et al. [5] analysed Al203:TiO2 hybrid
nanoadditives and the analogous Al2O3 and
T102 mono nanoadditives. Aqueous nanofluids
were evaluated in laminar flow. The maximum
h enhancement was noticed for the Al.Os/water
mono nanofluid, 16.9%. The highest pumping
power was noted for the TiOz/water nanofluid.
In addition, three experimental articles examine
hybrid nanofluids and only one of the mono
options [1]. They show that one of the hybrids
presents the best performance, but the mono
nanofluid with higher TC may not be included
(MWCNT).
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2.3 Minichannel heat exchangers

Six experimental studies [1, 6-8] explore

hybrid nanofluids and both mono nanofluids
(Figure 1). As an example, one of them is
summarized. Kumar and Sarkar [6] synthetized
Al203:TiO2 hybrid and the equivalent Al2O3
and TiO2 mono nanoadditives. Water-based
nanofluids were analysed in laminar regime.
Maximum / and Nu improvements (12.8% and
11.8%, respectively) are described for the
Al20O3/water mono nanofluid.
Furthermore, two experimental works were
found that examine hybrid nanofluids and one
of the mono options [1]. Similar conclusions
can be drawn as for the previous.

3. Conclusions

The experimental works that jointly examine

hybrid and mono nanofluids for single-phase

convection show these common characteristics:

=»The base fluid is mostly water and the
nanoadditives are carbon-based nanoparticles,
metals and oxides up to a 0.5 % concentration.

= The hybrid nanoadditives are mixtures among
mono nanomaterials and not composites.

= The evaluated flow regime is laminar.

= One of the mono nanofluids achieve higher 4
or Nu improvements than the hybrids.

The results from the literature mainly support

that there is no synergistic effect for hybrid

nanofluids on convection in laminar flow.
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Abstract: In this work, nanofluids with different concentration of palladium nanoparticles have
been prepared, and characterized, using polydimethylsiloxane (PDMS) as base fluid and 1-
octadecanethiol as surfactant with the aim of obtain stables nanofluids and enhance thermal properties with
respect to the base fluid. Helisol SA®, a commercial PDMS, has been selected as base fluid due to its
properties as heat transfer fluid (HTF) for concentrating solar power plants with no hazard
classifications. Palladium nanoparticles have been used due to their demonstrated properties to form
stable nanofluids by using other HTF with enhanced thermal properties. This fact has been proven
in this work by the study of stability, particle size, specific heat, thermal conductivity, viscosity and
density. These results reveal the potential capability of using Pd-PDMS nanofluids to enhance the yield of a
concentrating solar plant with a more sustainable nanofluid.

Keywords: Concentrating solar power, nanofluids, palladium, polydimethylsiloxane, thermal properties.

1. Introduction

When combined with thermal energy storage,
concentrating solar power (CSP) makes solar
energy dispatchable and allows to align supply
and demand, thus making more reliable energy
conversion systems combined with other
renewable technologies. The main limitation of
CSP is the low achievable energy density under
operation, due to the physical properties of the
heat transfer fluid (HTF) that participates in
solar-to-thermal energy conversion in
parabolic- trough collectors. The currently most
used HTF is the eutectic and azeotropic mixture
of diphenyl ether and biphenyl, commercially
available as Dowtherm A®, which is suitable for
liquid phase operation up to 673 K, with low
vapour pressure and dynamic viscosity, and non-
corrosive nature. Its specific heat and thermal
conductivity are suboptimal. Besides, the
manipulation of this mixture can cause skin, eye
and respiratory irritation to human beings, and an
accidental release to the environment can cause
severe and long-lasting effects on aquatic life
[1]. Polydimethylsiloxane (PDMS) has been
recently introduced as an outstanding 2. Methf"_is )

alternative HTF for CSP technology. This Pd containing nanofluids were prepared by

The later endorses PDMS as an alternative
HTF to better comply with  sustainability
principles in this application
Specific heat and thermal
conductivity of the new PDMS-based HTF
can be improved by dispersing nanomaterials
into it, as Pd, generating a colloidal
suspension  that is  typically  named
nanofluid. Nanofluids as HTF for CSP
plants, using the Dowtherm A® as base
fluid, and Pd as nanoparticle in suspension has
been previously studied by us [3]. In this way,
the main objective of this work is to
prepare stable Pd-PDMS nanofluids
and their characterization through the
measurement of different properties as
viscosity, density, particle size and their
capability to enhance thermal properties by
measuring the specific heat a thermal
conductivity of the nanofluids and
comparing  these  results  with  the
corresponding with the base fluid.

linear  silicone-based fluid, commercially sonication Pd solid in the host fluid. The host
available as Helisol 5A®, has similar fluid was a 1 wt% ODT solution in the
thermal and rheological properties compared base fluid (Helisol ~5A).  An initial

to Dowtherm A®, is thermally stable up to 698 nanoﬂu@d was prepared using 100 ml of the
K, and has no hazard classification [2]. host fluid and the
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required amount of Pd to obtain a nanofluid
with a mass fraction of Pd equal to 0.01 wt%.
The mixture was sonicated wusing an
ultrasound probe (model GM4200, supplied
by Bandelin Electronics®) at 50% amplitude
for 4 h with a 2:4s on: off pulsation, in a
thermostatic bath at 293 K to prevent
overheating. After that,
aliquots were taken from the stock nanofluid
to prepare nanofluids with mass fractions of
Pd nanoparticles equal to 0.001 wt% and
0.002 wt% by addition of host fluid up to 50
ml. Dilutions were sonicated using a bath
Elmasonic Select 30 50/60Hz for 5 min. After
that, the nanofluids were characterized by the
following techniques: density was measured
with a portable densimeter with temperature
compensation system (Model DMA 35
supplied by Anton Paar®), dynamic viscosity
was determined with a rheometer at different
temperature within the range 25-175 °C
(model HR-10, supplied by TA
instruments®); the size of the nanoparticles in
the nanofluid was measured by DLS with a
Nano-Zs system (Malvern Instruments®);

Changes in the extinction coefficient at A =
450 nm were registered using the OceanOptics
DH2000-Bal halogen lamp and the USB-2000
+ spectrometer. Finally, the thermal properties
were measured with a DSC214-Polyma
(Netzsch®) from 25 °C to 200 °C and a
THB-100 (Linseis®) for specific heat and
thermal conductivity, respectively.

3. Results and discussion

The colloidal stability of the nanofluid samples
was analyzed as an aggregation rate using UV—
visible spectroscopy. All measurements were
performed in triplicate, on a daily basis, for
25 days. The spectral extinction coefficient
is a good indicator for colloidal stability [4].
Fig. 1 shows the extinction coefficient
at a wavelength of 450 nm for both
nanofluids. A  slight decrease in the
extinction coefficient values 1s observed
during the first week after preparation, and
it remains stable onwards. Such a decrease
is attributed to the aggregation of Pd
nanoparticles.  Absorbed and  scattered
radiation is directly proportional to the species
in suspension, so that time invariant values of
the spectral extinction coefficient indicate good
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stability of nanofluids prepared.
Regarding thermal properties of the
nanofluids, as an example, Fig. 2 shows the
values of the isobaric specific heat of the
nanofluids  prepared in function of
temperature. The addition of Pd nanoparticles
induces an enhancement in specific heat, up
to 2.93 £+ 0.02% with 1-10-3 % wt. Pd and
5.17 £ 0.04 % with 2-10-3 % wt. Pd, in the
range of temperatures of characterization.
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Figure 1. Extinction values measured for the
nanofluid samples prepared as a function of time.
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Figure 2. Isobaric specific heat values for nanofluid
prepared as a function of temperature.
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Abstract: Nanofluids based on spherical nanoparticles, nanosheets and nanowires of transition
metal dichalcogenides such as MoS,, WS, or WSe; have been researched. The base fluid of these nanofluids
is the eutectic mixture of biphenyl and diphenyl oxide, a thermal oil typically used as heat transfer
fluid in concentrating solar power plants based on parabolic trough collectors. According to UV-Vis and
particle size results, the studied nanofluids showed long-term colloidal stability. In addition, all
nanofluids exhibited improved thermal properties with respect to the base fluid, although the most
significant improvements were obtained with the nanofluids based on nanosheets. The nanofluid based on
MoS, nanosheets and the one based on WSe, nanosheets showed an improvement in the heat transfer
coefficient of 36% and 34% respectively. These results demonstrate the high potential of the explored
nanofluids as heat transfer fluids in solar power plants.

Keywords: Nanofluids, stability, thermal conductivity, heat transfer, concentrating solar power.

1. Introduction

Concentrating solar power (CSP) is one of the
renewable energies with a high potential to
meet the growing global energy demand.
Concentrating solar power plants are classified
according to the kind of solar collectors used,
being the most implemented technology the
parabolic trough collectors. In CSP plants based
on parabolic trough collectors, concave mirrors
reflect sunlight onto an absorber tube located at
the focal line of the collectors. The absorber
tube, coated with a selective absorber material,
contains a heat transfer fluid (HTF) that reaches
high temperatures. The thermal energy
absorbed by the HTF is transferred to the power
block to produce electricity. However, one of
the problems of CSP plants is their high cost
compared to fossil fuel-based power plants. For
this reason, in recent years some authors have
proposed replacing the thermal fluid used in
these plants (typically a eutectic mixture of
biphenyl and diphenyl oxide) with nanofluids.
The suspension of nanoparticles in a fluid,
typically called nanofluid, usually has
improved thermophysical properties compared

to the base fluids. Therefore, substitution could
lead to an improvement in thermal efficiency
and thus to an overall improvement of the CSP
plant. Generally, most works are based on
nanofluids based on metal nanoparticles or
metal oxides but few works are focused on
nanofluids based on transition metal
dichalcogenides (TMDCs) [1,2]. In this work,
the colloidal stability and thermal properties of
nanofluids based on 1D, 2D or 3D
nanostructures of TMDCs are explored to
determine their feasibility as HTFs in CSP
plants.

2. Methodology

TMDC-based nanofluids have been prepared
by different procedures such as liquid-phase
exfoliation or the two-step method. In the latter,
the nanomaterial was first synthesized with the
desired morphology and in the second step it
was sonicated by ultrasound. The colloidal
stability of nanofluids was determined by
monitoring the extinction coefficient by UV-
Vis and particle size using the Dynamic Light
Scattering technique. The isobaric specific heat
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was determined by temperature-modulated
differential scanning calorimetry and thermal
conductivity by light flash and transient hot
bridge techniques.

3. Results

TEM images (Figure 1) confirmed the expected
1D, 2D and 3D morphology of the
nanostructures hosted in the different prepared
nanofluids.

'

Figure 1. Nanostructures found in the prepared
nanofluids. a) MoS2 spherical nanoparticles, b) MoS2
nanosheets, ¢) MoS2 nanowires, d) WS2 nanosheets, €)
WSe2 nanosheets and f) WSe2 nanowires.

All TMDC-based nanofluids showed long-term
colloidal stability. In some of them, a decrease
in extinction coefficient and an increase in
particle size were observed in the first days of
characterisation. After the first few days, the
extinction coefficient and particle size values
remained constant, indicating that the
nanofluids reached colloidal stability.

The efficiency of TMDC-based nanofluids as a
heat transfer fluid in solar collectors is analysed
through the Dittus-Boelter equation (1). This
equation  compares the heat transfer
performance of the nanofluid to that of the base
fluid and is defined as

0.8 0.6 0.4 -0.4
hyy Pvs kys Cp by Hpr
where h refers to the heat transfer coefficient, p
to the density, k to the thermal conductivity, Cp
to the isobaric specific heat and u to the

viscosity of the fluid under consideration.
Figure 2 shows that the h,,; / h,, ratio is greater
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than 1 for all nanofluids, indicating that heat
transfer is enhanced with the use of nanofluids
compared to the base fluid. This ratio increases
with increasing temperature and reveals that at
90°C an increase in heat transfer of up to 36%
and 34% is achieved for nanofluids based on
MoS2 and WSe> nanosheets, respectively.
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Figure 2. Variation of the ratio of the heat transfer
coefficient of the nanofluids and the base fluid versus
the increase in temperature.

4. Conclusions

This work reveals that TMDC-based nanofluids
have a high potential to be used as heat transfer
fluids in CSP plants. The nanofluids exhibited
colloidal stability over time and thermal
improvements with respect to the base fluid.
The most significant improvements were found
in nanofluids based on 2D morphology.
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The effect of superhydrophobic surfaces on turbulent transition
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Abstract: Superhydrophobic surfaces are known to reduce skin friction of overlying liquid flows. However,
the effect of these surfaces on transition to turbulence is still not clear. This work investigates the effect of
these micro- and nano-structured surfaces on transition to turbulence in a channel in order to evaluate the
consequent drag reduction. In particular, the effect of the roughness anisotropy on turbulent transition
is studied, showing that in these cases cross-flow effects dominate the flow dynamics, suggesting the need to
consider these effects when modelling superhydrophobic surfaces.
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1. Introduction

Superhydrophobic  (SH) surfaces are
composed by a hierarchical structure of
micro-roughnesses able to trap the air
underneath them, having the remarkable
property of reducing the surface of contact
with an overlying flow, which leads to a
dramatic reduction of its drag [1]. This
rough nanostructure, that can be found
on many biological surfaces such as those
of lotus leaves, butterfly wings or duck
feathers, is rather complex, so that numerical

simulations should rely on models for
reducing this complexity. The
computationally cheapest method is that
of considering an equivalent boundary

condition through a homogenisation procedure
[2].

When this procedure is applied to
isotropic roughness elements, it leads to a slip
condition on the streamwise velocity only.
Whereas, in the case of anysotropic
roughnesses, it leads to the presence of
spanwise component in the homogenized base
flow velocity. This work aims at investigating
the effect of these micro- and nano-
roughnesses on turbulent transition, with
special care to the influence of the three-
dimensionality of the base flow on linear
stability and transition.

2. Methodology

The flow of an incompressible fluid in a
channel of height 2h covered with SH walls
is tackled via numerical simulations. The
Reynolds number is defined as Re = Uh/v,
where the reference velocity U, is 1.5 the
wall-normal average of the base flow velocity,
and v is the kinematic viscosity. The dynamics
of the flow is governed by the Navier-Stokes
equations:

oU 1 e
P (U-V)U VP+ReV u o
V-U=0 - (2)
The flow is periodic in the streamwise and
spanwise directions. The walls of the channel
are covered either with SH isotropic square
cubes or with SH riblets oriented with an
angle 0=45° [3] with respect to the x
direction. Both are modeled by means of an

homogenised wall boundary conditions
having a tensorial form:
Ul=xro,Y 3)
w w
the tensor L being defined as:
L=R lpar 0 RT (4)
0 lperp

where the rotation matrix R is a function of
the angle 0. For the anisotropic riblets,
following [3] we set l,,—= 0.03 yielding L, =
L =0.0225 and L;,= L,;= 0.0075, whereas for
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the isotropic cubes we consider L11 = L22 = 0.02.
We have verified that these slip length values can
be realistically obtained by microtextured SHS in
wetting-stable conditions [4].

The flow field is decomposed as the sum of a
steady base flow Qo(y) = [Uo,Vo,Wo,Po]" and an
unsteady disturbance q(x.,y,zt) having small
amplitude. The Navier-Stokes equations are then
linearised with respect to the base flow, and
normal-modes perturbations are considered. Modal
and non-modal stability analysis are carried out
[5], which are complemented by Direct Numerical
Simulations in order to investigate the overall path
to transition.

3. Results

Figure 1: Isosurfaces of the A2 criterion extracted
from the DNS at t=1000 (top) and 1050 (bottom), and
contours of the streamwise velocity at the wall. The
flow is from bottom to top, and left to right.
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In the case of isotropic roughnesses, SH
surfaces are found to strongly influence
transition induced by wall-close disturbances,
such as Tollmien-Schlichting waves, even at
subcritical Reynolds number. Whereas, they
have a weak effect on the subcritical growth
of coherent structures lying farther from
the wall, such as streaks and streamwise
vortices. In both cases, the spatial structure
of these modal and non-modal
disturbances and the consequent route to
transition is not completely altered. On the
other hand, in the case of anisotropic
roughnesses, a new instability region linked
to cross-flow effects is found (see figure
1, top frame). This mode is accompanied
by a second unstable mode characterized by
three-dimensional Tollmien-Schlichting waves.
Optimal perturbations are also influenced by
the cross-flow, becoming oblique  streaks
with  non-zero  streamwise wavenumber.
Transition induced by Tollmien-Schlichting
waves leads to streaky structures with large
spanwise wavenumber. Whereas, unstable
cross-flow vortices develop into large
quasi spanwise-invariant structures before
breaking down to turbulence (see figure
I, bottom frames). Secondary stability is
finally used to sheds light on the last stage of
transition in these two cases.
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Abstract: Optimization is fundamental in lubrication as it is utilized to minimize the energy and durability
loss due to friction. To be able to analyze such systems, efficient and accurate mathematical and numerical
techniques are required during the modeling and the computation process. Although direct analyses of
smooth surfaces for Newtonian flows are well documented in literature, analysis for rough surface textures
can be challenging both in terms of modeling and solution. As roughness increases, the accuracy of
the available models decreases while the necessary computational cost increases substantially. In this work,
a model is developed for piezoviscous, compressible and shear-thinning lubricants using the modified
viscosity approach [1] alongside homogenization [2] as a mathematical technique for the solution of
the Reynolds equation to alleviate the inherent computational difficulties to model roughness. Figure 1
shows the pressure profile for two different geometries: a wedge (a) and a parabolic slider (b). The roughness
in these cases is assumed to be sinusoidal. Our results demonstrate good agreement between rough
and homogenized results. Furthermore, we use our model to optimize the topology of the interfaces
lubricated by both variable density and viscosity to minimize the energy loss.

Keywords: Reynolds equation, Homogenization, Piezoviscosity, Compressibility, Shear-thinning,
Optimization.
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Figure 1 Wedge and Parabolic Slider Pressure Results: Pressure profile obtained for different models for (a) wedge
and (b) parabolic slider. The basic linear Reynolds equation (LRE) is depicted by blue lines, while the piezoviscous,
compressible and shear-thinning case (PCST) is depicted by red lines, rough PCST (black lines) indicates that the
sinusoidal roughness is applied to the PCST case, and finally homogenized PCST (magenta lines) means that roughness
is applied to the PCST case but the pressure profile is obtained using homogenization.



8th Micro and Nano Flows Conference
University of Padova, IT, 18-20 September 2023

References

[1JH. Ahmed and L. Biancofiore, “A modified
viscosity approach for shear thinning lubricants,”
Physics of Fluids, vol. 34, no. 10, p. 103103, Oct.
2022, doi: https.//doi.org/10.1063/5.0108379.

[2] B. A. Cakal, I. Temizer, K. Terada, and J. Kato,
“Microscopic  design and optimization of
hydrodynamically
interfaces,” International Journal for Numerical
Methods in Engineering, vol. 120, no. 2, pp. 153—
178, Jun. 2019, doi: https://doi.org/10.1002/
nme.6129.



8th Micro and Nano Flows Conference
University of Padova, IT, 18-20 September 2023

Linear Stability Of A Channel Flow Over a
Superhydrophobic Surface

Antoine JOUIN">", Stefania CHERUBINI', Jean-Christophe ROBINET?

1: DMMM, Politecnico di Bari, Bari, IT
2: DynFluid Laboratory, Arts et Métiers, Paris, FR

* Corresponding author: Tel.: +33 7 50 83 88 45; Email: antoine.jouin@ensam.eu

Abstract: The linear stability of superhydrophobic and liquid-infused surfaces is investigated in order to
better understand interface failure mechanisms. Interface deformation is explicitly taken into account
through a linearized Young-Laplace equation. The linear stability problem is solved with a Bloch
wave formalism coupled with a two-dimensional stability problem. Two types of unstable modes could
be found: modified Tollmien-Schlichting waves and capillary pressure waves.
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1. Introduction

Superhydrophobic (SH) and liquid-infused
surfaces present a considerable interest due to
their drag-reducing properties. In these
configurations, the flow over such a surface
only sees a fraction of the solid rough surface
and slips on the lubricant interfaces. However,
this Cassie-Baxter state, in which the lubricant
remains trapped, may not be durable as the
interface between the two species becomes
unstable and leads to the depletion of the
superhydrophobic layer (the so-called wetting
transition). Two failure mechanisms could be
observed and identified: the development of
capillary pressure waves, highly detrimental to
the interface stability [1] and eventually
inducing a roughness effect degrading the drag
reduction [2], and mass diffusion of the trapped
gas [3]. Most of this work is dedicated to the
former and, in particular, how linear stability
can help our understanding of the failure
mechanisms of these surfaces.

2. Problem formulation

The influence of a SH wall on the channel flow
stability is investigated. Grooves are now fully

filled with gas and the liquid is assumed in a
Cassie-Baxter state. The bottom wall consists in
a flat wall alternating solid patches and trapped
pockets of lubricant. The whole pattern has a
half periodicity s. For simplicity, it is assumed
that the solid and SH patches have the same
size. No-slip boundary conditions are imposed
on the solid part, while a shear-free boundary
condition is assumed for the gas. The interface
is also assumed to be pinned to the riblets' edges
[1]. Navier-Stokes equations govern the flow
dynamics while the interface deformation 7 is
dictated by a linearized Young-Laplace
equation [1]:

_ P

~ We

where p; is the pressure disturbance above the
interface and We = pU*2h*/y is the Weber
number with p the density of the fluid and y the
surface tension. Finally, a kinematic condition
ensures the coupling between the different
variables:

Vin
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Figure 1: Streamwise velocity disturbance of the two unstable types of modes for Re = 5000, We =12, a =1 and s =
0.3. Left: fundamental modified Tollmien-Schlichting wave. Right: subharmonic capillary pressure wave. Only the

lower part of the channel for the sake of visualization.

Assuming viscous flow, a two-dimensional
laminar base flow Uo(y, z) can be found. The
previous equations are linearised around this
base flow and considering normal modes, a
two-dimensional stability problem can be
obtained. This problem quickly becomes too
computationnally expensive to solve if the
number of SH patches considered is large. To
adress this issue, the framework based on a
Bloch wave formalism and introduced in [4] is
employed.

3. Results

The stability of the flow over a
superhydrophobic wall is investigated for Re =
5000, We = 10, a=1 and several
periodicities s. The most striking feature is the
apparition of a new spatial branch associated
with subharmonic capillary pressure waves
competing with the fundamental Tollmien-
Schlichting branch. Besides, the surface seems
to have a limited influence on the growth rate:
only larger periodicities s lead to unstable
growth rates. Eigenfunctions corresponding to
the two families of modes are displayed for s =
0.3 in figure 1. The first mode, which is the
most unstable for small pattern periodicity,
bears a strong resemblance with a Tollmien-
Schlichting wave deformed by the presence of
slip patches. Whereas, larger patterns tend to
favour the subharmonic capillary mode,
characterised by the propagation of a pressure
disturbance on the interface. In this latter case,

the streamwise velocity component assumes the
largest values near the interface, while the
cross-flow shows the development of large-
scale vortices between two superhydrophobic
patches.
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Abstract: The turbulent flow in a channel bounded from one side by a smooth, impermeable wall and from
the other side by a transversely isotropic porous substrate (of porosity 8 = 0.5) with either streamwise- or
spanwise-preferential permeability is numerically studied; the velocity components at the fictitious interface
between the permeable bed and the channel flow region are described by homogenization-based, effective
boundary conditions, able to macroscopically mimic the influence of the porous medium on the overlying
turbulent boundary layer. This procedure allows to bypass the numerical resolution of the flow within the
pores of the substrate and thus to alleviate the mesh requirements and accelerate the direct numerical
simulations (DNS). The mean velocity profiles and the turbulence statistics next to the different permeable
walls are analyzed, and the consequent effects on the skin-friction drag are interpreted. Drag reduction (up to
5%) is achieved with substrates of streamwise-preferential permeability, capable to mitigate the intensity of
turbulent fluctuations; however, in analogy to the behavior observed for the case of riblets, performance
degradation is observed when the pattern periodicity exceeds a value of about 15 wall units.

Keywords: Permeable Walls, Turbulence, Drag Reduction, Homogenization, Effective Conditions

1. Introduction

Properly engineered surfaces/substrates can
favorably interact with the overlying turbulent
boundary layer, and thus be used as a passive
drag reduction strategy. While porous media
with either isotropic or spanwise-preferential
permeability are known to increase skin-
friction drag [1, 2], a favorable effect is
obtainable with permeable beds of streamwise-
preferential permeability [2, 3]. We employ
here the same upscaling approach and effective
boundary conditions described in [2] to study
the turbulent flow in a channel bounded by a
single permeable wall, considering four types
of solid inclusions, and varying the pitch
distance of the porous pattern.

2. Effective Boundary Conditions

The microscale problem within the pores of
the substrate is first analyzed; the microscopic
variables are asymptotically expanded in terms
of a small parameter e representing the ratio
between the pitch distance of inclusions (#) and
half the channel height (H). Applying
continuity of the velocity and traction vectors at
the matching interface with the macroscopic,

channel flow domain, we obtain the following
second-order accurate effective boundary
conditions for the three velocity components:
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Fig. 1. (top) Sketch of the computational domain for the
macroscale problem with the effective BCs imposed at
Y= 0; (bottom) geometries of the porous media under
study with the dimensions shown on a 1x1 unit cell,
yielding a porosity of 0.5.


mailto:hetsroni@tx.technion.ac.il

S5,
U(X,0,Z,t) = €A,Sy, + € a;c;;f = N 1)
_ 2 | itf 9912 itf V232
V(X,0,Z,t) = —¢ nyagx + K
22
+ 2Ky —- 3y )
2a,itf 8522
W(X,0,Z,1) = €A;S3; + K] — 2, (3)

with X, Y, and Z the macroscopic coordinates
(normalized by H) and Si2, S22, and Ss; the
components of the normalized macroscopic
stress tensor. The dimensionless Navier-slip
coefficients (Ax and 4z), interface-permeability
(K5 and %3/), and medium permeability
(%,,) are aII dependent on the microscopic
details of the porous pattern. Typical
geometries of the solid inclusions under study,
either longitudinal (LC and LM) or transverse
(TC and TM), are sketched in Fig. 1; refer to [2]
for values of the model coefficients.

3. Sample Results
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Fig. 2. Shift of the intercept of the logarithmic velocity
profile due to the presence of the permeable wall (4U)qq)
and consequent percentage change in skin-friction
coefficient (4C: %), plotted against the periodicity of
different porous beds measured in wall units (€*).

The mean velocity profiles above the porous

structures under study are analyzed at a shear-
velocity Reynolds number Re: &~ 190, with €
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varied between 0.05 (£*~10) to 0.2 (£*~40). A
major parameter is the positive/negative shift of
the velocity profile in the log-law region (4Uoq)
relative to the reference impermeable-channel
case (¢ = 0), which can be linked to the
reduction/increase of skin-friction coefficient
Ct, as shown in Fig. 2. A drag-reducing effect is
attainable with the patterns LC and LM, having
streamwise-preferential permeability/slip. An
upper bound of drag reduction is found at
¢*~15. Triggering of Kelvin—Helmholtz-like
rollers [3] may be responsible for performance
degradation beyond this limit. By contrast, Cs
increases monotonically with £ for transverse
inclusions (TC and TM). The analysis of
turbulent statistics provides interpretation of the
aforementioned behaviors. Distributions of
velocity fluctuations in the buffer layer are
presented in Fig. 3; porous media with
longitudinal inclusions yield a field with
regular elongated streaks and mild near-wall
vortical structures.

i

—3

criterion = 500

Az

Fig. 3. Instantaneous distributions of (top) streamwise
and (middle) wall-normal velocity fluctuations over a
horizontal plane at Y*= 20, for the porous substrates (left)
LM, €* = 20 and (right) TM, ¢* = 40. Corresponding
vortical structures are shown in the bottom frame.
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Abstract: Vapour condensation is a ubiquitous process that is widely used in industrial applications for heat
and energy transfer. Dropwise condensation, where the condensate forms discrete droplets on the condenser
surface which are subsequently removed leading to continuous replenishment of nucleation sites, has been
shown to have 5-7X higher heat transfer coefficients compared to its counterpart filmwise condensation. The
rapid condensate droplet growth and departure during dropwise condensation often makes heat transfer
quantification a major challenge. In this work, a computer-vision based framework is developed to quantify
condensation mass flux by accurately identifying the non-planar near-spherical droplets as captured during
condensation on a flat, hydrophobic copper surface. The condensate droplet sizes, distribution, growth rate
and departure information are acquired from the time-lapsed images using a Mask RCNN network. A motion
tracker is used to track a droplet's trajectory as it slides down a flat surface during condensation, and from the
departure droplet sizes and frequencies, the condensation mass flux is calculated to compute the heat transfer
coefficient. Our work applies computer vision techniques on large-scale condensers and paves the way to train
machine learning models for predicting heat transfer coefficients in applications where imaging is not feasible.

Keywords: Dropwise condensation, Superhydrophobic, Heat transfer coefficient, Computer vision, Machine
learning

1. Introduction

Industrial applications such as power
plants, desalination, building heating-cooling
(HVAC), and thermal management of
electronics and batteries heavily rely on
condensation for effective heat and energy
transfer. Vapor can condense on a surface either
in the form of discrete droplets, termed as
dropwise condensation (DWC), or in the form
of continuous film, termed as filmwise
condensation (FWC). DWC involves rapid
droplet growth, coalescence, and condensate
droplets departing from the condenser surface.
Due to the continuous replenishment of the
nucleation sites, DWC has been shown to have
5-7X  enhancement[1] in heat transfer
performance as compared to its counterpart
FWC. In many cases, it becomes difficult to
measure the relevant temperatures and
saturation pressure during the condensation
process, and accurate quantification of heat
transfer becomes a challenge[2]. More
importantly, considering the large number of
condensate droplets on a surface, measuring

individual droplet growth rate, droplet size
distribution and condensate droplet departure
radius becomes challenging. To overcome this
challenge, in this work, we employ computer
vision techniques to capture the condensate
droplet dynamics from time interval images
taken during water vapor condensation on
copper-based condenser surfaces. Utilizing
simultaneous  techniques of grayscaling,
thresholding, edge detection, and contour
detection, we measure the necessary droplet
parameters  (growth rate, droplet size
distribution, departure radii, etc.) from the
images which allows us to compute the
condensation heat transfer coefficients.

2. Results & Discussion

Computer vision (CV) and machine
learning (ML) are increasingly being applied
to heat transfer applications[3]. In this study,
we use the Mask RCNN model[4] to generate
the necessary data set from the images
captured during vapor condensation. Flat
copper tabs (50 mm x 50 mm) are used as
the condenser
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surfaces, which are rendered hydrophobic by
standard chemical vapor deposition of
silane[5]. The copper surfaces are mounted on
a Peltier element kept inside a chamber and the
surface temperature maintained at 10 °C. The
chamber is maintained at ambient conditions
(Tamv = 28 °C, RH = 75%), facilitating
atmospheric water vapor condensation on the
copper surface. Images of the condensation
process are taken using a DSLR camera at
regular time intervals, which are then processed
using computer-vision algorithm. We use the
Mask RCNN model, a deep learning model for
instance segmentation, which identifies
individual objects within an image and assigns
a unique label to each object. In each image,
individual droplets are identified and area
calculated, from which the droplet size
distribution is predicted (Fig. 2).

V8 0@ 20 a

Figure 1.Tracking droplets as their size changes

Moreover, we study the trajectory of individual
droplet as it slides down the non-wetting
surface using a motion tracker from the images
captured during experimentation. A motion
tracker or object tracker primarily does two
tasks - detecting the objects and linking them
through different frames. Here, the motion
tracker is built using the open CV function of
Optical Flow which uses the Lucas-Kanade
tracking algorithm. The tracking algorithm
operates by estimating the motion between two
consecutive frames of an image or video
sequence by solving a system of linear
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equations using a set of sparse optical flow
vectors. All in all, we use the deep learning
network and motion tracking algorithm to
understand and predict the relation between the
droplet characteristics and eventually study its
impact on the heat and mass transfer and
analyze the heat transfer coefficient trends in
the dropwise condensation process.

8000 1
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Figure 2. Typical droplet size distribution as
captured from image processing  during
condensation on functionalized copper surface.
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Abstract: We briefly outline the concept of the Method of Fundamental Solutions (MFS) applied to Grad’s
13 moment (G13) equations originally developed by Grad (1949) to simulate low-speed flow around micro-
scale particles of arbitrary geometry. We then apply the G13-MFS to soot particles — an omnipresent
anthropogenic micro-scale particle — confirming the G13-MFS with previous results and use these to
discuss the apparent systematic disparity between numeric and experimental results on soot particles (and
similar particles). It was shown that the orientation of the soot particle, the most common explanation used

for this disparity, can only be a partial explanation.

Keywords: Gas Particulate Flows, Method of Fundamental Solutions, Method of Reflections, Knudsen
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1. Introduction

Low-speed gas flow around micro-scale

particles (e.g. soot and other pollutants), and
through  suspensions of particles, are
surprisingly rich in physics and challenging to
simulate. On top of the usual challenge of
simulating low-Reynolds number flow around
particles, their scale renders the conventional
Stokes equations, and associated boundary
conditions, inaccurate, and unable to capture
rarefied effects such as thermophoresis and
velocity slip [1, 2].
The problems are especially challenging for
non-canonical geometries in the transitional
Knudsen-number regime (the Knudsen number
(Kn) is defined as the ratio of the molecular
mean-free-path to the characteristic scale of the
particle). In this paper we present an accurate
and efficient framework for simulating micro-
scale particulate flows in the transition regime
to overcome the aforementioned challenges.
This is by using the Method of Fundamental
Solutions (MFS), applied to the linearised
Grad’s 13 moment (G13) equations [3], which
provides a convenient and numerically efficient
alternative to solving the full Boltzmann
equation [4] for non-trivial geometries, such as
soot particles.

2. Methodology

A fundamental solution to the linearised
G13 equations can be viewed as the flow
response to a point force (f) and a point heat
source (g) applied at a particular location in 3D
space (a singularity site). In the MFS, we use a
superposition of these solutions, located at an
array of M singularity sites, to satisfy boundary
conditions at N locations on an interface
(boundary nodes). Here, we restrict our
attention to particles and the flows external to
them; in this case the nodes are chosen to cover
the particle's surface with the singularity sites
located internally — see Figure 1 for illustration.

Dilute

Figure 1 - Illustration of the MFS for a single particle,
adapted from [5].

By superposition of these fundamental
solutions, collectively satisfying the chosen
boundary conditions, variables such as
velocity and temperature can be found at any
point in the



flow domain, and global properties such as total
drag force can be obtained via a set of linear
equations.
3. Application to Soot Particles

Soot particles are omnipresent in human
environments and can be accurately modelled
as fractal aggregates: an array of point contact
spheres whose radius of gyration, R,, scales
with the number of spheres, N, according to the
fractal scaling law [6]:

D
-k o

where k; is the pre-factor that determines
anistropy, Dy is the fractal dimension that
determines compactness, and R is the radius of
a single sphere. Soot particles formed via
Brownian motion have, typically, Dy ~ 1.8 and
ks ~ 1.3 [6]. An example soot particle is shown
in Figure 2 along with tracer particles of flow
around the soot particle.

Figure 2 - Illustrative flow around a soot particle;
individual carbon spheres coloured by surface

temperature.

Using the MFS, we can efficiently calculate
the drag on soot particles up to moderate
Knudsen numbers. The drag on soot particles
has been observed to scale with size in
accordance with a power law [6], however
there is a systematic disparity between
numerical and experimental results as to the
precise nature of this scaling in the transition
regime.

To investigate this using the MFS, a 6 X 6
resistance tensor, R, can be easily found
relating the force (f) and torque (t) vectors, F
= [f, T] to the velocity (v) and angular
velocity (w) vectors V = [v, w] by [7]:

F=R-V. (2)
From this tensor, calculated with the MFS, the
effect of orientation on the drag on soot particles
can be calculated, in an attempt to
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explain this disparity — the most common
explanation used for this disparity (see, e.g.
[8]). Figure 1 compares the scaling given in a
review of experimental work [6] with results
from the MFS for: the orientationally averaged
drag, the hydrodynamically stable drag (zero
torque), the drag when aligned with an external
electric field, and the minimum possible drag.

10

T T T
Orientational average

9 H---Hydrodynamically stable
----- Aligned to external field
8- -- Minimum possible
—Sorensen (2011)

Normalised drag force

0 1 ’O 2‘0 3I0 4I0 5I0 6I0 7I0 8‘0 9I0 100
Number of spheres, N

Figure 3 — comparison of the normalised drag force of

different orientations, calculated by the MFS with the

result from a review of experimental works [6].

Evidently, even the lowest possible drag in any
orientation (the smallest eigenvalue of R), as
calculated by the MFS is still larger than the
Sorensen result, meaning orientation is not the
sole factor causing the disparity.
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Abstract: The study investigates a dilute gas flowing through a parallel-plate microchannel filled with
porous media, where the flow is hydrodynamically fully developed and thermally developing. Additionally,
the viscous dissipation effect is taken into consideration while assuming local thermal equilibrium, or LTE.
The study provides results for a Knudsen number range of 0 to 0.1, which includes dimensionless wall
temperature profiles, Nusselt number, dimensionless fluid and solid phases, and entropy generation values.

Keywords: Micro-channel; Porous Media; Thermally developing flow; Local thermal equilibrium; Viscous

dissipation

1. Introduction

The growing interest in miniaturized
thermofluid systems due to the application in
micro manufactured devices such as biomedical
instrumentations, electronic packaging, micro-
mechanics and avionics has determined an
increasing development of research activity in
fluid flow and heat transfer in microchannels.
At these scales the phenomenon of rarefaction
or Knudsen flow should be considered and the
Navier-Stokes and energy equations in the
continuum flow model could not be completely
appropriated to describe the fluid flow and heat
transfer [1,2]. The modeling in micro flow
depends on the Knudsen number defined as the
ratio of the fluid mean free path to the
macroscopic length scale of the physical
system. It allows to have a measure of the
degree of rarefaction of gases which flow
through very small channels and, consequently,
of the degree of the validity of the continuum
model [3]. A greater part of the investigations,
both experimental and numerical, have been
accomplished on forced convection gas flow in
order to evaluate the pressure drop and the
convective heat transfer in microchannels and
microtubes [3]. Recently, research interest is
developing on microchannels and microtubes

filled with porous medium due to their
applications in micro filtration, fractionation,
catalysis and microbiology, as underlined in
[2]. However, forced convection in porous
channels and tubes in rarefied condition or in
porous microchannels and microtubes have not
been diffusely studied and analytical and/or
numerical solutions on different geometrical
and thermal conditions should be examined.
Moreover, some phenomenological aspects
related to porous microchannels and microtubes
have received a small attention [2].

It seems that there is a lack of studies on
thermally developing flow in microchannels or
channels in rarefied gas filled with porous
media, mainly for microchannels or channels
with viscous dissipation [4]. In the present
study a hydrodynamically fully developed and
thermally developing flow of a dilute gas in a
parallel-plate microchannel filled with porous
media with viscous dissipation effect is carried
out assuming the local thermal equilibrium,
LTE. The forced convective flow through the
porous matrix 1is assumed laminar and
incompressible, with constant thermo-physical
properties and the walls of the microchannel is
assumed at assigned uniform temperature. The
porous solid matrix is assumed isotropic and
homogeneous. Solutions for Darcy extended


mailto:hetsroni@tx.technion.ac.il
mailto:bernardo.buonomo@unicampania.it

Brinkman model are evaluated and the heat
transfer analysis is performed. Results, for
Knudsen number range 0-0.1, in terms of
dimensionless wall temperature profiles,
Nusselt number, dimensionless fluid and
solid phases and entropy generation values
are given for various parameters values such
as Darcy number and Brinkman number.

In Figure 1 the examined geometry is depicted.
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Figure 1. Sketch of the parallel-plate microchannel with

Porous

I

porous medium.

Some results in terms of Nusselt number
profiles along the microchannel are presented
in Figure 2.
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Abstract: In this work, the influence of rarefied effects on fluid behavior in rhombic microchannels
was numerically investigated. The analysis was carried out by considering a gaseous flow in laminar steady-
state conditions and in hydrodynamically and thermally fully developed forced convection. The
governing equations in the non-dimensional form were implemented and solved within the Comsol
Multiphysics® environment, accounting for rarefaction and viscous dissipation effects. The data available
in the literature were used to validate the numerical model. All comparisons showed perfect
agreement. The numerical outcomes show that the Nusselt number decreases with increasing Brinkman
number, while the influence of the rarefaction degree on the Nusselt number depends on the value of the

acute angle and Brinkman number.
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1. Introduction

The combined effects of rarefaction and
viscous dissipation were investigated in
microchannels with circular, rectangular,
trapezoidal, and elliptical cross-sections in
microannulus and parallel plate microchannels
[1].

However, other geometries need attention
because of  improvements in  the
microfabrication technique or the combination
of simple geometries. Among these, rhombic
microchannels can be found. They can be
fabricated using a novel process [2] or can be
obtained from triangular microchannels or from
the etching of rectangular microchannels [3].
Therefore, only recently have the performance
of microchannels featuring rhombic cross-
sections been investigated. In particular, Saha
et al. [3] presented a numerical investigation of
the conjugate heat transfer of laminar water
flows in thombic microchannels by considering
two different thermal boundary conditions.
Their numerical outcomes highlighted that the
effect of the acute angle on the Nusselt number
is significant for acute angles greater than 10°.
However, to properly investigate the
performance of microchannels, scaling effects

should be accounted for.

In this work, the combined effects of rarefaction
and viscous dissipation in microchannels with
rhombic  cross-sections are numerically
investigated by considering a gaseous flow in
laminar steady-state conditions in
hydrodynamically and thermally fully
developed forced convection.

2. Numerical procedure

2.1 Mathematical model
A Newtonian gas flowing in a rhombic

microchannel was considered. By assuming a
laminar fully developed flow and a fluid with
constant properties, the Navier-Stokes equation
in non-dimensional form was written as
follows:

GRVNGAY,

—+——=P

PYPY (1)
where U and P are the dimensionless velocity
and pressure gradients, respectively. The

compressibility effects were disregarded
because of the low value of the Mach number
[4].

The energy equation’s non-dimensional form
was written as follows:
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where A* is the dimensionless cross-sectional
area (A*=A/Dn?), Lp* the dimensionless heated
perimeter of the cross-section (Lp*=Lp/Dp), and
Br is the Brinkman number, which was defined

as:

,uW2
=0, 3)
being wthe fluid dynamic viscosity, W the
average fluid velocity, g the wall heat flux, and
Dn the hydraulic diameter.
The rarefaction effects were accounted for by
considering the first-order slip boundary
condition and the temperature jump at the wall

[5]:
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where Kn is the Knudsen number and Pr is the
Prandtl number.
The average Nusselt number was evaluated as
follows:
~hD, 1

A (O -6) (6)
where 6, and 6, were the average
dimensionless wall temperature and the
dimensionless bulk temperature, respectively.

Nu

2.2 Model validation and mesh independence
analysis

The validation of the numerical model was
carried out using the data available in the
literature. In particular, closed-form solutions
for fully developed slip flow [6] were used to
validate the solution of the momentum
equation, while the Nusselt numbers for no-slip
flow [7] were used to validate the solution of
both governing equations. A perfect agreement
was found.
To obtain mesh-independent solutions, the
results in terms of the Nusselt number obtained
by adopting several grid resolutions were
compared.
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3. Main Results

Numerical outcomes reveal that the Nusselt
number decreases with an increasing Brinkman
number for all values of the Knudsen number
and acute angle investigated here, as shown in
Figure 1. Instead, the influence of the
rarefaction degree on the Nusselt number
depends on the value of the acute angle and the
Brinkman number. The maximum reduction in
the Nusselt number observed for an acute angle
equal to 90° was 25%.

e

0 o 002 004 006 008 0.l
Br
Figure 1. Nusselt number as a function of
Knudsen and Brinkman numbers for ¢=70.52°.

Kn

4. Conclusion

The results of the present study confirm that
reducing channel size is not enough to enhance
the convective heat transfer coefficient because
of the presence of scaling effects.
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Abstract: The stability of a core-annular configuration of two concentric viscous ferrofluids in a
straight, circular pipe is investigated, when an axial pressure gradient drives a base flow. In the absence of
magnetic effects it is known that the base flow can inhibit capillary instabilities. A current-carrying, rigid
wire runs along the axis of the pipe, producing an azimuthal magnetic field. Additionally, a constant axial
field is applied across the domain. The two ferrofluids have different (constant) magnetic
susceptibilities, producing a magnetic stress at the interface of the two fluids, which is stabilising or
destabilising for different parameter regimes. The stability of both axisymmetric and non-axisymmetric

modes is considered, in both linear and non-linear settings.
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1. Introduction

Ferrofluids are stable colloidal fluids,
comprising of magnetic solids suspended in a
carrier solution. Ordinarily, they behave as a
Newtonian fluid, but in the presence of a
magnetic field, the fluid becomes magnetised.
They are therefore advantageous to many
disciplines since they are easily manipulated by
a field. For example, in magnetic drug
targeting, a ferrofluid is bounded with the
required drug, and directed to the target area
using a magnetic field. From an engineering
aspect, they are useful for heat dissipation and
dynamic sealing since a magnetic field can be
used in place of a structural support [1].

We develop on the work by [2], where a
stationary ferrofluid column, centred on a
current-carrying wire, surrounded by another
ferrofluid of infinite domain, is investigated
linearly. Here, we consider the effects of an
outer-boundary, as well as the addition of a
base-flow. These extensions prove relevant for
oil transportation or magnetic drug targeting
through arteries, where axial pressure driven
flows in a pipe are utilised.

2. Formulation

A core-annular configuration is considered,
where two concentric ferrofluids, with different
constant magnetic susceptibilities, are within a
solid, circular pipe. The flow is driven by an
axial pressure gradient. A current-carrying wire
runs along the axis of the pipe, producing an
azimuthal field, and an axial constant field is
applied across the domain.

Ferrofluids are treated as current-free with
no free electric charge. They obey Maxwell’s
equations in the magneto-static limit, as well as
an additional term in the stress-tensor, unique to
ferro-hydrodynamics.  For a  colinear
magnetisation and field, the stress-tensor for a
ferrofluid is

T = —% (1 + ))HI + (1 + y)HH"

+n(Vu + (Vw)7),
where pis the magnetic permeability of free
space, y is the magnetic susceptibility, H the
magnetic field, H = |H|, n the viscosity, u the
velocity, and I the identity matrix [3]. Since y is
piecewise constant, the magnetic forcing does
not appear in the momentum equation. It does



however appear in the normal stress balance at
the interface of the two fluids, namely,
[n-T-n]=0V-n,

where n is the normal vector to the interface, o
the surface tension, and the square bracket
indicates the jump across the interface.
Consequently, the magnetic forcing is confined
to the interface of the two fluids, and not felt in
the bulk of the fluids.

3. Stability

It has been well known since the work of
Plateau [4] and Rayleigh [5], that capillary
forcing acts to destabilise a cylindrical fluid
column. Throughout the literature, it has been
found that a static cylindrical system of two
concentric fluids, with an outer boundary, still
undergoes an instability due to surface tension

[6].

Upon adding an axial flow, unstable modes can
be dampened under certain conditions.
Complete stabilisation can occur when the
inner-fluid is more viscous than the outer-fluid.
However, this requires a non-zero Reynolds
number [6]. The addition of a wire or rod,
running along the axis of the inner fluid,
produces the same stability results for both a
static and axial flow [6,7].

For magnetic fluids in the presence of a
magnetic field, the magnetic forcing can act
either to stabilise or destabilise the system,
depending on the parameter values. Many
works have studied a ferrofluid column in the
presence of an azimuthal magnetic field,
produced by a current-carrying wire positioned
on the axis of the column. For a sufficiently
strong current, the system is stable when the
ferrofluid column is surrounded by a medium
of lower magnetisation [8, 9, 10, 2]. However,
[2] find that when the outer (unbounded) fluid
is more magnetic than the inner fluid,
increasing the current in the wire renders more
modes unstable. In fact, non-axisymmetric
modes are the most unstable. Nevertheless, it
has been shown that applying an axial field can
dampen all disturbances, apart from those in the
long wave limit [2]. [2] postulate that an outer
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boundary would restrict these modes, and
adding an axial field would then result in
complete stabilisation, irrespective of which
fluid is more magnetic.

Here, the effect of an outer boundary, base-
flow, and magnetic field on the stability of the
given system is explored, for zero and non-
zero-Reynolds numbers. The influence of an
azimuthal and axial field is investigated. Both
X1 > X2 and y, > x; are considered, where y;
is the magnetic susceptibility of the inner fluid
and y, the outer fluid. The stability of the
system is studied linearly and non-linearly, for
both axisymmetric and non-axisymmetric
modes.
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Abstract: With the development in industry applications and the requirements for higher energy efficiency,
solving the fouling problem on heat transfer surfaces becomes an urgent need. The deposition of unwanted
materials will limit the heat transfer performance and increase the pressure drops in the heat exchanger system.
The coating was presented as an effective modification way of the surfaces' properties mainly towards the anti-
fouling enhancement. Studies are still being conducted on advanced coating methods and materials to mitigate
fouling. This study reviews the recent studies on antifouling coatings, and their results are presented and

discussed.
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1. Introduction
Several challenges are facing the industry in the
field of developing heat exchangers towards
enhancing energy efficiency, decreasing the
size and the costs !. In this, one of the greatest
challenges in the heat transfer field is the
fouling deposits of materials on the surfaces
that can happen under various operation
conditions 2. The heat transfer is harmed and the
pressure drops are increased, hence the energy
efficiency and production in the application are
reduced, causing large economic costs>>. The
latter will lead to extra fuel consumption and
consequences on the rational use and saving of
global energy (fossil fuel and renewable)and
resources in the world. Besides the negative
impact of fouling on the heat transfer
performance, it also increases  water
consumption in cooling applications®. The extra
usage of fossil fuels to overcome the energy
losses by fouling has a significant impact on the
environment ', and the released carbon dioxide
and greenhouse emissions affect the global
warming problem ®°. In the world's current
goals to protect the environment and natural
resources management, it becomes important to
resolve the fouling problem in heat exchangers.

2. Coating for Anti-fouling
The literature has presented several coating
technologies that may be diverse in their
advantages and limitations based on the
operation conditions and the application, such

as Physical Vapor Deposition (PVD),
sputtering, Chemical Vapor Deposition (CVD),
and Plasma processes '°. Some surface coatings
found in the literature are presented in Table 1.
Some criteria are important when selecting the
coating methods such as costs, surface
geometry and material, deposition properties
and operating temperature. Furthermore, the
dip coating method can be in situ without costly
machinery to apply the coatings to the surfaces
of the active devices, as well as it provides the

required thickness without waste

Table 1. Types of some surface coatings

11,12

Reference | Coating Coating Remarks
materials | method
Krumdieck | ALO;3 PP- Uniform
etal. 13 MOCVD coating and
amorphous.
Aggoun et | Mg(OH)2/ | Cathodic- | Uniform
al. 4 Ce02 electro coating and
compact.
Fengkun et | ALO3/WC- | Air Resistance to
al. 3 Co/epoxy spraying plastic
process deformation
Qiaolei et | Al/316L- Arc Resistance
al. 1 steel spraying crack
propagation
Alietal. '7 | Mg-Si-O- | Magnetron | Good
N sputtering | chemical
properties.
Han et al. | C-YSZ Plasma controlled
18 Spray thermal
shock spits
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There was a specific interest in the advanced
anti-fouling coating technologies and some
were reported. In this, polymer materials have
presented an essential role in organizing the
reaction between colloid particles and surfaces,
besides their hybrid forms that led to improved
anti-fouling advantages '°2!. Also, metallic
coating materials with their ions e.g. Ni**, Cu?",
AI** have been used for anti-fouling on
surfaces, such as Ni-PTFE %2, Cu®**- Zn*" - 2
Mg?* mixture #* and Ni-Cu-P ?*. On the other
hand, other materials such as coating based-
organic 2 and ceramic 2° can enhance the anti-
fouling properties of surfaces. Some recently
conducted research on antifouling coatings is
presented in Table 2.

Table 2. Antifouling coatings based on different

materials.
Ref. Coating Antifouling
materials enhancement
Ren et al. %7 | Ni-W-P Enhanced by 67%
Liu etal. ® | Ni-P- PTFE | Enhanced by 20%

Nie et al. # | Si02-Ti3C2 | Good
enhancement

Shang et | MTMS- Good
al.>° Si02+ZnO | enhancement
Lietal.® | Nano- Good

ZnO+PDMS | enhancement
Yin 3 Cu-TiO2 Long-term
Hu et al.* Stearic acid- | Self-cleaning, anti-

TiO2/Zn corrosion.

3. Conclusions
The reviewed research presents various coating
technologies for antifouling depending on the
coating materials and using methods. Even
though, it is still needed to develop those
coating technologies mainly to be applied for
large scales in situ and with low thermal
resistance for industrial applications containing
heat transfer. The latter can be achieved by
taking advantage of the development in some
scientific fields such as nanotechnology to
produce advanced coating materials with
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advanced antifouling properties.
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Abstract: The study presents the results of the investigation on the mixed-convection laminar flow of the
MSG-W10 (FerroTec, USA) ferronanofluid under conditions of constant heat flux and radially directed
magnetic field of various flux densities generated by permanent magnets. It is shown that depending on the
magnetic flux density, it is possible to achieve a positive effect, as in the case of the low magnetic flux
densities studied, but this result turns into a negative as the intensity of the magnetic field increases.
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1. Introduction

Nanofluids have received great scientific
interest in single-phase and phase-change flow
heat transfer applications due to the increased
thermal conductivity of the medium caused by
the presence of dispersed nanoparticles and
accompanying phenomena (thermophoresis,
Brownian motion, deposition on the evaporator
surface) [1,2]. Ferronanofluid is a special type
of nanofluid, containing nanoparticles that are
susceptible to a magnetic field. Buschmann [3]
in a review on the ferronanofluid flow under
magnetic field presented three possible
mechanisms that can be responsible for an
improved heat transfer in laminar flow, and
noted the need for further research to enable the
derivation of relevant correlations for the
Nusselt number and pressure drop. In this work,
we present a study of the laminar flow of MSG-
W10 (FerroTec, USA) ferronanofluid under
conditions of constant heat flux and a radially
directed magnetic field of different intensities
generated by permanent magnets.

2.1 Experimental setup
The experiments were carried out on a setup

allowing determination of local Nusselt number
values and the effect of an external magnetic

field. The main part of the setup consists of an
entrance section that ensures the developed
velocity profile, a test section with calibrated K-
type thermocouples placed on the electrically
heated copper pipe (din= 6 mm), and an exit
section, which mixes the fluid. Inlet and outlet
fluid temperature is measured using Pt100
thermometers. The magnetic field was provided
by permanent magnets (NdFeB, N38) of
different heights: 40x10x1/2/4/5/8 mm? placed
on the top of a pipe, 28 mm from the pipe axis
(2.1, 4.1, 7.5, 9.1, 13.1 mT, respectively). A
commercial water based ferronanofluid MSG-
WI10 (FerroTec, USA) containing dispersed
magnetite nanoparticles was used in the study.
Measurements were taken for a constant
Reynolds (Re = 163+3) and Prandtl number at
the entrance to the test section.

2. Discussion and results
2.1 Effect of magnetic field intensity

Figure 1. presents a local Nusselt number
distribution along the test pipe. Two regions of
pure conduction (light orange) and mixed
convection (orange) caused by a temperature
gradient are highlighted on the plot. Black star
markers represent the results for a ferrofluid
flow absent magnetic field. Green triangles and



red crosses indicate the Nusselt number
distribution for the 1 mm and 8 mm magnet,
respectively.
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Fig. 1. Local Nusselt distribution along the pipe x axis.
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Fig. 2. Effect of the magnetic flux density on the local
Nusselt number at the position of the sth thermocouple.

The presence of the magnetic field caused a
modification of the flow conditions and
therefore a change of the Nusselt number
downstream. Notably, this effect is dependent
on the magnet size. We hypothesise that a
change of magnetic field intensity caused a
switch in the interaction mechanism of
magnetic field with ferronanoparticles, and
therefore in a position of the 5" thermocouple
for the 1 mm magnet a 3.66% improvement of
the Nusselt number is reported, while for the 8
mm magnet a deterioration of 9.87% is present.
With a strong enough magnetic field the
secondary motion can be weakened by the
magnetic force acting on particles in a counter
direction and be the cause of the local Nusselt
number deterioration, as in the case of the 8 mm
magnet. The explanation behind the enhanced
heat transfer could be a formation of chain-like
structures, which is possible under weak
magnetic forces.

In Figure 2, the local Nusselt number is
depicted at the position of the 5" thermocouple.
It is clearly seen that for the two smallest
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magnets, an enhancement is present, but with
increasing magnet size the effect is negative.

3. Summary

This study provides an insight into the
interaction of various magnetic flux densities
with a ferronanofluid flow on the local Nusselt
number. It is shown that depending on the
magnetic flux density, it is possible to achieve
a positive effect, as in the case of the low
magnetic field values studied, but this result
turns into a negative as the intensity of the
magnetic field increases. Responsibility for the
switch is seen in an interaction mechanism
change between the flowing ferronanofluid and
the magnetic field. Further investigation on the
critical ratio of viscous, magnetic and inertia
forces that indicates a change of interaction
mechanism of ferronanoparticles with magnetic
field should be taken.
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Abstract: The development and research of flexible and smart textiles have garnered significant attention in
recent times. The incorporation of phase change materials into stimulus-responsive nanofibers has the potential
to react to external stimuli and provide a comfortable microclimate for the human body. This approach holds
promise for achieving instant energy conversion/storage and temperature regulation in smart clothing.
However, the production of efficient and flexible intelligent thermoregulated nanofibers remains a challenge.
In this study, we successfully prepared intelligent thermoregulated nanofibers with adjustable temperature,
efficient thermal storage capacity, and excellent thermal conductivity using the emulsion electrostatic spinning
method. By incorporating lauric acid as the phase change material and optimizing its addition ratio in the
spinning emulsion, we obtained nanofibers with uniform diameter and eliminated the issue of material leakage.
This resulted in outstanding phase change behavior and thermal storage capacity of the nanofibers, with an
enthalpy value reaching 103.13 J/g, equivalent to 72% of pure lauric acid. Furthermore, the incorporation of
carbon nanotubes and zinc oxide particles into the fibers provided UV resistance and a high thermal
conductivity of 0.665 W-m-1-K-1. The use of a polyvinyl alcohol matrix ensured the flexibility of the
nanofibers, with an elongation at break of approximately 25%, meeting international standards (10% ~ 30%).
Additionally, the pollution-free polydimethylsiloxane coating not only protected the internal structure of the
nanofibers but also imparted superior hydrophobicity and self-cleaning properties. Consequently, these
intelligent thermoregulated nanofibers, with their comprehensive performance, offer an option for the
development and application of wearable systems and protective fabrics.

Keywords: Phase change material; Emulsion electrostatic spinning; Intelligent thermoregulated nanofibers;
Thermal energy storage; Self-cleaning
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Abstract: This study explores the thermohydraulic performance of a metallic-oxide based hybrid nanofluid-
cooled micro pin-fin heat sink by adopting the multiphase Eulerian model. The circular configuration is
adopted for micro pin-fins with the staggered arrangement and constant heat flux applied at the base of the
heat sink. The mono and hybrid nanofluid are based on an aqueous solution of Ag and MgO nanopatrticles
and a pressure drop (AP) range is applied across the heat sink. The heat transfer and fluid flow performance
are evaluated in terms of temperature difference, local heat transfer coefficient, thermal resistance, surface
and average Nusselt number, whereas the velocity and flow streamline contours present the qualitative
depiction of flow distributions across the heat sink. The results revealed that underAdertaimditions, the

hybrid nanofluid showed optimum thermal performance of micro pin-fin heat sink compared to the water, as

coolant, at constant nanoparticles loading at the perceptible margin. At an optifuire higher average
heat transfer coefficient, Nusselt number, and lower thermal resistance are achieved.

Keywords: Thermohydraulic Performance, Hybrid Nanofluid, Micro Pin-Fin, Heat Sink, Heat and Fluid
Flow

1. Introduction flowing through a circular configured micro pin-fin
The new era of electronic industry is facing an heat sink under different pressure dra@) range.
exacerbation issue of cooling because of a compact The numerical analysis is carried out by applying
space for circuitry which causes exorbitant heat the multiphase Eulerian model for a constant

generation. A 1.31% energy is consumed by data volume fraction ¢ = 1.0%).

centers of total global electricity that account the 2. Numerical formulation

33% thermal management [1]. The reliability of An aluminum made and circular geometry having
integrated circuit (IC) silicon chips is decreasing di= 0.66mm and b= 2.5mm of micro pin-fin heat
10% with a 2 °C rise in temperature. As reported, sink with staggered arrangement was modelled, as
the major cause of failure of electronic components shown in Fig. 1. A constant heat flux was applied at
is the temperature rise which contributes of 55% [2]. heat sink base andAP was applied of
The conventional cooling techniques are unable to 570Pa<AP<2760Pa. The nano and hybrid
remove the excessive heat because of lower thermalnanoparticles of Ag and MgO &f= 0% and 1.0%
conductivity of coolant. Thus, the high-tech were dispersed in water. The multiphase Eulerian
electronics need innovative cooling technology with approach is considered under laminar, steady-state,
advanced coolants, i.e., nanofluids, that possess theand incompressible flow conditions. The continuity,
higher thermal conductivity and convective heat momentum and energy equations rphasesg"
transfer rate. The dispersion high surface-to-volume = sand |) are defined as follows:

ratio engineered nanoparticles into conventional V. (¢g,p,V,) =0 (1)
fluids exhibit exceptional thermal conductance,

suspension stability, higher solid-liquid interface - _

that enhance the interphase heat exchange [3]. Thev' (0oPpVo¥h) = =@p VP + V. (@pity VVp) + Sm”z
utilizations of nanofluids, especially hybrid @)
nanofluids, with micro pin-fin heat sink have been V. (@ppphpVp) = =V.kpVT +

accessed by very few researchers. The present study V. (0pp V)] VW + 4,  (3)
investigates the thermohydraulic performance of The thermophysical properties of mono and hybrid
aqueous solution mono and hybrid nanofluids Ag-MgO nanoparticles were calculated from Ref.
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[4]. At the inlet and outlet of heat sink, pressure inlet Ap (Pa)

and pressure outlet boundary conditions were Figure 2- Variations of Rn and Nuavg Vs Pa.
assigned, respectively. Steady-state 3D simulations
were conducted using Ansys-FLUENT. The
pressure-velocity coupling was formulated using 1o
SIMPLE algorithm and second-order-upwind 1
scheme was applied. The convergence criteria were 091
set of 1¢ for all transport equations. 068 [
2. Resultsand discussion 045 |
Fig. 1 shows the variations of thermal resistance
(Rw) and average Nusselt numbiug.g) by varying [m 5*-1]
different AP. The R, trend typically shows the

inverse relation of heat transfer rate of a heat sink. f|uid flow phenomenon of Ag and MgO dispersed
A declining trend was observed with water, mono mono and hybrid water based nanofluid-cooled
and hybrid nanofluids of Ag and MgO with  micro pin-fin heat sink at constapiand varying\P.
escalating\P as result of augment flow velocity. At The results revealed that the addition of Ag and
a constan\P, the effect of Rin case of nanofluid  MgO nanoparticles in base fluid enhance the heat
is lower than the water, used as coolants through thetransfer rate. The highé¥uay and lower R are
heat sink._Contrarin to thenRthe i_ncreasing trend  gchieved with the increase oPAThe highest Nu
was obtained inNUag with the increase of\P and lowest R are obtained with Ag added water-
because of enhanced heat transfer rate at higher flow hased nanofluid because of the higher thermal
rate. The reduction ind3is higher in Ag, Ag-MgO,  conductivity of Ag, followed by Ag-MgO and MgO
and MgO based nanofluids compared to the water nanoparticles.

flowing across the heat sink at a certaiR. The Refer ences

improvement ifUay iS significant higher either for 1 sharma, C.S., et alEnergy efficient hotspot-
both water or nanofluids cooled heat sinks at a targeted embedded liquid cooling of electronics.
higherAP. Compared to the water-cooled, Ag, Ag- Applied Energy, 2015. 138: p. 414-422.

MgO, and MgO dispersed mono and hybrid 5 Batuniu, C. and A. AlbarbaReal-time system
nanofluids depict the higheNuag enhancement, for monitoring the electro-thermal behaviour of
respectively. Fig. 2 represents the streamline flow  power dectronic devices used in  boost

of along the x-y plane by considering the Ag-MgO  converters. Microelectronics Reliability, 2016.
hybrid nanofluid case at maximutsi® = 2760 Pa. A 62: p. 82-90.

large recirculation zone is observed at top right 3 \ahian, O., et alRecent advances in modeling
corner at the inlet header however, a small zone is 5494 simulation of nanofluid flows-Part |:

created along the bottom left corner before flowing Fundamentals and theory. Physics Reports,
through the pin-fin wetted area. This flow 2019. 790: p. 1-48.

recirculation at inlet header is because of non- 4 Arshad, A., et alThermal process enhancement
uniform distribution of local heat transfer of HNCPCM filled heat sink: Effect of hybrid

1.82 2 iz I

1.59

ibution.

coe_fficient f) pattern at the upstream of pin-fin nanoparticles ratio and shape. International
region. _ Communications in Heat and Mass Transfer,
2. Conclusion 2021. 125: p. 105323.

The current numerical study presents the heat and



8th Micro and Nano Flows Conference
University of Padova, IT, 18-20 September 2023

Electrical conductivity experimental studies on ionic liquids enhanced with
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Elena Ionela CHERECHES!, Alina Adriana MINEA!*

1: Technical University ”Gheorghe Asachi” of lasi, Romania, Faculty of Materials Science and Engineering,
Bd. D. Mangeron, No. 63, 700050, Iasi, Romania

* Corresponding author: Tel.: +40 723455071; Email: alina-adriana.minea@academic.tuiasi.ro

Abstract: Ionic liquids are a new class of liquids with remarkable properties that opens up new challenges
for developing new heat transfer fluids, manufactured through ecological processes, with the possibility
of recycling and with wide applicability in industry. Ionanofluids are an innovative concept due to the
growing need to identify non-polluting heat transfer fluids, while reducing energy consumption.
Studies on the thermophysical properties, especially in terms of electrical conductivity of the ionanofluids
are challenging since there are no complete approaches, thus the evaluation of the behavior of these
fluids in practical applications is in its pioneering phase. This study aims to fill some gaps in the electrical
conductivity of two ionic liquids, [C2mim][CH3S03] and [C4mim][BF4], with alumina nanoparticles..

Keywords: ionanofluids, electrical conductivity, ionic liquids, nanoparticles

1. Introduction

The idea of developing new fluids, with
nanoparticles in suspension, appeared due to
the exhaustion of all methods of heat transfer
intensification. Initially, the idea of intensifying
heat transfer was based on increasing the heat
transfer surface, later, research was focused
mainly on the heat transfer coefficient, which
depends very much on the type of fluid (with
reference to its thermophysical properties).
Thus, the idea of fluid improvement and the
development of new fluids with high thermal
conductivity appeared. Studies on the
determination of the thermophysical properties
of ionanofluids must be deepened, as there are
no complete approaches in the literature,
making it impossible to evaluate the behavior
of these fluids in practical applications. Several
experimental studies are recently reported by
Chereches et al. [1, 2] where the electrical
conductivity experiments were performed at
ambient temperature and heating in the range
293.15 - 333.15 K. The ionic liquid
[Comim][CH3SO3] has a high electrical
conductivity (2520 uS/cm at 293.15 K), and the
electrical conductivity of the mixture (ionic
liquid plus water) is much higher (about 3 times

higher) than that of each fluid (water or ionic
liquid) as determined experimentally. The
electrical conductivity clearly decreases by
adding nanoparticles to the base mixture, the
decrease being quantified up to 60 %, the higher
values being recorded for the higher mass
concentration. The experimental results on
electrical conductivity are extremely few, there
is no unitary theory regarding its variation with
both the temperature and the concentration of
nanoparticles or their type. This work consists
of an comparative experimental study about the
electrical conductivity of two types of
ionanofluids with alumina nanoparticles,
having as base liquid both the ionic liquid 1-
ethyl-3-methylimidazolium methanesulfonate

[Comim][CH3SOs] and 1-butyl-3-
methylimidazolium tetrafluoroborate
[C4smim][BF4].

2. Discussion and Results

The experimental results on the electrical
conductivity of the new liquids were obtained
with an Edge® Multiparameter HI 2030 (Hanna
Instruments). The experiment was performed in
two stages (at ambient temperature and heating
in the range 293.15 - 333.15 K) the overall
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accuracy being calculated at 3 %. The results
will be discussed for ionanofluids with a mass
concentration of 0.5 - 5.0 % wt nanoparticles of
alumina, based on two ionic liquids:
[Comim][CH3SO3] and [Csmim][BF4]. The
nanoparticles used are insulators, with a very
low electrical conductivity (10 uS / cm [3]). The
ionic liquid [Comim][CH3SO3] (CAS 145022-
45-3) with a purity > 95 % and < 0.5 % water
content, was purchased from SIGMA-
ALDRICH (St Louis, USA) and the ionic
liquid [C4mim][BF4] (CAS 174501-65-6), with
a purity > 99 % and molecular weight 226.02 g
/ mol, was purchased from IoLiTec, Germany.
Aluminum oxide nanoparticles were purchased
from Sigma Aldrich (St. Louis, USA) under
CAS number 1344-28-1. Information about
manufacturing the new fluids and details about
the metodology used see Chereches et al. [4].
We are inserting here several preliminary
experimental results, since the experiment is
ongoing.
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Figure 1. Comparation of experimental data at
two temperature.

The relative electrical conductivity was
evaluated for ionanofluids whose base fluid is
ionic liquid [Comim][CH3SO3] and different
mass concentrations of alumina, the results for
two temperatures being shown in Figure 1,
where the decrease in electrical conductivity
can be observed when the amount of added
nanoparticles increase. This phenomenon is
mainly attributed to the increase in the viscosity
of the suspensions, but also to the addition of
alumina nanoparticles which causes a slight
decrease in ion mobility [4].

3. Conclusions

An experimental study on electrical
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conductivity for two types of ionic liquids
enhanced with alumina nanoparticles was
performed in this paper. The tests were
collected at ambient temperature and at heating.
As can be seen from the data presented, the
electrical conductivity of an ionic liquid
enhanced with nanoparticles depends very
much on type of ionic liquid as well as the
working temperature. As this study is in
completion of this group research on
[Comim][CH3SOs] ionic liquid with alumina
nanoparticles, it mat clearly affirm that ionic
liquids behavior regard the electrical
conductivity must be intensified.
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Thermometry for Boiling Heat Transfer Investigations
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Abstract: In every field of science, the possibility of discovering and understanding new phenomena, or
testing new hypotheses, is strongly related to, and limited by the capability of observation. In this talk, we
will discuss recent advances in experimental boiling heat transfer research made possible by high-speed
infrared thermometry. We will discuss the potential of this technique in supporting the understanding of
fundamental two-phase heat transfer problems. Examples are the growth and departure of bubbles from a
heated surface, the distribution of the dry area fraction, the partitioning of heat flux, and the boiling crisis.
We will also discuss its challenges and limitations, e.g., limited spatial and temporal resolution. However,
while the use of infrared thermometry has been instrumental in providing an answer to some long-
standing fundamental physical questions in boiling heat transfer, access to data is no longer sufficient.
Nowadays, new understanding is hindered by our capability to analyze them. We can produce much
more data than we can possibly analyze. This issue is critical for highly non-linear phenomena, e.g.,
boiling heat transfer, whose complexity is hidden beyond what a human eye can hardly see, or a human
brain can timely analyze.

Keywords: Boiling, IR thermometry, Data analysis.

element. However, as the need for validating
mechanistic models has increased and
different  descriptions have  produced
comparable predictions, it has become
clear that predicting these experiments is a
necessary but not sufficient condition to
validate modeling tools. Simply put, one can
get the right overall values (e.g., of the heat
transfer coefficient) for the wrong reason (e.g.,
overestimating  the  evaporation  and
underestimating  other  heat  removal
mechanisms or vice versa) [1].

1. Introduction

In the past, most of the correlations and
models used for the design and the safety
analysis of two-phase heat transfer systems
have been developed based on pointwise
temperature and heat flux measurements.
These data have been invaluable to narrow
down first-order effects, e.g., the effect of
forced convection or subcooling on the
overall thermal performance of a heating
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Heat fux: up to CHF Subcocting 10 K
Heat flux: up o CHF

Figure 1. Timeline of boiling heat transfer experimental developments in our laboratory.
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2.Infrared thermometry

Starting from early 2010, We have worked
on developing a boiling platform featuring
advanced, high-resolution, non-intrusive
measurement techniques for boiling heat
transfer investigations. Figure 1 provides an
overview of the major milestones
accomplished over the years, starting with
the first implementation of infrared
thermometry to study the flow boiling of
water, and the development of a calibration
technique to measure the time-dependent
temperature and heat flux distributions on
the boiling surface [2]. Based on these
distributions, we developed post-processing
algorithms to measure all the boiling
parameters used as inputs in the mechanistic
heat flux partitioning models, as well as
quantify the contribution of the different
heat transfer mechanisms [3]. In 2015, we
have started the investigation of critical heat
flux, first at ambient pressure, and then in
high-pressure conditions (up to 10 bars).
The tests performed before 2016 were all run
with special infrared heaters made of
sapphire, coated with a thin Indium Tin
Oxide layer. This solution is the standard in
infrared thermometry. However, as these
surfaces are much different compared to
commercial surface, in 2016, we have
started developing a new type of heater
where we can manipulate the surface
conditions, including duplicating the
morphology and wettability of boiler
surfaces [4], and still make all the
measurements enabled by our infrared
diagnostics. With this kind of heater, we can
nowadays investigate the effect of surface
conditions on boiling heat transfer and the
boiling crisis [5].

Despite the studies and discoveries made
possible using infrared thermometry, such
technique has crucial limitations. At high
pressure and temperature, the characteristic
bubble time and length scale are much
smaller ~ compared to  low-pressure
conditions. Infrared thermometry does have
the spatial and temporal resolution
necessary to capture the feature of the
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boiling process. Also, and importantly,
when the thermal footprint of the bubble is
not as strong as for low pressure water (e.g.,
with dielectric fluids), infrared
measurements may become very noisy. To
overcome this limitation, we have developed
an optical technique based on light
reflection, which allows detecting the
presence of vapor bubbles attached to the
boiling surface.

However, weare still in search of a
thermometry technique that allows us
measurement time-dependent temperature
and heat flux distributions in such limiting
cases. Infrared thermometry was brought to
maturity during the last decade. The current
decade will be the decade of post-
processing and data analysis. Today we can
produce much more data than we can
possibly analyze using conventional image
segmentation and data analysis. To
overcome this limitation, we have started
developing machine learning algorithms
that can process the large amount of data
recorded by infrared cameras online, almost
in real-time [6,7]. Today we can measure
boiling parameters and estimate margins to
the boiling crisis as fast as we run
experiments. This is another crucial step
towards the development of
autonomous experiments and learning,
which we foresee may become a reality in
the next decade.
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Abstract: We propose a new technique for temperature measurements based on single-dye multispectral
laser-induced fluorescence. We demonstrate the technique by employing Nile Red, a temperature-sensitive
fluorophore, dissolved in HFE-7100 fluid at concentrations from 0.3 to 30 mg/L. The absorbance and
emission spectra of the Nile Red/HFE-7100 mixture were characterised using a spectrometer for an
excitation wavelength of 527 nm, over a range of temperatures, from ambient conditions (298 K) up to the
boiling point of HFE-7100 (333 K), to explore the mixture’s temperature dependence. It was found that Nile
Red in the presence of 1%-vol. ethanol has a sufficiently different temperature sensitivity in the wavelength
band from 570 to 600 nm to that at wavelengths 620 nm, thus enabling ratiometric thermographic imaging
with the proposed technique. Finally, temperature distributions inside a boiling flow in a vertical
miniaturised channel were obtained to demonstrate the efficacy of the technique. The technique is also
applicable other measurements (e.g., concentration) and in cases where a fluid can be directly excited by the
light source, without the need for a dye additive.

Keywords: Fluorescence, spectral bands, Nile Red, LIF thermography, flow boiling, vapour bubble formation.

1. Introduction

Advanced laser-based techniques are among
the most promising options for the simultaneous
measurement of temperature and velocity fields
in liquids under boiling conditions [1]. However,
in the case of two-colour PLIF with two dyes,
local changes in the relative concentration of the
dyes may cause an increased errors in the
temperature measurement. Using a single dye and
recording fluorescent signals separately in two
selected bands of the emission spectrum can
overcome the problem of dye concentration non-
uniformity [2]. To this end, a single-dye
multispectral LIF (SDMS-LIF) technique has
been developed to measure temperature in the
whole field of a boiling flow. The technique was
tested in the case of boiling flow in a miniaturised
channel.

2. Experimental methods

The test facility is specifically designed to
reproduce various flow boiling conditions in a
miniaturised channel. The apparatus has a
closed fluid loop and consists of a storage tank,

peristaltic pump with a coarse inline particle
filter, a high-accuracy mass-flow controller,
test section, condenser, preheaters and a bypass
circuit where a pressure controller is installed.
The experiments were performed at nearly
ambient pressure for mass fluxes (G) ranging
from 33 to 100 kg/m?-s. The inlet subcooling
temperature ATsup = Tsat(Pi) — Ti was varied
from 5 to 25 K and the heat flux (g) supplied to
the test substrate from 1.8 to 10 kW/m?.

3. Working fluid mixture

Firstly, 300 mg of Nile Red was premixed
in 100 mL of ethanol to form a buffer solution
with a dye concentration of 3 g/L. The buffer
solution was then added to a known volume of
hydrofluoroether 7100 (HFE-7100), which is a
3M Nove 7100 engineered fluid, thus
producing a Nile Red/HFE-7100 mixture with
a dye concentration C ranging from 0.3 to
30 mg/L. For the entire range of C, the ratio of
ethanol to HFE-7100 did not exceed 1%-vol.

Finally, 4 mL of the dye mixture was poured
into a quartz 10x10x50 mm cuvette (Hellma)
that was placed in a Duetta spectrometer with a
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built-in Peltier heating unit to measure its
spectral characteristics as a function of C and
the mixture temperature T. The heating unit
temperature was adjusted in steps of 5+0.1 °C
with a holding time of 300 s before recording
fluorescence signals at elevated T. The
measured absorbance and emission spectra of
the mixture (shown in Fig. 1) were used to
identify two selective wavelength bands to
enhance sensitivity of the ratiometric
temperature measurements, so that Band 1 =
560-590 nm and Band 2 > 620 nm.
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Fig. 1: Normalised absorbance and emission
spectra for the Nile Red/HFE-7100 mixture
with C = 3 mg/L at different T.
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4. Results and discussion

Figure 2 demonstrates that the selected
bands of Nile Red in the presence of 1%-vol.
ethanol  allow ratiometric  temperature
measurements in HFE-7100. The effect of a
vapour bubble on the thermal boundary layer
(TBL) can be clearly observed.
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Fig. 2: Time evolution of the temperature field
around a single vapour bubble formed at the
wall of a vertical miniaturised channel for C =
10 mg/L, G = 33 kg/m?s, AT =25 K and g =
8.7 kw/m?. All spatial dimensions are in mm.
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Initially, a nucleation site is completely
covered by the TBL. As the bubble grows and
slides upwards along the wall, moving away
from the nucleation site, a portion of the cold
fluid from the bulk flow (i.e., from the central
part of the channel) mixes with hot fluid near the
heated substrate. This process can be referred to
as bubble-induced mixing and is expected to
lead to enhanced thermal transport, which is
characteristic of the nucleate boiling regime.

5. Conclusions

Two distinct spectral bands (560-590 nm
and >620 nm) were found for fluorescent dye
Nile Red dissolved in HFE-7100, both of which
are temperature sensitive. Spectrometric
measurements of the absorbance and emission
spectra were analysed for a range of dye
concentrations from 0.3 to 30 mg/L and
temperatures from 298 to 333 K. A novel
single-dye multispectral laser-induced
fluorescence (SDMS-LIF) technique was
therefore proposed based on ratiometric
quantitative imaging of these bands, and was
demonstrated as being capable of whole-field
temperature mapping as applied to single
vapour bubble formation in a subcooled boiling
flow in a vertical minichannel. The key features
of bubble-induced mixing in a nucleate boiling
regime were identified through of temperature
fluctuation measurements in the thermal
boundary layer. The technique is applicable
other measurements (e.g., concentration) and in
cases where a fluid can be excited by the light
source, without the need for a dye additive.
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Abstract: Latent Thermal Energy Storages (LTESs) are based on Phase Change Materials (PCMs), which
exploit the phase transition, usually the solid-liquid one, to store heat. The use of these systems is a promising
solution to boost the energy transition towards a sustainable future. Indeed, researchers and private companies
are putting more and more efforts to deploy LTES in real world applications. X-ray Computed Tomography
(XCT) is a technology that presents many opportunities to visualize the behaviour of PCMs. It allows to “see
inside” the materials, meaning that it is possible to track the solid-liquid front while it evolves during the phase
change, to assess new phases arising or void formation. Of course, XCT for PCMs analysis comes with some
challenges because the solid/liquid phase change front moves as the process proceeds and thus, the scans must
be quite fast to be able to catch the melting front evolution.

Keywords: Phase Change Material, Latent Thermal Energy Storage, X-ray computed tomography, volumetric
liquid fraction

be observed via XCT. From 4D images (3
space dimensions and time) it is possible to

PCMs bring innovation in many fields, e.g., f)oélf/lw thg me!tlngtli) r SOhld 1?cat10; Erqc etss.of
waste heat recovery, battery thermal s, observing the evolution of the interior

management, Heat Ventilation and Air structures in the materials. In Figure 1, some

Conditioning (HVAC) and buildings. The  catures of 3 PCMs are reported. .
possibility to analyze PCMs behavior In eicosane, it is possible to observe the liquid

volumetrically with the XCT technology could phase in the middle of the samp les and t.he solid
lead to unprecedent advancement in the on the Walls Of the contatner. During Fhe
understanding of the solid-liquid phase-change solidification, eicosane shrinks, generating

process, which is of utmost importance for the voids inside the solid phase and a big conical
future :) f LTES systems. Some researchers crater at the interface with air. When observing
already started to go i.nt o this direction calcium chloride hexahydrate, the solidification

analyzing ice/water system, eicosane, calcium behaviour is similar for the fact that it starts

chloride hexahydrate and magnesium chloride ?rom.the \r}v}zillsl.but.(;iislpiarate. sinced cry;tal§ fllre
hexahydrate [1-4]. The aim of this work is to orming. 1he liquid phase is rendered with a

give an overview of the opportunities and the blue slightly opaque volume, making it easier to

hall that lvine XCT technol ¢ see big crystals forming on the bottom. The
;nzlyezléggs(:M:bﬁilg)symg cchnology 1o third PCM discussed i1s sodium acetate

trihydrate. The image shows smaller needles
generated during the phase change, which are
favoured due to the cooling rate. These results
proof that XCT can be a very effective tool to

Solid-liquid front, voids, shrinkage, crystal analyse the PCMs phase change process.
structure, segregation, secondary phases can

1. Introduction

2. Opportunities
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Figure 1. Post-processed images from XCT scan of 3 PCMs: eicosane, calcium chloride hexahydrate (CaCI2-6H20)
and sodium acetate trihydrate (SAT).

3. Challenges

As every technology, also XCT has short-
comings. Among others, time is a fundamental
factor in transient processes, but laboratory
XCT can be considered slow for high resolution
images. So, the faster the melting or cooling
rate, the lower the achievable resolution.
Furthermore, the material under test has to be
selected correctly: XCT 1is based on the
attenuation of X-rays from the materials and is
sensitive to density. This means that solid and
liquid state need to have a resolvable density
difference and metallic (high density with
respect to PCMs) temperature sensors could
generate artefacts. It is also important to find a
proper way to heat or cool inside the XCT
chamber, which could not always be simple and
straightforward.

4. Conclusions

XCT opens many possibilities in the PCMs
research field, of course with some cautions
needed.
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Properties-Based Measurement Techniques
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Abstract: The presented work constitutes an in-depth exploration of measurement methodologies that excel
in capturing the intricate nature of multiphase flows. This investigation encompasses two distinct yet
complementary approaches: radiation-based techniques (including x-ray, gamma-ray, and neutrons) and fluid
electrical properties- based techniques (involving conductivity and capacitance). Through the utilization of
these advanced methods and discussing them with attending researchers, our objective is to provide a
comprehensive understanding of modern multiphase flow measurement techniques and their capabilities. All
of the techniques presented have undergone rigorous testing across an extensive range of pressure and
temperature conditions, thus offering valuable insights into their applicability within diverse scenarios. The
adaptability of these techniques is further underscored by their successful implementation across various test
section configurations and their efficacy with a wide array of fluids. These fluids encompass water, chloroform,
refrigerants, oils, and organic liquids, often in combination with various gases or their corresponding vapors.
Importantly, due to the inherent characteristics of these methods, as will be expounded upon in the talk, they
do not necessitate optical access to the test section. Consequently, these techniques can be effectively employed
across a broad spectrum of flow regimes, ranging from bubbly flow characterized by very low void fractions
to droplet flow featuring very high void fractions, including transitions between regimes.

Keywords: Micro Flow, Microcirculation, Boiling, Pumps

pressure disparities between two or more
points, enabling flow characterization; optic
probe and fiber optic methods® - facilitate
point or 1D measurements by analyzing
scattered  light within thin, optically
transparent mediums; other more exotic
techniques like microwaves, acoustic, MRI,

1. Introduction

There is no need to reveal the
significance  of acquiring high-fidelity
experimental data on two-phase flow. Specific
facets may marginally vary based on the
research domain, yet ultimately, all fields

derive diverse benefits from it. At present,
two-phase flow measurement techniques can
be categorized as follows: optic-based
methods! - hinge on diverse light reflection
and propagation techniques, typically
employing laser or LED light sources in
conjunction with high-speed CMOS, sCMOS,
or CCD cameras. In certain instances,
supplementary insights can be gleaned through
the utilization of IR or near-IR spectrum
cameras; differential Pressure measurement
methods? - boast a historical lineage and, as
implied by the name, are rooted in gauging

etc. While this work will focus on radiation-
based techniques®, including x-ray, gamma-
ray, or neutron measurements, which harness
ionizing radiation Interactions with the
medium and radiation detectors  to
characterize two-phase or multi-phase flows,
additionally, we will delve into conductivity
and capacitance-based techniques® that
exploit variations in the electrical properties of
the medium for flow characterization.
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2. Radiation-based techniques

The fundamental concept of radiation-based
imaging methods centers around determining
the linear attenuation coefficient of the
medium, closely linked with its density. This
coefficient can be computed for each measured
beam using the Beer-Lambert Law, and then
converted into the medium's density along the
path of the beam. In a straightforward
scenario, like an adiabatic air-water mixture in
a test section, where the densities of each
phase remain constant, the attenuation
coefficient hinges solely on the air and water
ratio along the beam's trajectory.

However, when imaging a heated test section,
additional factors include thermal expansion
and density variation with temperature for all
involved phases. Despite these complexities,
it's still possible to estimate the phase ratio. If
a detector array is utilized instead of a point
detector, projections of the phase ratio onto
this array can be acquired, revealing a density
distribution across the detector array. There
are fundamental differences between X-ray
and gamma-ray radiation sources, yet both can
be effectively utilized for multi-phase imaging
of different media. For example, X-ray
sources can offer a substantial photon flux,
enabling imaging with minimal exposure time.
However, they are typically less energetic and
can, therefore, penetrate through a lesser
amount of material. If one can capture images
of the same area from various angles, often
referred to as projections, these acquired
projections can be amalgamated into a
sonogram.
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These sonograms can be reconstructed by
employing a Radon transformation or its
variations, offering a 2D (for linear detectors)
or 3D (for detector arrays) density distribution
across the image area or volume, as shown in
Figure 1.

3. Electrical
techniques

property-based

Among the various electric property-based
techniques, this presentation will focus on two
that utilize distinct principles. The first
technique leverages electrical conductivity,
making it suitable for highly conductive fluids
like water. The second technique utilizes
capacitance and is well-suited for purely
conductive liquids such as refrigerants or oils.
Both methods involve an array of transmitting
and receiving conductive electrodes, often
composed of stainless steel wires, positioned
at specific distance. Measurements are taken
at the intersection points of these electrodes.
This is achieved through specially designed
circuitry that generates a voltage spike at a
single transmitter electrode and concurrently
measures the associated currents at each
intersection point with receiving electrodes.
The transmitters are activated in rapid
succession, enabling an almost immediate
snapshot of the flow's cross- section. The
circuitry for the receivers varies significantly
depends on the property of interest and the
method employed, whether it is resistance-
based or capacitance-based.

Figure 1. In-house examples: 2D bubble time evolution in the heated tube captured using X-ray radiography (left)

and 3D distribution of resolidified metal structure in the fuel bundle captured using gamma-ray tomography



Some measurement examples taken with the
conductivity-based system are shown in Figure
2. The same approach could be employed to
measure  concentrations  (since electric
properties depend on concentration) or a
combination of void fractions and
concentrations. If, instead of using a wire
mesh, sensors are arranged in a pattern of
surface-mounted electrodes, the electronics
could be utilized for high-speed and high-
resolution measurements of liquid films.

Low VF Mid VF High VF

Figure 2. In-house examples of Bubble column
measurements for three gas flow rates vertical cross-

section (top) and horizontal cross-section (bottom).

4. Conclusions

Several measurement techniques for multiphase
flows have been briefly discussed here, while
detailed information will be provided during the
presentation, along with various examples
obtained in the ECMF lab.
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Abstract: Evaporation of a liquid layer on a substrate is examined without the often-
used isothermality assumption — i.e., temperature variations are accounted for. Qualitative
estimates show that non-isothermality makes the evaporation rate depend on the conditions the
substrate is maintained at. If it is thermally insulated, evaporative cooling dramatically slows
evaporation down; the evaporation rate tends to zero with time and cannot be determined by
measuring the external parameters only. If, however, the substrate is maintained at a fixed
temperature, the heat flux coming from below sustains evaporation at a finite rate — deducible
from the fluid’s characteristics, relative humidity, and the layer’s depth (whose importance has not
been recognized before). The qualitative predictions are quantified using the diffuse- interface
model applied to evaporation of a liquid into its own vapor.

Keywords: Interfaces, Evaporation, Non-Isothermal Effects, Diffuse-Interface Model

1. Introduction

Evaporation of liquids has been studied
for over a century, since the pioneering work
of James Clerk Maxwell, and it is still being
studied now, as numerous issues have yet to
be resolved.

Consider, for example, a flat liquid layer. It is
generally believed that it evaporates at a
steady rate depending on the liquid’s
parameters (temperature, heat of vaporization,
etc.) and the humidity of air. There are
numerous measurements of evaporation rates;
a recent review of this work in application to
water can be found in Refs. [1-2].

Fig. 1 shows a selection of measurements of
the evaporation rate E, for water evaporating
into still air, as a function of the temperature
T within a “room temperature” range. There is
evident disagreement in these results,
suggesting that important factors vary from
experiment to experiment.

The present paper identifies at least some of
these factors. It is shown that non-isothermal
effects — e.g., the heat exchange between the
liquid and substrate (and side walls, if any) —
can make E depend on the distance between

15 — 20 — 25 ‘ 30 35
T(°C)

Fig. 1. Evaporation rate vs. temperature, according to

the empiric formulae listed in Table 1 of Ref. [2]. In all

cases, the relative humidity is 50%.

the interface and substrate, and the material
the latter is made of.

To illustrate the importance of heat exchange

with the boundaries, consider an amount of
liquid in a thermally insulated vessel — and

let half of the liquid evaporate. The

temperature of the remaining half decreases

due to evaporative cooling — and the size of
the decrease is easy to estimate. Assuming

for simplicity that vaporization heat Ah

and the heat capacity cl(,l)of the liquid do not
change significantly with 7, one can
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approximate the temperature decrease by

AT =22 (1)

cp

For Ah=2.4417Jkg ' and cP =4.1816 x 1073

J kgt K' (which correspond to water at
25°C), estimate (1) yields a somewhat
unexpected result:

AT ~584° K.

In reality, however, evaporation of liquid in an
insulated vessel slows down to a virtual
standstill well before it half-evaporates. Since
the dependence of £ on 7 at normal conditions
is typically exponential, even a moderate
temperature  decrease can reduce the
evaporation rate by an order of magnitude.
Alternatively, let the vessel’s bottom and
walls be kept at a fixed temperature (which
seems to be a more realistic model in terms of
applications). In this case, the energy lost to
vaporization is replenished by the incoming
heat flux, which can be readily calculated,

—«OT" = EAh, )

where k is the liquid’s thermal conductivity
and the temperature gradient 7 ' can be
expressed through the temperature difference
AT between the interface and the nearest
boundary and the corresponding distance D,

T ==, 3)

To determine AT for water at 25°C, set
k?=0.6065Wm'K™"' and E = 0.02536lg
m~2s~' which is the average of empiric curves
2-6 in Fig. 1 (curve 1 cannot be used, as 25°C
is not in its range). With these values,
expressions (1)—(3) yield

EAh 1K

AT = D =
kO 1cm

X D

Evidently, this estimate is both qualitatively
and quantitatively different from that for
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insulated substrates.

The difference between fixed-7 and
insulated vessels demonstrates the importance
of heat fluxes from boundaries and, generally,
non-isothermal effects. There are more of
these to be mentioned: conductive and
radiative heat exchange with air (which are
often small, but can be important), convective
heat transfer in liquid (which can be very
important), etc.

In this work, non-isothermal effects are
explored wusing the simplest setting:
evaporation of a liquid into its own
undersaturated vapor. It is described by a
relatively simple model which does not
include the diffusive mass flux (pure fluids do
not diffuse). Evaporation in this case occurs
via advection [3], but heat conduction is
similar to that in mixtures.

The dynamics of the setting described is
examined using the so-called diffuse interface
model (DIM). It was proposed in 1901 by
Diederik Korteweg and has been used since
then in thousands of papers and for tens of
applications (see a review of some of this
work in Ref. [4]). The DIM is particularly
suited to the problem at hand: it describes both
liquid and vapor, as well as the interfacial
dynamics — as opposed to models built of
‘blocks’ describing
one item each. The use of the DIM is
convenient but not crucial, however, as non-
nonisothermal effects can be introduced into
any good model of evaporation.
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Abstract: In this study, we calculated the heat flux distribution in a quasi-2D Couette-type flow system of a
Lennard-Jones liquid confined between two sliding solid walls, which reproduced steadily moving dynamic
contact lines (DCLs). We found that the difference between the advancing and receding CLs are distinct not
only in the apparent contact angle but also in the temperature. The heat transport analysis revealed that heat
was produced and reduced around the advancing and receding CLs, respectively while in liquid bulk heat was
only produced due to viscous dissipation. Based on the energy conservation law applied for control volumes
set in the system, we quantitatively showed that the heat production and reduction originated not only from
the stress work term due to viscous dissipation in the bulk, but also from the internal energy change along the
pathline, and revealed that the heat production/reduction around the DCLs were induced mainly by the latter.
This is analogous to latent heat, meaning that the interface change along the pathline induces the heat

production/reduction in the same manner as the phase change in latent heat.

Keywords: Dynamic Contact Line, Wetting, Heat Transport, Molecular Dynamics

1. Introduction

Wetting is ubiquitous in our daily life, in
nature and in various scientific and engineering
fields. In particular, the behavior of the contact
line (CL), where a liquid-vapor interface meets
a solid surface, has long been a topic of interest
because it plays a key role in wetting properties.

For the dynamic wetting, the dynamic contact
angle (CA) is distinct for the advancing and
receding ones unlike static wetting. Indeed, for
modeling the dynamic CA difference, a number
of theoretical simulations and experimental
studies about the dynamic CL (DCL) have been
conducted[1]; however, the governing principle
of the CL motion still remains unclear due to
the lack of the detailed information of the
nanoscale thermal and fluid fields around the
DCL to be connected to the macroscopic flow,
and it is considered to be one of the long-
standing unsolved problems of the fluid
dynamics.

In this study, we analyzed the heat transport

via the Method-of-Plane[2] around the DCLs of
a quasi-2D NEMD system of a Lennard-Jones
(LJ) fluid between parallel solid walls moving
in the opposite directions tangential to the wall
surfaces as shown in Fig.1.

2. System

We employed a NEMD simulation system
of a quasi-2D Couette-type flow system
with liquid-solid—vapor contact lines consisted
of LJ fluid[3]. The 12-6 LJ potential was
adopted between fluid-fluid and fluid-solid
interactions and the parameters were set so
that the static CA at 85 K is 57 degrees.
In addition, the temperature in the second
outermost layers of the solid walls was
controlled at a control temperature 85 K
by using the standard Langevin thermostat
so that the steady-state was achieved with
removing the generated viscous heat in the
present study.
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3. Results and Discussions

The top panel of Fig. 2 shows the temperature
distribution and the heat flux field. The thermal
distinction in the DCLs is clearly shown, i.e.,
temperature rise and drop around the advancing
and receding CLs, respectively. To
quantitatively evaluate the heat production and
reduction around the DCLs, we set three control
volumes (CVs) shown with magenta in Fig. 2.
We integrated the divergence of the heat flux in
each CV as the surface integral of the heat flux
on the enclosed surface of each CV, i.e,
J dvv - Jo= [ dS - Jo The integration results
are shown inside the CVs in the top panel of
Fig. 2; heat is produced and reduced at the CVs
surrounding the advancing (97 mW/m) and
receding (—-88 mW/m) CLs, respectively.

To elucidate this mechanism of the heat
production and reduction around the dynamic
CLs, we start from the energy conservation:

Vi jg=tVu—po (1)
where J o, T, u, p and e;,. denote the heat flux
vector, stress tensor, velocity vector, density
and the specific internal energy of fluid,
whereas : and D/Dt denote the inner product of
the second order tensor and the Lagrangian
derivative. The bottom panel of Fig. 2 shows
the fluid specific internal energy distribution
with velocity field. Through the investigation of
the second term on the right-hand side in Eq. (1)
for each CV as shown in the bottom panel of
Fig.2, it was shown that this internal energy
change was the main cause of the heat
production/reduction around the dynamic CLs.

4. Conclusion

We analyzed the heat transport around
the dynamic contact lines in a quasi-2D
NEMD system. The heat transport analysis
revealed that heat was produced and reduced
around the advancing and receding CLs,
respectively while in liquid bulk heat was only
produced due to viscosity dissipation. We
found that this heat production/reduction
around the dynamic CLs were mainly due to
the internal energy change along the path line.
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Fig. 1. Quasi-2D NEMD system of the dynamic
contact lines of Lennar-Jones fluid.
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Fig. 2. Top: temperature distribution and heat flux
field. Bottom: specific internal energy distribution
and velocity field. The volume integral values of
(top) the divergence of heat flux, and (bottom) the
Lagrangian derivative of the internal energy in
three control volumes were also shown.
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Abstract: When a liquid drop is placed gently on a sufficiently hot surface it can levitate on its own
evaporative vapour cushion. This ‘Leidenfrost effect’ is important for numerous industrial applications
including spray cooling, where the dramatic decrease in thermal conductivity is detrimental. Conversely,
moving drops in a low-friction manner is appealing for transport in microfluidic devices.

Recently, experimental studies have probed the dynamic Leidenfrost effect, where droplets approach the hot
surface with a given speed. These have uncovered several interesting contact modes and unexpected effects
including an oscillating film height in certain regimes. To provide new insight into the physical mechanisms
involved and as an important predictive tool, we have developed a novel computational model for the dynamic
Leidenfrost process. As now recognised for isothermal conditions, this requires gas kinetic effects to describe
contact modes. This uses a lubrication framework, now including evaporation.

Our simulations are benchmarked against experiments and simulations of isothermal impacts and drop-drop
collisions. Our model enables us to explore the parameter space of impacting velocity and solid surface
temperature, probe different regimes of contact and vapour film behaviour, with the aim of predicting the
minimum film thickness and the critical impact speed for contact to occur.

Keywords: Fluid Dynamics, Free Surface Flows, Drop Impact, Computation, Leidenfrost Effect

as an important predictive tool, we have
developed a novel computational model for the
dynamic Leidenfrost process, building on
previous work [3-4] for isothermal and quasi-
static Leidenfrost drops. We solve the
axisymmetric Navier-Stokes equations in the
drop, implemented in the open-source finite

1. Introduction

When a liquid drop is placed gently on a
sufficiently hot surface it can levitate on its own
evaporative vapour cushion. This ‘Leidenfrost
effect’ is important for numerous industrial
applications such as spray cooling, where the

dramatic decrease in thermal conductivity is
detrimental. Conversely, moving drops around
in a low-friction manner is appealing as a mode
of transport in microfluidic devices.

Recently, experimental studies [1-2] have
probed the dynamic Leidenfrost effect, where
droplets can be forced into contact when impact
speeds are large enough, uncovering several
interesting modes of contact and discovering
new unexpected effects, such as an oscillating
film height in certain regimes.

2. Model and Numerical Method

To provide new insight into the physical
mechanisms involved in such phenomena and

element library oomph-lib.

This is coupled to a lubrication equation (1) on
the surface of the drop for the vapour pressure
P, given film height 4 and radial velocity u and
the effect of evaporation due to the linear
temperature profile in the film.

ot p,Lh

VP — —
124, 2

®p3
oh  k,AT 7. (Aph hu) o)
As now recognised for isothermal conditions,
this requires gas kinetic effects to describe
contact modes.

The gas kinetic factor A% (Kn) can
incorporate a variety of slip models and
interface conditions, and depends on the
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Knudsen number Kn = A/h defined as the
ratio of the vapour’s mean free path to the film
thickness.

We use adaptive time-stepping and adaptive re-
meshing. The mesh is moved using a pseudo-
solid arbitrary Lagrangian-Eulerian framework,
which keeps the moving surface of the drop as
the boundary of the domain.

Figure 1: Comparison of our simulation (red) with
isothermal experiment from [5], showing drops can
bounce off wettable solids, due to an intervening air
cushion.

3. Benchmarking

Our simulations have been benchmarked
against experiments and simulations of
isothermal impacts (fig 1), and our
methodology has been used to predict the
bouncing-merging transitions in drop-drop
collisions.

4. Future Work

Our model enables us to explore the

parameter space of impacting velocity and
solid surface temperature, and probe different
regimes of contact and vapour film behaviour,
with the aim of predicting the minimum film
thickness reached and the critical impact speed
at which contact will occur.
The model will be extended to include heat
flow within the drop, incorporating buoyancy
and the thermal Marangoni effect, which are
predicted to be of critical importance in
determining the Leidenfrost temperature.
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Abstract: Experimental results of heat transfer characteristics for compressible gas flows through microtubes
are far from being unequivocal in the turbulent flow regime. Due to a limited number of flow sensors that can
be employed in microdevices, it becomes essential to couple numerical models with experiments to understand
the fluid behavior inside the microtube. In addition, in many cases, the thermal boundary condition of the real
case is different from the theoretical one (i.e. constant heat flux (CHF) or constant wall temperature (CWT)).
Thus, a combined experimental and numerical study on the forced convection of compressible gas through a
microtube is performed in this paper. Experimental results of Nitrogen gas flow through a 173 um microtube
are used to validate the employed numerical model by varying Reynolds number (Re) from 3,500 to 7,500.
Using a hybrid thermal boundary condition, numerical Nusselt number showed an excellent agreement with
the experimentally deduced values. The validated numerical model was used to evaluate the Nusselt number
for 2,500< Re <20,000 under the ideal CHF boundary condition. It was shown that for the values of Re where
the temperature difference between the wall of the microtube and bulk temperature of the Nitrogen gas
becomes zero or negative, the Nusselt number loses its meaning. It is further demonstrated that the Nusselt
numbers, in the range of the investigated Re, are higher than the predictions of the conventional Gnielinski
correlation in which the compressibility effects are not accounted for.

Keywords: Micro Flow, Microcirculation, Boiling, Pumps

1. Introduction

A great interest in the investigations of gas
flows inside very narrow channels is due to
pioneering studies of Wu and Little. Numerous
research works have been carried out later
studying different microtubes (MTs) and
microchannels, circulating different fluids and
under wide operating conditions. From the
literature review [1-8], it can be seen that heat
transfer characteristics of gas microflows are
still not fully explored. Experimental results of
a few studies predict significantly higher Nu
for smaller diameter MTs (e.g. [2, 8]) whereas
it is found to be following the conventional
correlations as in [4]. Therefore, further
research in the field of forced convection in MTs
when gas flows are used is needed. In this work,
heat transfer characteristics of gas microflows

in the turbulent regime are analyzed using
numerical modeling. The numerical model is
first validated with the experimental results and
later used to understand the evolution of heat
transfer characteristics under different thermal
boundary conditions and their effects on the
evaluation of the average Nu for the MT.

2. Numerical and experimental
setup

A MT having the Dh of 173 um and length (L)
of 100 mm, is simulated for the current study.
Test section schematic representing the
simulated MT and the inlet manifold is
designed in Workbench Design Modeler and is
meshed using ANSY'S meshing software.
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Figure 1. Computational domain for MT cross section.

A structured mesh of 40 x 200 is used in the
MT. The number of divisions along the radial
direction is the same for inlet reducer/manifold
and outlet whereas 15 meshing nodes are used
along the length of reducer and outlet
respectively. Steady state RANS simulations
are performed for all turbulent cases where SST
k- turbulence model is used. A modified
formulation of y-Rep transition turbulence
model for internal flows is applied [9]. The
value of turbulence intensity at the inlet is 5%
for all considered Re. A convergence criterion
of 10°% for RMS residuals of governing
equations is chosen while monitor points for
pressure and velocity at the MC/MT inlet and
outlet are also observed during successive
iterations. The reference pressure of 101 kPa
was used.

To wvalidate the adopted numerical model,
experimental tests have been carried out. The
testing apparatus with relevant instruments
used to test the MT is shown in figure 2. The
desired volume flow of the Nitrogen gas is
imposed using a suitable mass flow controller.

A commercial stainless steel MT
4a

Gas Tank

Figure 2. Schematic representation of the experimental
test bench; Gas tank (1), particle filter (2), switch valve
(3), mass flow meters (4), differential pressure sensor (5),
MT (6).

from Upchurch® was used in the current
experimental campaign for the evaluation of the
thermal behavior of gas flows. The MT was
heated using the Joule heating effect. A total of
7 K-type thermocouples were attached along
the length of the MT to measure the wall
temperature. To measure the total temperature
at the outlet, Yamada et al. [10] used alternate
baftles in the outlet chamber to reduce the speed
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of exiting gas flows avoiding the kinetic
component of the temperature. A similar outlet
chamber is also fabricated in the current study
by micromachining a PMMA plastic sheet. A
schematic diagram of the proposed device to
measure the outlet temperature of the gas is
shown in Figure 3a. The gas exits from the tube
outlet and enters the outlet chamber where its
temperature is measured at the red points (see
Figure 3a).

Figure 3. Outlet chamber for total temperature
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The thermocouple located in channel A is for
measuring the wall temperature right at the
outlet of the MT. The whole outlet chamber, as
shown in figure 3b is then placed in a Styrofoam
housing to avoid any possible heat loss to the
surroundings. Under the applied H-boundary
condition (CHF) the mean Nusselt number can
be calculated as follows:

hDp — Dpqu .
k kp(Tw Ty

where Dh is the hydraulic diameter of the MT,

h is convective heat transfer coefficient and kf
is the fluid thermal conductivity calculated at
average bulk temperature. Tw is the average
wall temperature along the length of the MT
and Tb is the average bulk temperature of the

Nugy =




gas between inlet and outlet. Heat flux at the
inner wall of the MT can be calculated by
making energy balance between inlet and outlet
of the MT as follows:

_Q _ rincy (Tow — Tin)
T Aht FDhAQ?

)

where ¢, is the gas specific heat at 75, rin is the
mass flow rate of the gas, Tin and Tou: are the
gas temperature at the inlet and outlet of the
MT, and Ax represents the heated length of the
tube. Q is the thermal power and A represents
the heat transfer area.

3. Results and discussions

Instead of applying a CHF boundary condition
in the numerical model, a temperature function
based on the measured wall temperature
profiles is evaluated using regression analysis
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Figure 4. Comparison of experimental and

numerical; outlet total temperature (a), Nusselt
number (b).
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in MATLAB. This function is then used as a
wall thermal boundary condition for the
validation of experimental results. It is well
established that gas in MTs undergoes strong
compressibility and hence experiences a
significant decrease in static temperature close to
the outlet [11-13]. Therefore, numerical Toyut is
taken as the total temperature of the gas at the
outlet instead of static temperature. This is also
close to the experimental settings where gas is
forced to stagnate on the baffle within the outlet
chamber, providing a measure of the gas total
temperature. The measured temperature of the
gas in the outlet chamber is compared with the
numerical results in figure 4a. The numerically
evaluated gas outlet temperature is close to the
value measured by the first thermocouple in the
chamber. The numerical values of Nu are

——Laminar P
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Figure 5. Comparison of Nu evaluated using hybrid and
pure CHF boundary conditions (a), and the difference
between wall temperature and bulk fluid total
temperature (b).



compared with the experimental results in
figure 4b. Three different evaluations of
experimental Nu are plotted. If an average of
the three thermocouples placed in the outlet
chamber is used to represent Tou: as it was
done by [10], the experimental Nu is lower
than the conventional Gnielinski’s estimations.
Evaluated Nu follows the trend predicted by Choi
[2] in the case when Ax is varied only by 0.7% of
L. When the Ax is 75.2 mm instead of 75.9 mm,
the experimental results show an excellent
agreement with the numerical results. Both
experimental, as well as numerical values, are
higher than Gnielinski’s predictions. The
difference  between current results and
Gnielinski’s correlation is 89% at Re of ~3,900
and reduces to 50% at Re of ~7,500. Instead, the
trend of the present numerical results closely
follows the correlation proposed by Wu & Little
[1]. Computations are further performed by
applying a CHF boundary condition on the wall
of the MT. For the comparison, simulations with
experimental hybrid boundary condition are also
extended to a higher Re. The comparison of
computed Nu is shown in figure 5a. It is evident
that when CHF boundary condition is applied at
the entire length of the MT, the resulting Nu is
much higher than what was observed for the
experimental case (hybrid boundary condition).
In the lower range of Re, numerical results are in
agreement with the correlation proposed by Choi
[2] but for Re > 4,000, these stay lower. However,
there is a sharp increase in the value of Nu close
to Re of ~10,000 where it reaches significantly
higher asymptotic values and then becomes
negative. A similar trend can also be seen for the
hybrid boundary condition case but at a higher Re.
To underline the reason for such anomaly in the
Nu for highly turbulent gas microflows, the
temperature difference between wall and fluid
bulk temperature is analyzed in figure 5b. When
the gas velocity becomes too high along the
length of the channel, 7, (evaluated from total
temperature) becomes almost equals to the
integrated wall temperature and hence
denominator of the average Nusselt number (see
equation 1) approaches to zero.

4. Conclusions
A combined experimental and numerical cam-
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paign is carried out to investigate the forced
convection of Nitrogen gas flow in a MT of 173
um. For the thermal boundary condition
encountered in the experimental settings, com-
puted Nu from the numerical model is 89% higher
than Gnielinki’s correlation in the early turbulent
regime and becomes 50% at the Re of ~7,500.
For a pure CHF boundary condition along the
complete length of the MT, Nu from the
numerical model is significantly higher than
Gnielinski and is close to the trend predicted by
Choi [2]. Furthermore, for the high speed gas
flows (Re > 10, 000 in case of the current study),
the bulk temperature of the gas becomes higher
than the wall temperature of the MT, determining
a vertical asymptote of MNu. Finally, the
comparison between the numerical and the
experimental data confirms how even the small
variation of the thermal boundary conditions,
adopted in the numeri- cal model, strongly affects
the Nusselt numbers in the presence of strong
compressibility effects within the turbulent flow
regime.
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Abstract: Bubble migration in normal gravity environment is numerically investigated using
ANSYS-FLUENT software. The volume-of-liquid (VOF) method and geometric reconstruction scheme
were used to track the gas-liquid interface. The appearance of thermocapillary flow in normal gravity can
cause a decrease or increase in bubble migration depending on the geometry dimension. These results are
difficult to obtain experimentally, which indicates the importance of this humerical study to understand the
behavior of bubbles in the Earth with very small dimensions and in the presence of the Marangoni

phenomenon.
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1. Introduction

For different industrial applications, bubbles
formation can be harmful to equipment [1].
Therefore, understanding the bubble dynamic is
very important. It can help in designing new
machines to either eliminate or manage those
bubbles impact. With gravity, bubbles can
deform and even break up, which makes their
motion complex [2]. In this paper, an isolated
Nitrogen bubble motion under gravity inside a
container filled with Ethanol, is investigated
(figure 1). The upper and lower walls are held
at Thot = 325 K and Teoid =300 K respectively.
The lateral walls are adiabatic. Non-slip
condition is applied on all walls. The
thermocapillary bubble velocity is small and
the flow is laminar. The thermophysical
properties of the host liquid, which is
incompressible and Newtonian, are assumed
constant except for surface tension, c. This later
is varying according to temperature by the
following expression:

o=09+0r(To—T) €9,

Before releasing the bubble into the unsteady
motion, a steady state temperature field is

established. The continuum surface force (CSF)
model proposed by [3] is used to compute the
surface tension force for the cells containing the
gas-liquid interface. Ansys-Fluent is used to
solve the governing equations by employing the
VVOF method.
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Fig 1. Schematic of the computed field for the 2D axis

2. Results and Discussion

In this work, three heights (h) of the
container are considered: 10, 15 and 20 mm,
and the bubble migration under normal gravity
is studied for three bubble diameters (d): 0.64,
0.98 and 1.28 mm, respectively.

When d=0.64mm and h=10 mm, the bubble
motion under gravity alone is slower than the
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case where thermocapillary is presented (figure
2. a). However, for d=0.98mm and h=15 mm,
the impact of the thermocapillary force
decreases. The bubble begins to exceed under
gravity alone (figure 2.b). The same thing is
observed for d=1.28mm and h=20 mm (figure
2.¢). In figure 3, the flow patterns of the bubble
under gravity alone and with the addition of
thermocapillary force are plotted. For both
cases, the bubble shape is deformed. The
deformation is enhanced with thermocapillary
force existence.
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Figure 2: Trajectory of bubble under Normal gravity
alone and under gravity + Thermocapillary for:
a: Bubble diameter = 0.64mm, height = 10mm.
b: Bubble diameter = 0.98mm, height =15mm.
c: Bubble diameter = 1.28mm, height =20mm.
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Figure 3: Flow patterns for:
a: Bubble diameter =0.98mm, height = 15 mm.
b: Bubble diameter =1.28 mm, height = 20 mm.

3. Conclusion

A CFD model, using ANSYS/FLUENT, is
developed to study nitrogen bubble migration
in a normal gravity environment in the presence
of the Marangoni phenomenon. In general, for
small scall of less than 10 mm in height, the
driving force for movement is the
thermocapillary  force, which plays an
important role in either accelerating or slowing
down the migration of bubbles at a higher scale.
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Abstract: Emulsions are droplet dispersions of immiscible liquids in a continuous phase, which find
applications in many industry sectors such as cosmetics, pharmaceuticals, chemicals, and the food industry.
The energy required for the breakage of droplets can be obtained through mechanical agitators in stirred
tanks or through active mixers such as pulse-flow mixers and ultrasonic mixers; however, instruments such
as static mixers represent a good alternative, since they usually require lower maintenance costs and they are
less susceptible to failures. Static mixers are commercialized in a wide range of shapes and dimensions; two
of the most commonly employed static mixers are represented by the Kenics Static Mixers and the Sulzer
Static Mixers. The study of the mixing process inside these two types of static mixers have been already
been treated; however, to the best of the authors’ knowledge, these two static mixers have not been
compared in emulsification processes. The goal of this work is to compare, through a Computational Fluid
Dynamics approach, the performance of the Sulzer Static Mixers and the Kenics Static Mixers for the

production of emulsions considering different values of Reynolds number.
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1. Introduction

Emulsions are dispersions of one fluid into
another immiscible one [1]; they are used in
many different industrial fields, from the
chemical to pharma and food [2]. Emulsions
can be produced in batch mode; however,
continuous emulsification can ensure reduced
volumes and a constant quality of the final
product. Static mixers represent an increasingly
adopted tool for producing emulsions in a
continuous mode; indeed, they can offer a more
homogeneous distribution of the field of
breakage than other tools such as stirred-tanks
or rotor-stators [3], while requiring low
operation costs and maintenance. Among static
mixers, two of the most common ones are the
Kenics Static Mixers (KSM) and the Sulzer
Static Mixers (SMX). Even if these mixers have
already been studied in other works, in terms of
pressure drop and mixing efficiency, to the best
of the authors’ knowledge they have not been
compared in emulsification processes with
different range of fluid dynamic conditions and
fluid properties. The goal of this work is to
compare, through a Computational Fluid

2. Methods

Dynamics approach the performance of the
Sulzer Static Mixers and the Kenics Static
Mixers for the production of emulsions,
considering different values of Reynolds
number. The modelled geometries are
reported in Fig. 1 and consist in two pipes
equipped with 10 KSM (Fig 1a) and 10 SMX
(Fig 1b).
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Fig. 1. Pipe equipped with Kenics Static Mixers (a) ;
Pipe equipped with Sulzer Static Mixers (b)

The continuous phase, named C, enters the
pipe, which has a diameter equal to d,, = 0.04
m while the dispersed phase, named D, enters
through a lateral tube with a diameter equal to
djqe = 0.01 m. Since the aspect ratio of the
KSM is equal to 1.5, the pipe equipped with
KSM is longer than the pipe equipped with
SMX. The geometries were discretized into
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meshes composed of cells with a dimension
equal to 3 mm in the whole domain except
for the areas in proximity of the mixing
elements, where cell sizes equal to 0.4 mm
were applied. The simulations were conducted
by means of the Ansys Fluent 19.1 software;
the turbulence was modelled through the
realizable k-¢ model, which can reproduce
complex flow with strong streamline curvature

[3].
3. Results

The continuous phase is an aqueous solution of
high-fructose corn syrup, with density equal to
pc = 1268 kg/m3 and viscosity equal to . =
0.022 Pa - s, while the dispersed phase is
silicon oil, with  density equal to pp =
978 kg/m3 and viscosity equal to pup =
0.978 Pa - s. The interfacial tension between
the two fluids is equal to ¢ = 0.0385 1/N [4].
Simulations were carried varying the spatial
velocity inside the pipe, to obtain different
values of Reynolds number (Re), defined as

VD . . :
Re = %, where v is the spatial velocity
C

inside the pipe and D is the diameter of the pipe.
Fig 2 shows the values of the Sauter diameter
(defined as d3, = %) monitored at the
et}
outlet of the pipe as a function of Re; we can
see that the Sauter diameters obtained tend to
decrease with the Re number. Moreover, the
droplet diameters obtained with the SMX are
considerably lower than the ones obtained with

the KSM.
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Fig. 2 Sauter diameters as function of the Re number
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This result can be understood by looking at the
contours of turbulence eddy dissipation
obtained with the two static mixers. This
parameter is a measure of the turbulence
reached in the pipe and is responsible for the
breakage of droplets; the higher the turbulence
eddy dissipation, the smaller the diameter of
droplets. It is possible to see in Fig. 3 that the
SMX can reach higher values of turbulence
eddy dissipation, thus justifying the
difference obtained in the droplet diameters.
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Fig. 2 Turbulence eddy dissipation with SMX (a) and
KSM (b) for Re = 2358¢

4. Conclusions

In this work, the performance of SMX and
KSM were compared; it was found that the
droplet diameters obtained with SMX are
smaller than the ones obtained with the KSM.
With this type of static mixer, it is possible to
obtain higher values of turbulence eddy
dissipation (i.e., smaller droplet diameters) in a
shorter pipe length.
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Abstract: Phase change material nanoemulsions were synthesised and characterised to be used as possible
storage and heat transfers fluids in low temperature thermal management. Thermal energy storage densities of
different paraffin / water nanoemulsions were studied, and RT44HC was selected as the optimized PCM. Seven
different nucleating agents, including paraffin waxes with higher melting point, nanoparticles and other
organic materials, have been experimentally tested. It was found that 5% paraffin nanoemulsions with 1-
octadecanol as nucleating agent (weight fraction 1:10 with respect to PCM), reduced supercooling up to 32 %
over samples without nucleating agent, while maintaining the thermal properties of the sample under thermal
cycling. Good stability (for both high temperatures and thermal cycling) of the nanoemulsions were observed,
while an increase in the viscosity was measured.

Keywords: Paraffin/water nanoemulsion, supercooling, thermal management systems

1. Introduction 2. Materials and synthesis

Thermal management systems (TMS) are Three commercial paraffin waxes in the
crucial in the present context of heating and temperature range of water applications,
cooling energy demands. TMS with water as RT35HC, RT44HC and RT54HC (Rubitherm
working fluid is one of the most commonly Technologies GmbH) were evaluated as PCMs
used. However, water can only use sensible for the PCME. Sodium dodecy! sulphate (SDS)
heat to store thermal energy. Latent heat from was used as surfactant, as provided the highest
phase change materials (PCM) can improve this nanoemulsion stability in previous studies [1].
thermal energy storage density, so different Seven NA were tested to reduce supercooling:
paraffin/water nanoemulsions have been RT70HC, palmitic acid, functionalized TiO»,
previously studied. Some practical applications myristic acid, 1-octadecanol, 1-hexadecanol
of these nanoemulsions could be for electronic and docosanol.
cooling or for solar thermal systems. The paraffin and the NA were pre-melted in a
Nevertheless, three important challenges for the temperature controlled oil bath under magnetic
applications of these nanoemulsions are high  stirring, while SDS was dissolved in deionised
supercooling, poor stability and increased water and then mixed with the melted
viscosity. The addition of nucleating agents paraffin/NA mixture. This mixture was
(NA) is the most common approach to reduce dispersed with the ultrasound probe (Sonics

supercooling. In this study, different NA have VCX130, Sonics and Material, Inc., operating
been used when synthesizing paraffin/water at 20 kHz and 130 W), firstly at 50% power for

nanoemulsions (PCMEs) with 5% of optimized 5 minutes in on-off steps of 5 seconds in the oil
PCM. Stability and viscosity measurements bath between 50-60 °C, and then the same
have been performed for the sample with the process was carried out at room temperature at

best supercooling behaviour. 75% power. To prepare 20 g of sample the


mailto:hetsroni@tx.technion.ac.il

concentrations were set to 5 wt.% for the
paraffin, 1:8 weight fraction for SDS:PCM and
1:10 for NA:PCM, except for functionalized
TiO2 nanoparticles, where 0.5:10 was used.
These values were also used in previous studies

[1].
2. Results

The first step was to select the paraffin to be
used in the nanoemulsion by maximizing their
resulting thermal energy storage density
(TESD). TESD was calculated as the addition
of sensible heat storage of the emulsion (in a
temperature step of 15°C) and the latent heat
storage due to the paraffin melting. Theoretical
(provided by manufacturer) and experimental
(measured in DSC3 Mettler Toledo) datasets
were used for these calculations. The best result
was obtained for the RT44HC nanoemulsion,
for both theoretical and experimental data, with
149% and 16.1% of TESD increase with
respect to water. Hence this paraffin was
selected for the further stages of the research.
The supercooling of PCME using different
types of NA was evaluated. It was remarkable
the 32.4% supercooling improvement when
using 1-octadecanol, reducing the initial
supercooling of the nanoemulsion from 14.9 to
10.1 °C. Figure 1 shows the DSC heat flow
curves for the RT44HC paraffin, and the PCME
without and with 1-Octadecanol as NA. The
melting point is maintained for both
nanoemulsions. However, while supercooling
is low for pure paraffin, significantly increases
for the nanoemulsion, although an important

reduction is observed when using 1-
octadecanol as NA.
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Fig 2. Heat flow curves of different samples.

Once the optimized nanoemulsions were
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developed (RT44HC/water-1 octadecanol),
their colloidal stability and rheological
behaviour was evaluated. High temperature
colloidal stability of the sample was measured
with DLS (Malvern Zetasizer Nano ZS) at
different temperatures: first at 25°C, then at
70°C and then at 25°C again. The resulting Z-
average values for each of these temperatures
were 189.2 nm, 180.5 nm and 202.1 nm
respectively, showing a good stability with only
small changes in the size distribution. Thermal
cycling stability was evaluated applying ten
temperature cycles between 0 and 60 °C in
DSC. Negligible changes in crystallization
temperature (0.5%) and latent heat (0.6%) of
the nanoemulsion were observed. The apparent
viscosity of PCME at different temperatures
was measured with a rotational rheometer (AR
G2, TA Instruments) in the 0-1200 s™* shear rate
range. Viscosities of 1.31 mPa-s and 0.57
mPa-s were obtained for 25 °C and 70 °C
respectively, which represents an increase of
about 44% with respect to water.

3. Conclusions

The use of 5 wt.% of RT44HC in PCME
increased by 16% TESD while the addition of
1-octadecanol as NA reduced its supercooling
by 32%. The resulting nanoemulsions showed
good results for stability (both high temperature
and thermal cycling), however an increase in
the viscosity (around 44%) was observed.
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Abstract: Phase change materials (PCMSs) can store and release a high amount of thermal energy at
different operating temperatures. They can be integrated in both thermal management and thermal storage
applications. However, the low thermal conductivity of PCMs is a challenge to overcome. The aim of this
study is to improve the thermal conductivity of adipic acid, which is a non-hazardous organic PCM capable
of storing 250 J/g of thermal energy at 150 C. To do so, nanoparticles of boehmite-silica in the form of core-
shell are dispersed in melted adipic acid at low amount (up to 0.2 wt%). The results show an increase of 9 %
in the thermal conductivity without reducing the enthalpy.

Keywords: Phase change material, Nanoparticles, Thermal Conductivity, Enthalpy

1. Introduction

The application of Phase change materials
is becoming more and more promising in both
thermal management and storage applications
because of their high capacity to store and
release heat. The main challenge that hinders
PCMs to be more integrated in the mentioned
applications is their low thermal conductivity
[1]. Therefore, one need to customize their
thermal conductivity based on the potential
application. There are several methods to
improve the heat transfer phenomenon in PCMs
such as inserting metallic fins or foams, using
extended surfaces, and dispersing nanoparticles
in PCMs [1,2]. For most PCM applications, the
thermal conductivity enhancement should not
reduce the high enthalpy of PCMs. Using
nanoparticles and synthesizing a nano-structure
enables us to develop a nano-PCM with multi-
functional properties for different applications.
When using nanoparticles, there are several
challenges such as cost of nanoparticles,
compatibility with host matrix, stability in the
matrix. In this study, we synthesized a cost-
effective  boehmite-silica (AIOOH@SIO,)

core@shell nanoparticles to improve the
thermal conductivity of PCMs.

2. Material and Methods

In this study adipic acid, which is an organic
non-hazardous compound, is used as a PCM
without further purification. Adipic acid can
store and release around 250 J/g of thermal
energy at 150C [3]. To improve thermal
conductivity of adipic acid, core-shell
nanoparticles (AIOOH@SIO,) is synthesized
via Stober method that is based on sol-gel
process. The boehmite nanoparticles with a
blade like shape (an average length of 40 nm)
used as a core for the formation of silica shell.
Boehmite, which is an aluminum hydroxide, is
a cost-effective additive that can be synthesized
from aluminum industries wastewater. The
TEM image of (AIOOH@SIO;) core-shell
nanoparticles is presented in Figure 1.
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Figure 1 TEM image of a single AIOOH@SiO2 particle.

Different weight percentages of the
nanoparticles (0.05, 0.1 and 0.2 wt%) is
dispersed in melted adipic acid under
continuous  stirring and  non-continuous
sonication. Disk shape samples of nano-PCMs
with a diameter of 20 mm and a thickness of 6
mm are prepared for measuring thermal
conductivity. using modified transient plane
source technique (MTPS). The effect of
adding nanoparticles on the enthalpy of adipic
acid is analyzed by differential scanning
calorimetry (DSC, TA Q20P) test in nitrogen
atmosphere with a heating rate of 2°C/min.

3. Results

Figure 2 (left y axis) presents the thermal
conductivity enhancement of nano-PCM as a
function of weight percentage of nanoparticles.
The results show an increase of 9% in the
thermal conductivity of the nano-PCM by
adding 0.05 wt% of boehmite-silica
core@shell nanoparticles. However, this
enhancement drops to 6.5% and stabilizes by
increasing the weight percentage of the added
nanoparticles to 0.1 and 0.2 wt%. It is also
observed on Figure 2 (right y axis) that adding
the nanoparticles leads to a maximum 3%
decrease in the enthalpy of adipic acid at 0.2
wt% of AIOOH@ SiOx.
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Figure 2 Thermal conductivity and enthalpy change of
the nano-PCM as a function of wt%.

4, Conclusion

A  maximum 9% thermal conductivity
improvement of an organic PCM (adipic
acid) IS achieved adding
AlIOOH@SIO, nanoparticles at 0.05 wt%
without decreasing its enthalpy.
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Abstract: The pool boiling of nanofluids and base fluids on structured surfaces has been investigated for
quite a long time. Significant effort has been made in studying and understanding the effect of such features
on the heat transfer performance of the two-phase cooling solutions. In addition to previous research, the
present experimental study shows significantly positive effect of the engineered surfaces with various
structures and mild effect of Al,O3 nanoparticles on the boiling curve of water at atmospheric pressure.
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1. Introduction

Efficiency and control of the two-phase heat
transfer through a solid-liquid interface are of
great value in various industrial, scientific, and
engineering applications [1]. Improving such
processes offers substantial benefits for thermal
management systems, the performance of
electronic devices, and advancing energy
conversion technologies, among other pivotal
applications. In recent decades, the surface
modification and employment of nanofluids
have collected substantial attention for their
capacity to enhance the nucleate heat transfer
and to govern the maximum (Critical) Heat
Flux that a surface can accommodate before a
transition from nucleate boiling to film boiling
occurs [2, 3].

The synergy between fluid properties and
surface features significantly governs the pool
boiling heat transfer on a large scale,
controlling the formation and dynamics of
bubbles on a minor scale and their influence on
the heat transfer coefficient. Despite the
significant amount of research that has been
done in this area, the complete understanding
and prediction of the boiling process on all
scales and conditions is still on the other side of
the horizon.

The main objective of our study is to compare
the effect of micro-structured surfaces and
nanofluids on the efficiency of nucleate pool
boiling heat transfer in the fixed experimental

environment.

2. Nucleate Pool Boiling

The experimental research was aimed at pool
boiling tests on non-modified and modified
aluminium surfaces at atmospheric conditions.
Three discrete types of modification (holes,
pillars, and channels) were laser-fabricated on
the sample surface, maintaining uniform
feature dimensions across all variations, Fig. 1.

” & L’-.

Fig. 1. Boiling surfaces of low (b, ¢, d; 1 mm pitch) and
high (e; 0.3, mm pitch) structure density. Bar corresponds
to 0.2 mm scale. (a) shows the unmodified surface.

Water and water-based Al2O3; nanofluid of
various particle concentrations (0.01, 0.1, 1
wt%) and 100 nm of average particle size were
employed to determine their heat transfer
performance in relation to the boiling surface.
An in-house pool boiling experimental setup
was designed and constructed. The setup
validation and baseline measurements were
conducted using pool boiling of water on the
unaltered aluminum surface (Fig. 1(a)) and
results were compared with the ones presented
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Fig. 2. (a) Comparison of pool boiling curve of water obtained in this study with data collected from the literature. (b)
Pool boiling curves of water on unmodified (Fig. 1 (a)) and modified surfaces. (c) Experimental data for water-based
Al,O3; nanofluid of various concentrations. Wall superheat temperature, AT, is the difference between the surface

temperature and the saturation temperature of fluid.

in the literature. Heat flux through the boiling
surface was incrementally raised, ranging from
1.5 to 9 W/cm?. Consistent outcomes were
observed across multiple trials for each sample,
exhibiting a nearly identical relation between
heat flux and wall superheat temperature.
Figure 2 (a) shows validation curves for pool
boiling of water on an unaltered surface. In
general, the data are in line with the previously
published results, but with the Onset of
Nucleate Boiling (ONB) at AT ~ 8.5 K. Above
ONB, a nearly linear correlation between the
heat flux and the excess temperature is
established.

The structure of the boiling surface alters the
boiling process significantly by shifting the
ONB point to lower surface temperatures, Fig.
2(b). Although the surface with micro-channels
shows the highest increase in heat transfer, all
the pool boiling curves for structured surfaces
obey S-shape behavior with almost linear
dependency at high heat fluxes. With increasing
the surface density of micro-channels, Fig. 1(e),
the heat transfer intensifies, and the surface
temperature decreases further, Fig. 2(b).

The effect of Al2O3 nanoparticles on the boiling
process was investigated on unaltered surface
as shown in Fig. 2(c). Results suggest that for
the concentration scale of 0.01 and 0.1 wt%,
nanoparticles have a slight effect on the boiling
process. For nanofluids with 1 wt% particle
concentration, the transition from convective to
nucleate pool boiling regime occurs more
smoothly delaying the boiling and thus
degrading the heat transfer performance.

3. Conclusions

The boiling heat transfer coefficient increased
by up to 50% for channels, 40% for holes, and
30% for pillars compared to original non-
modified surfaces. Although the boiling curves
hold almost the same scaling at high ¢”, the
main cause of the heat transfer increase is the
reduction of the Dboiling incipience
temperatures, by 2-3° C. On the other hand,
alumina nanofluids do not significantly
increase the boiling process and even reduce the
heat transfer performance at higher particle
concentrations.
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Abstract: The behavior of liquid molecules in the nanofluids of SiO, particle with sizes exceeding 100
nm dispersed in a 50 wt% aqueous solution of ethylene glycol was investigated using several analytical
methods that utilize neutrons and X-rays. The translational motion of liquid molecules around
nanoparticles was restrained in nanofluids. Additionally, the presence of nanoparticles excites
vibrations derived from intermolecular hydrogen bonds of liquid molecules extensively surrounding
the particles, while limiting vibrations derived from intramolecular hydrophobic covalent bonds. The
vibration of liquid molecules is equivalent to phonon conduction in solids, and the increase in thermal
conductivity of the suspension due to the presence of nanoparticles is inferred to be derived from the

limitation of the translational diffusion and the resulting solid-like behavior of the liquid molecules.

Keywords: SiO» nanofluid, Thermal conductivity, Liquid molecule, Hydrogen bond

1. Introduction

Recently, nanofluids, which contain
nanometer size particles, have received
remarkable attention as the next generation of
coolant due to their brilliant thermal
performance [1]. There are several interesting
research about the anomalous enhancement of
effective thermal conductivity, A in nanofluids
[2]. The present study focused on the dynamics
of liquid molecules around particles in
nanofluids, which may be responsible for the
increase in the A with nanofluids. Interestingly,
our previous study [3] demonstrated that the 4
of the SiOz-ethylene glycol (EG)/water
nanofluid, which is from 100 to 1000 nm in
diameter, becomes local maximum value at the
particle diameter of 300 nm. In addition, the
measured A of the nanofluid is higher than the
estimated values from each property of particles
and base fluid and their composition from
“Effective Medium Theory (EMT)” [4]. In the
present study, the dynamics of solution
molecules surrounding SiO> particles in
nanofluids were analyzed by means of various
techniques; Quasi-Elastic Neutron Scattering

(QENS), Small-Angle Neutron Scattering
(SANS), Inelastic X-ray Scattering (IXS),
Wide-Angle X-ray Scattering (WAXS). Finally,
the enhancement mechanism of A in nanofluids
was discussed based on the obtained findings.

2. Experimental
2.1 Materials

SiO; nanoparticles were obtained from
Nippon Shokubai Co., Ltd. The average
diameter of SiO2 nanoparticles is 100, 300, 500,
and 1000 nm. Special grade EG (99.9% purity)
and purified water were obtained from
FUJIFILM Wako Pure Chemical Co., Ltd.
Finest grade EG-d4 (98% purity), EG-d6 (98%
purity), and EG (O, 0-d2) (98% purity) were
obtained from Cambridge Isotope Laboratories,
Inc. Research grade deuterium (D20, 99.9 at.%)
was obtained from Sigma-Aldrich Co., Ltd. The
homogeneous nanofluid was prepared by
ultrasonic dispersion of the particles in 50 wt%
EG solution at the solid fraction of 7-10 wt%.

2.2 Analyses
QENS and SANS measurements were
performed at 298 and 333 K using a cold-
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neutron disk-chopper spectrometer (BL14) and
a small- and wide-angle neutron scattering
instrument (BL15) installed at J-PARC in Japan.
IXS measurements was performed at 353 K
using the high-resolution IXS spectrometer
installed at BL35XU of SPring-8 in Japan.
WAXS measurements was performed at 298 K
using a powder X-ray diffractometer system
with semiconductor 2D detectors installed at
BL5S2 of Aichi SR in Japan.

3. Results and Discussion

Figure 1 shows the correlation between A4 and
self-diffusion coefficient (D), which can be
obtained from QENS results. The D of the
nanofluids is smaller than that of EG solution.
Additionally, the D becomes small with the
increase of A. This indicates that the
suppression of translational motion of liquid
molecules around particles is one of key factors
of A enhancement.

16
O EG solution
< 100 nm
o [J 300 nm
15
A 500 nm
)
T 333K
s 14T :
- &
> A
a A
13
m]
1.2

0.4 0.41 042 043 044 045 046
A[WI(mMK)]

Fig. 1. Analytical results by QENS measurements;

correlation between the D and A.

Figure 2 demonstrates the relaxation
behavior of the vibration mode obtained from
QENS measurements, where Q represents the
momentum transfer. Because the scattering
cross-section of each H and D atom concerning
the neutron differs greatly, it is possible to
obtain motion information on each EG/water
molecule and hydrogen bonds. The presence of
Si0 particles in the C2D4(OH)2/H20 system
(red and green markers) increases the half-
width at the same @ value. Therefore, the
presence of SiO, particles may increase the
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energy of the OH vibration of water and EG
molecules and the vibrations derived from
hydrogen bonds between those molecules.
However, the presence of SiO» particles
reduces the intensity and half-width at the same
0 value in the CoH4(OD)2/D20O systems (blue
and yellow markers in). Therefore, the presence
of Si0; particles may significantly reduce the
relaxation rate of the hydrophobic CH vibration
of the EG molecule. Additionally, based on
SANS, IXS and WAXS measurements, the
presence of SiO» particles is thought to excite
vibrations derived from hydrogen bonds of
liquid molecules extensively surrounding the
particles, while suppressing vibrations derived
from hydrophobic covalent bonds. Because
liquid molecule vibration is equivalent to
phonon conduction in solids, the improvement
in thermal conductivity of the solution due to
the presence of nanoparticles appears to be due
to the limitation of translational diffusion and
the resulting solid-like behavior of the liquid
molecules.

[

6 o
= ..’ ®
;> i .'A:A i
E, 4= o888 0 8§51
S~ ®gancc’ _
<

2 - ® o —

[ ]
L o0 _

0 | | |

0.0 0.5 1.0 1.5 2.0

O[AM]

@® C.D,(OH),"H,0O without particle

@ C,H,(0D),*D,0 without particle

® C.D,(OH),"H,0 with particle
C,H,(0OD),*D,0 with particle

Fig. 2. Relaxation behavior in vibration mode (h/": half
width at half maximum of the peak).
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Abstract: Many fluidic processes in science and engineering are underpinned by the two-way interactions
among physics happening at the micro-scale and the boundary conditions set by the outer system. One such
example is the flow of a fluid over a rough surface, where the bulk fluid motion is set by an external force
while the microscale surface topography determines the local shear stress, or boiling over typical metallic
surfaces, where the boiling dynamics depend on near-surface molecular interactions that trigger nucleation,
but also on external forces such as buoyancy and drag/lift forces determining the thickness of thermal boundary
layers and the bubble detachment and departure from the heated surface. These are examples of multiscale
problems and are very difficult to be studied at a fundamental level due to the separation of scales. We present
a novel multiscale simulation method which merges molecular dynamics (MD) and continuum-scale (CS)
descriptions into a single modelling framework, where MD resolves the near-wall region where molecular
interactions are important, and a computational fluid dynamics solver resolves the bulk flow. We showcase
the model capabilities by showing the results of two examples, a Couette flow and a pool boiling case.

Keywords: Multiscale, Boiling, Simulation, Molecular.

molecular detail [1]. In domain decomposition
coupling, Molecular Dynamics (MD) captures
the near-wall region whereas a continuum-scale
(CS) description based on the Navier-Stokes
equations resolves the bulk flow; flux and/or
state properties are directly exchanged in an
overlap region, without intermediate models.
While this technique is well established for
wall-bounded single-phase flows, its adoption
in multiphase flows is still in its infancy. In this
work, we present our progress in developing a
coupled MD-CS framework using a full open-
source platform and show preliminary results
for single- and two-phase flows.

1. Introduction

The next generation of science depends on
solving the problem of linking simulations at
different scales. In many physical processes,
phenomena happening at the molecular scale
determine the large-scale dynamics of the
system. For example, near-wall turbulence in
fluid mechanics depends on the wall-fluid
molecular interaction, bubble/droplet
nucleation in heating/cooling processes depend
on the thermal fluctuations at the nanoscale, the
wear of interacting surfaces in tribology
depends on the viscoelastic properties of
materials at localised points of contact. These
molecular-level physics are implemented via
empirical closure models in state-of-art
continuum-scale simulation methods, which
often limit the reliability of simulation outputs.
Coupled algorithms have the potential to

2. Methods

Coupled atomistic-continuum simulations
with domain decomposition require a MD
solver, here we use LAMMPS, and a CS solver,

revolutionise the simulation of engineering
systems allowing them to retain the full

here we use OpenFOAM and a Volume Of
Fluid method with phase-change libraries
validated in previous studies [2]. A schematic
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Figure 1: [left] Schematic of the domain decomposition coupling; M stands for Molecular, C for continuum. [right]
Coupled simulation of pool boiling of Argon; the left-hand side displays the CS density field, the right- hand side the
MD density field. The unit length is 0.34 nm; a MD density of 0.7 corresponds to 1160 kg/m>.

of the domain decomposition coupling is shown
in Fig. 1(left): the MD resolves the near-wall
region where the bubble nucleates, the CS mesh
resolves the far-field region. The two regions
must communicate, since the MD fields must be
imposed to the CS as boundary conditions, and
the CS fields must be imposed to the MD using
constrained dynamics algorithms. This occurs
over an overlap region in the domain. The
coupling is handled by the CPL library [1]. For
the Couette flow, the coupling is two-way and
complete [3]. For the boiling case, the coupling
is still one-way from MD to CS, while the two-
way coupling is work in progress [3].

3. Results

Here we show only the results of the boiling
case. We simulate the pool boiling of Argon
with a wall temperature of 125 K and a
saturation temperature of about 115 K. The
entire domain is a 2D box of 160x160 nm?. At
t=0, the domain is filled with liquid Argon.
Since the coupling is still one-way, the MD
simulation needs to be self-sustained and, since
top and bottom MD boundaries are closed
boundaries, a layer of vapour Argon is placed
on top of the liquid to prevent an excessive
increase of pressure while the bubble grows. In
the CS model, the top boundary is an outflow,
and the bottom boundary receives velocity,
phase fraction and temperature data from the
MD. In both models, the side boundaries are
periodic. Figure 1(right) shows the simulation
results at the last time instant before the
simulation terminates. The bubble first

nucleates in the MD region and then enters in
the CS region, where it continues growing
owing to the vapour inflow from the MD and
the phase-change at the interface calculated by
the CS model. Bubble dynamics, size and
growth rates match seamlessly between the MD
and CS model, provided that the saturation
temperature and accommodation coefficients
are carefully set in the CS model. All modelling
framework and simulation setup are available
open-access in Github [4].
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Abstract: Surfaces featuring micron-scale pillars have demonstrated remarkable potential in delaying the
boiling crisis and enhancing the critical heat flux (CHF). Despite these promising results, the underlying
physical mechanisms responsible for this enhancement have remained unclear, primarily due to a lack of
suitable diagnostics that can elucidate the impact of micro-pillars on thermal transport phenomena within the
engineered surface. In this study, we present, for the first time, measurements of time-dependent temperature
and heat flux distributions on a boiling surface with engineered micro-pillars using infrared thermometry. Our
investigations have revealed the existence of an intra-pillar liquid layer formed through the nucleation of
bubbles and partially replenished through capillary effects. However, the energy dissipated by the evaporation
of this liquid layer alone cannot account for the observed CHF enhancement.

Keywords: Micro pillars, Boiling Crisis, Wicking, IR thermometry

1. Introduction

Boiling heat transfer is a vital process
utilized in diverse technologies to achieve
efficient thermal management. However, its
effectiveness is limited by a phenomenon
known as the boiling crisis. When the boiling
crisis occurs, a vapor film develops on the
boiling surface, effectively isolating it from the
surrounding liquid. This isolation leads to a
potentially  hazardous increase in the
temperature of the surface that needs to be
cooled down. Consequently, delaying the
boiling crisis and increasing the Critical Heat
Flux (CHF), which represents the heat flux at
which the boiling crisis occurs, are of
paramount importance to the thermal transport
community.

Surfaces featuring micron-scale pillars have
demonstrated remarkable potential in delaying
enhancing the critical heat flux (CHF). In a
study by Rahman et al. (2014), they observed
that CHF enhancement on such surfaces is
closely tied to surface wickability. Subsequent
research by Li and Huang (2017) attempted to
explain this relationship by suggesting that the
CHF enhancement is facilitated by the

evaporation of the liquid flow wicked by these
micro-pillars. However, the precise mechanism
remains elusive. Despite the work by Yu et al.
(2018), which confirmed the presence of a
liquid layer within the pillar structures, it
remains uncertain whether this liquid layer is
formed primarily through wicking or if it
already exists beforehand. Moreover, the extent
to which its evaporation contributes to the CHF
enhancement remains unclear.

Our study aims to close this knowledge gap. To
this end, we have developed special infrared
heaters and  deployed  high-resolution
thermometry techniques. Thanks to these
technical advances, we can discern the origins
of the liquid layer and quantify the extent of its
contribution to CHF enhancement. Our
research endeavors to provide a deeper
understanding of the underlying mechanisms
driving CHF enhancement on surfaces with
engineered micro-pillars, offering invaluable
insights for the advancement of thermal
transport techniques and safer, more efficient
cooling applications.

We emphasize that, while IR thermometry have
been successfully used to study boiling on
multiple surfaces, e.g., by Bucci et al. (2016)
and Su et al. (2020), technical and practical
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limitations have prevented its application to the
study of boiling on surfaces with micro pillars.
In this study, we have developed a new heater,
shown in Fig. 1 (A), that allow measuring time-
dependent distributions of temperature (Fig. 1
(D)) and heat flux (Fig. 1 (E)) at the base of
micro-pillar structures (Fig. 1 (B)). Our micro-
pillars are square, with a side and a height of 10
pum, and are 10 pm spaced.

2. Results and Discussion

We have conducted pool boiling test in the
facility shown in Fig. 1 (C) on the micro-pillar
surface and, for comparison, on a plain surface.
Boiling curves are plotted in Fig. 1 (F). From
the heat flux map shown in Fig. 1 (E), we can
detect the evaporation of a liquid layer (with
very high heat flux) under the bubble footprints.
This liquid layer only becomes dry very close
to boiling crisis. For each pixel in the dry patch,
we can calculate the amount (i.e., the equivalent
thickness) of liquid that has been evaporated
before the surfaces dries out. The result is
plotted in Fig. 1 (G). We can see that the
evaporated thickness varies from around 8§ pm
at the location where the surface dries out first
(point a in Fig. 1 (G)) to 35 um at the edge of
the dry patch. These results suggest that the
amount of liquid wicked by the pillars near the
edge of the dry patch boundaries (i.e., the extra
20 um of evaporated liquid) is from wicking.
We examine all the pixels in Fig. 1 (G) and
ascertain that in all the liquid evaporated on the
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dry patch, 40% comes from wicking and 60%
comes from the liquid that is trapped within the
pillars when the bubble grows on top of them.
By isolating surface region where this liquid
evaporates from the other region, we reveal that
evaporation accounts for about 30% of the total
energy removed during boiling on the pillar
surface. Converting the energy removed by
each mechanism to equivalent heat flux on the
whole surface, we get 0.22 MW/m? for
evaporation of the wicking flow and 0.33
MW/m? for evaporation of the trapped liquid.
The remaining 1.30 MW/m? is removed by
convection and transient conduction heat
transfer mechanisms. We perform a similar
analysis for a plain surface and observe that
energy removed by evaporation equivalents to
0.29 MW/m?, whereas energy removed by
convection and  transient  conduction
equivalents to 0.82 MW/m?.

3. Conclusions

The boiling process on the pillar surface
involves the evaporation of a liquid layer
underneath bubbles. This liquid layer can be
either trapped within the pillars at the moment
of bubble growth or resupplied by wicking flow
phenomena. Both the evaporation of the
trapped liquid and the wicking flow contribute
to energy removal, but not enough to explain
the CHF enhancement. By comparing the heat
flux removed by the different heat transfer
mechanism, we can see that the evaporation of
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Figure 1: Schematic of the heater (A). SEM picture of the pillar structure (B). Pool boiling facility (C).
Wall superheat (D) and heat flux (E) on the pillar surface at an average heat flux of 1.81 MW/m? obtained
using infrared thermometry. Boiling curves of the pillar surface and a plain surface (F). Evaporated liquid

thickness (G).



the wicking flow (corresponding to 0.22
MW/m?) cannot explain, by itself, the CHF
enhancement on

the pillar surface (i.e., 0.74 MW/m?). In fact,
most of the energy is removed by non-
evaporative heat transfer mechanisms, e.g.,
transient conduction and convective effects.
Thus, they must be modeled correctly to
accurately predict the CHF enhancement.

In addition to these results, we will also discuss
the development of a simple yet effective
analytic model that shed light on the role of
conduction effects in the boiling substrates and
within the intra-pillar liquid layer itself.
Remarkably, these conduction effects also
govern the wicking flow rate and its penetration
length. The boiling crisis emerges when, due to
coalescence, the intra-pillar liquid layer's size
grows excessively, making it impossible for the
wicking flow to reach its innermost region.
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Abstract: We report an experimental and theoretical study on the microscale physical phenomena
occurring during the growth of a single bubble in saturated pool boiling. We focus on the liquid microlayer
that can form between the heater and the liquid-vapor interface of a bubble. We describe microlayer as
consisting of two regions: a ridge near the contact line followed by a wider and flatter profile. The
microlayer thickness in the ridge increases over time due to the collection of liquid promoted by the
dewetting phenomenon. The flatter part has a slightly bumped profile and thins over time. This bumped
profile is a result of an interplay between viscous and surface tension forces acting at the bubble foot edge
during its receding. Its thinning over time is due to its evaporation solely. We also show that the contact line
receding is accelerated by the evaporation. At the liquid-vapor interface, the results indicate that the thermal
resistance increases over time reaching a value up to 60 times higher than the kinetic theory result with the
unity accommodation coefficient. The contribution of microlayer evaporation to the overall bubble growth is
~18%.

Keywords: Microlayer, Boiling, Bubble, Heat Transfer

Extended Abstract

A microlayer of liquid can be formed
underneath a growing boiling bubble at
nucleate boiling under specific conditions of
wettability, wall superheating and dewetting
velocity [1]. Typically, it has a thickness of up
to a few puum and extents over a few mm
horizontally [2]. Its formation, shape,
evaporation and depletion are then of great
importance to the overall bubble growth. In this
work, we investigate it both experimentally and
theoretically during the growth of a single
bubble.

The experiment is performed in a boiling
cell at atmospheric pressure that comprises a
water liquid pool, its temperature homogenizer,

and a boiling surface. A thermal bath
provides continuous fluid flow to the
homogenizer that surrounds the cell in order
to minimize thermal gradients and to keep
the pool at saturation temperature. The
boiling surface consists of a ~850 nm thick
indium-tin oxide (ITO) deposited on a
magnesium  fluoride  (MgF2) optical
porthole. MgF?2 is transparent to visible and
infrared (IR) light whereas ITO is
transparent to visible but opaque to IR. The
single bubble growth is triggered by
localized heating using a continuous-wave
IR laser with wavelength emission at 1.2
uum. The ITO film is heated thanks to its
high IR absorption.

High-speed and high-resolution optical
diagnostics are used to characterize the
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near- wall phenomena and bubble dynamics.
From below the cell, white light interferometry
and IR thermography give a measure of the
microlayer thickness and the wall temperature
distribution, respectively, whereas side-wise

shadowgraphy provides the
bubble macroscopic shape. The measurements
are performed synchronously and

simultaneously at 4000 fps.

The numerical simulation of microlayer
dynamics 1is performed wusing the two-
dimensional lubrication theory. The set of
equations presented in [3] to study the
dewetting by evaporation represent all the
physical  phenomena relevant to the
experiment. The governing equation takes into
account the triple contact line receding
accelerated by evaporation and the decelerated
motion of the bubble foot edge. Vapor recoil,
Kelvin effect and interfacial thermal resistance
are also taken into account. The boundary
conditions are the following: At the contact
line: the microlayer thickness is zero; the

microscopic contact angle is fixed at 10°
(defining the wall wettability) and a finite
liquid pressure is imposed. At the bubble foot
edge, the meniscus curvature is imposed,
which is proportional to the experimental
bubble radius determined by the side-wise
shadowgraphy. The numerical simulation
gives as outputs the microlayer profile and
contact line position over time. A
homogeneous wall superheating that changes
in time is used as input to reflect the

experimental superheating at the contact line.
Figure 1 shows the numerical and

experimental results on the microlayer profiles
at selected time moments. The microlayer can
be seen as the Landau-Levich film deposited
by the bubble edge during its receding caused
by the bubble growth. The microlayer consists
of a growing in time dewetting ridge located
near the contact line followed by a flatter and
wider film. The ridge is a result of liquid
collection due to the contact line receding and
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the high viscous stresses in the flatter part
of the microlayer. As the interface slopes
are steep over almost all the dewetting
ridge, it cannot be detected by the
interferometry methods. Both the thickness
and the position of bump agree with the
experiment. The microlayer thinning over
time is a result of its evaporation. The rapid
contact line receding is accelerated in our
case due to the strong evaporation promoted
by the localized laser heating.

We also determine the wall heat flux
through the microlayer by solving
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Figure 1. Top: Temporal evolution of the numerical
microlayer profile. Bottom: comparison between
numerical (lines) and experimental (characters) data. The
corresponding times are labeled in ms.

numerically the transient heat conduction in the
MgF2.  The  experimental temperature
distribution on the ITO was used as a boundary
condition. With the knowledge of microlayer
thickness, wall superheating and the heat flux,
one determines the interfacial thermal
resistance. We show that it increases over time
reaching up to 60 times its kinetic theory result
(that assumes the wunity accommodation
coefficient). ~This result indicates that
impurities, which are known to be collected at
the liquid-vapor interface, accumulate there
over time.

The contribution of microlayer evaporation
to the overall bubble growth of 18% was found.
This result is in good agreement with other
similar experiments [4].
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Heterogeneous nucleation and growth of droplets on liquid films
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Abstract: Micro/nano-patterned surfaces foster advantageous functionalities related to wetting, self-cleaning
and adhesion, leading to growing applications in emerging technologies. Currently, most surface patterning
approaches rely on top-down fabrication methods that are not only costly but suffer from limited scalability.
Here, we introduce an alternative bottom-up approach for micro/nano-patterning of polymeric coatings,
based on the breath figure technology. We create a self-assembled array of spherical water droplets on the
surface of sub-cooled thin films of photo-sensitive polymers through inducing drop-wise condensation
in humid environments. Droplet footprints are subsequently arrested at desired times by exposing the
polymer film to curing UV illumination, generating circular micro/nano pores on the surface. We
characterise the kinetics of drop-wise condensation through real-time optical microscopy analysis to
generate a mechanistic model for design of such micro/nano-patterned surfaces. Finally, we demonstrate the
capacity of the prediction models and the manufacturing technology by fabricating patterned polymeric

coatings with pore dimensions ranging from 100’s of nanometers to 10’s of micrometers.

Keywords: Condensation, Liquid film, Heterogeneous nucleation, breath figure, micro droplets.

1. Introduction

Breath figure refers to the appearance of self-
assembled water condensation droplets on sub-
cooled substrates in humid environments.
Conventionally, breath figure approach has
been used to fabricate a variety of micro/nano
patterned polymeric films and porous structures
by sub-cooling liquid films of polymeric
solutions  through  solvent  evaporation
(Widawski et al. 1994). However, as prediction
of evaporation induced sub-cooling and
transient properties of the polymeric solution
during solidification remains unresolved,
mechanistic design and control of the final
pattern dimension and surface coverage has not
yet been fully achieved. To eliminate the
complexities associated with evaporation
induced cooling and solidification processes,
here we propose an alternative breath figure
approach in which film cooling is induced by an
external Peltier device while polymerisation is
affected by UV curing. In order to provide a
mechanistic model of the Kkinetics that control
the surface coverage and dimensions of the
final pattern, we will follow the kinetics of

drop-wise condensation from initial nucleation
to the growth and assembly of the droplets. The
following sections will summarise the
experimental procedure and results of the
analyses. For more details, refer to our recent
publication (Dent et al. 2022).

2. Experimental approach

Borosilicate glass coverslips were used as
supporting substrates for the thin polymer
films. Two single-component photocurable
optical adhesives, NOA61 and NOAG63 (NOA,
Norland Products Inc.) were spin coated on the
glass coverslips to obtain a thin film of
approximately 30 um thickness. Photopolymer
surface tension (SFT) in air and interfacial
tension (IFT) in de-ionised water (Milli-Q type
1) were measured based on pendant drop
analysis using a tensiometer (Theta, Biolin
Scientific). ForNOAG61, these were calculated
to be SFT 40.5 mN/m and IFT = 11.8 mN/m.
NOAG3 exhibited relatively lower IFT in both
air and water, measured as SFT = 37.0 mN/m
and IFT = 9.1 mN/m. Experimental analyses
were performed at laboratory environmental
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conditions of temperature (To) and relative
humidity (RH). The patterned films were
created by initiating condensation on the sub-
cooled wet polymer films and curing them
under a collimated 356 nm UV flood curing
system (Dymax Redi-Cure550) to arrest the
breath figure pattern at time tc. The sub-cooling
level, AT, was set by placing the substrate on a
thermoelectric Peltier cooling stage at the start
of each experiment based on the saturation
temperature at the corresponding RH and To.
Real-time Kkinetics of condensation droplet
growth was quantified using an optical
microscope. The micro/nano patterned films
were imaged using a laser scanning confocal
microscopy and Scanning electron microscopy.

3. Results and discussion

Upon sub-cooling at constant relative humidity,
NOA61 provided sparse condensation
nucleation sites, thus the initial growth of the
water droplets was in initial diffusion-limited
regime. In contrast, the lower IFT of NOAG3
makes it more thermodynamically favourable
for water droplets to nucleate, relative to
NOA61 (Nepomnyashchy et al. 2006).
Therefore, higher density of condensation
nucleation is observed on NOAGS,
demonstrating its suitability as the film material
for generation of breath figure patterns with
high pattern density (Fig. 1). The maximum
observed packing corresponds to over 70% of
the theoretical packing limit in a 2D plane
(around Ar =0.9), complimenting earlier studies
and suggesting this is near optimal packing
given the viscous liquid boundaries which
stabilise/encapsulate the droplets.

Prior to any coalescence events, the temporal
growth of individual droplets on NOAG61 is well
predicted by a power law with exponent of 1/3.
Beyond this time, the growth rate increases in a
transitional regime as the tighter droplet
packing leads to more frequent coalescence
events between neighbouring droplets. In this
regime, the droplet growth follows a power law
with exponent of unity with respect to time,
demonstrating coalescent-dominating growth
manifested by the large droplet number density
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as predicted by previous scaling analysis
(Viovy et al. 1988). In contrast, droplet growth
on NOAG3 falls in the coalescence-dominated
regime from early times, where the self-
similarity of droplet packing results in an
effectively constant area coverage of Ar=0:66.
The diametric growth power law where the
unity exponent is conserved throughout the
analysis period (Fig. 1). Thanks to the larger
number of condensation nucleation sites on
NOAG3, droplets are generally smaller than
those observed on NOAGL.

Droplet diameter

O )

) \ )
\ * i
) { ) !

—— e Time
Figure 1: Condensation droplets on two
photocurable polymer films with different
interfacial energies. Scale bar refers to 20 um.

Fast curing of the polymeric films joined with
the deterministic knowledge of condensation
droplet growth allows arresting the associated
breath figure patterns at any point of time to
achieve the desired pattern dimension (Fig. 2).
Relative to other costly fabrication tools, the
current  fluid-based  surface  patterning
technique is energy-efficient, scalable, and
inexpensive, offering promising routes for
patterning a variety of polymeric materials.
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Abstract: The present study presents the analytical model of direct condensation in a spray ejector
condenser (SEC) in the presence of inert gas, namely carbon dioxide. The model incorporates the continuity,
momentum and energy equations to describe the phenomenon. In addition, impact of breakup of droplets has
been considered, so that maximum droplet diameter after breakup has been obtained, which, in turn, leads to
assume the best estimate for the diameter of droplet, on which steam is condensed.

Keywords: spray ejector condenser, breakup, direct-contact condensation, analytical modeling

1. Introduction

Direct-contact condensation plays a pivotal
role for both engineering and natural sciences
that has been exploited in many fields. Direct
contact condensation (DCC) is found when a
gas/vapour stream comes into contact with a
subcooled liquid, and is associated with high
heat transfer coefficients as there are no
partitions as in conventional heat exchange
procedures. Direct-contact condensation of
vapour with inert gas on a spray of subcooled
liquid exists in a number of technical
applications such as for example in the nuclear
industry (e.g. pressurize under normal
operating conditions, in safety analyses) and in
the chemical industry (e.g. mixing-type heat
exchanger, degasser, sea water desalting).
Another application is when the supersonic
steam jet flows combines with cold water in the
mixing nozzle in an emergency cooling system
of nuclear reactor, causing direct-contact
condensation. The condensing-injector is
propounded a potential heat exchanger or
energy-efficient pump due to its higher heat
exchange coefficient, low-grade thermal energy
utilization and ability to pressurize without
rotating components.

2. The model

The theoretical analysis in the paper concerns
the issue of direct-contact condensation of
vapour with inert gas within ejector creating a
subcooled water spray. The physical situation
considered is shown in Fig. 1.
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Fig. 1. Schematic of the nozzle
In order to maximize the device efficiency a
proper ejector design and analysis is required.
The ejector, being the crucial component of a
considered thermodynamic cycle, which in our
case is a negative CO> emission gas power
plant, determines the overall performance and
efficiency of the condensing steam from
mixture of vapour-noncondensing gas system.
Adiabatic irreversible flow model is used for
the ejector analysis. For the ejector design, the
study focuses on the ejector nozzle, pre-mixing
chamber, mixing section and the diffuser. Flow
properties and ejector geometry are considered


mailto:hetsroni@tx.technion.ac.il
mailto:dariusz.mikielewicz@pg.edu.pl

using the  thermodynamic  equations,
conservation equations and other assumptions
established based on literature.

3. Results

The experimental distributions of temperature
along mixing length for different mass flow rate
of steam (1.8, 3.6 and 5.4 g/s) when flow rate of
CO2 is 0, and 11.765 (m?/h) at liquid jet flow
rate = 20.1 (g/s) have been illustrated in Fig.2.

Temperature (C)
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Figure 2. Distribution of temperature along mixing
length for flow rate of CO, (m’/h): a) 0, b) 11.765
(m?/h) at liquid jet flow rate = 20.1 (g/s)

Temperature of droplet and mixture of steam
resulting from analytical modelling are
depicted in Figs. 3. It can be seen vividly that
temperature of droplet along the length of throat
is faced with a rising trend, whereas
temperature of mixture of steam is experiencing
a decreasing trend. In addition, having studied
the data, it can be considered that temperature
of droplet at the length of throat (x=0.2 m) for
umo = 0, 5, 15, 25, 35 and 45 (m/s) is 331.55,
332.08, 333.25, 334.66, 336.50 and 339.54 K,
respectively, whilst temperature of mixture of
steam for mentioned umo is 339.31, 340.24,
342.40, 345.15, 348.99 and 356.21 K,
respectively. So, increasing the value of umo not
only results in increasing the droplets
temperature, but also leads to rise in
temperature of mixture of steam at the length of
throat. Moreover, the lowest value for
temperature of droplet and mixture of steam is
when the drop is moving in stagnant
environment (u,,(x) = 0).
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Figure 3. Distribution of temperature of droplet (left)
and steam (right) for different initial velocity of
mixture at Udp=50 m/s and diameter of droplet 1 mm

Through the thermal analysis, the following
results were found in accordance to the
following:

e Although the temperature of droplet along
the length of throat is accosted a rising
trend, the temperature of mixture of steam
is confronted a decreasing trend.

e Increasing the value of Uyo from 0 to 45
(m/s) results in increasing of 2.4% and
4.98% of the temperature of droplet and
mixture of steam, respectively, at the end of
the length of throat.

e Rising the value of initial velocity of droplet
from 20 to 150 (m/s) causes decline of 3.3%
and 5.2% of the temperature of droplet and
mixture at the end of the length of throat.

e For 1 and 1.5 (mm) of diameter of droplet
at Do = 9 (mm), maximum value of
temperature of droplet takes place at 8 and
12 (cm) of length, respectively.

e Growth the diameter of droplet from 2 to 20
mm leads to decrease of 8.1% of the
temperature of droplet and rise of 8.6% of
the temperature of mixture of steam at
x=0.2 (m).
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Abstract: The use of solar energy has grown significantly, leading to an increasing need for higher solar cell
efficiencies. One way to improve Photovoltaic (PV) cell efficiency is to introduce an active cooling system.
Microchannel based coolers show significant potential to be wused in commercial applications.
Another possibility is the use of nanofluids as the cooling fluid. In this work, the cooling capabilities of
different types of water based nanofluids (Au, Ag and Al,O;) were tested, for different nanoparticle weight
concentrations (0.50, 0.75, 1.00 %wt), using a microchannel heat sink. An experimental analysis was
performed, studying the microchannel geometry, nanofluid type and nanoparticle concentration, using five
different flow rates (10, 15, 20, 30 and 40 ml/min). For the various geometries tested, the one with 0.50 mm
of channel width presented the highest heat transfer coefficients, overall. When evaluating the effect of
the type of nanoparticles, the nanofluid with gold (Au) nanoparticles showed better thermal behaviour, with
heat transfer coefficients as high as 1895 W/(m’K) for a flow rate of 40 ml/min and depicted the least
amount of sedimentation. Regarding the effect of nanoparticle concentration, the results indicated an

increase in heat transfer coefficients with particle concentration, in agreement with the literature.

Keywords: Cooling, Heat sink, Microchannel, Nanofluid, PV cells.

1. Introduction

In general, the solar cell efficiency is
strongly affected by temperature, so that
cooling of the solar cells is an important request
in solar panels, particularly when using
concentrated systems. Several techniques can
be used to maintain the photovoltaic (PV) cell
temperature under its limit, being either active
or passive cooling techniques. One common
cooling technique is the use of microchannel
heat sinks. Still, the major challenge in their
production is the ability to downscale the
experimental setup to this range, without
undermining it.

Ali et al. [1] conducted both numerical and
experimental work on the performance
enhancement of PV cells, using microchannel
heat sinks, to achieve maximum efficiency. The
study was developed under high cell surface
temperatures (up to 80°C), using the climate of
Taxila, in Pakistan, as a reference. The PV
panel with a microchannel heat exchanger, with
a cross section of Imm by 1mm, showed an

increase of 14 % in power output and 3% in
efficiency, in comparison to a standard PV
panel. An alternative cooling strategy is to
engineer the working fluid. In this context,
nanofluids provide interesting results, although
they also show several obstacles to overcome.
The use of nanofluids as a cooling fluid has
gained increased attraction and it has started to
be integrated in various studies, together with
microchannel based coolers. For instance,
Rajaee et al. [2] developed a numerical analysis
on the performance enhancement of a
concentrated Photovoltaic Thermal (PV/T)
system. The model used a microchannel heat
sink with two hybrid nanofluids as coolant,
water-aluminum  oxide-carbon  nanotube
(water-Al20O3-CNT) and  water-silver-zinc
oxide (water-Ag-ZnO). The analysis showed
better cooling of the PV cell when using
nanofluids, consequently resulting in higher
exergy efficiency of the concentrated PV/T
panel, showing good potential improvements.
The research regarding the introduction of
nanofluids in both microchannel heat
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exchangers and PV solar cells, carried out
throughout the years, presented encouraging
results in terms of cooling performance.
However, the use of nanofluids in heat transfer
mechanisms, still needs to be extensively
studied, to counteract some of their downsides,
like sedimentation.

2. Sample Results and Conclusions

A two-step method was used to prepare
different types of water based nanofluids,
silver, gold and alumina (Ag, Au and Al;O3),
for different nanoparticle weight concentrations
(0.50, 0.75, 1.00 %wt). The fluids were tested
in a PDMS (Polydimethylsiloxane)
microchannels based heat sink. The heat sink
was glued to a thin stainless-steel sheet
(AISI340) 20um thick, which was heated by
Joule effect, using a 6274B DC power supply.

Figure 1 depicts the heat transfer coefficient,
as a function of the Reynolds number, for water
based nanofluids of silver, gold and alumina,
for a fixed concentration of 1%wt. The
nanoparticles concentration is quite low, so the
changes in the thermophysical properties of the
resulting nanofluids, when compared to the
based fluid are not significant. Hence, as
expected, the three nanofluids follow a similar
thermal behaviour, being the heat transfer
coefficient proportional to the increasing
Reynolds number. According to Figure 1, the
nanofluid that depicted the best heat transfer
coefficient was, overall, the one composed of
gold nanoparticles, having only the worst
thermal behaviour for the lowest volumetric
flow. So, some local improvement of the
thermal conductivity of the fluid by the gold
particles may explain these results.
Sedimentation trend of these nanofluids was
also investigated, by taking a photo to the
stainless-steel sheet. The photos show
sedimentation occurring with all nanofluids
tested. However, sedimentation of gold (and
silver) nanoparticles is residual when compared
to that observed for alumina. Overall gold
nanoparticles depicted the lowest
sedimentation. Figure 2 shows the heat transfer
coefficient, as a function of the Reynolds
number, for three different concentrations of
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gold nanoparticles in the water based nanofluid.
The heat transfer coefficient of the two smallest
particle concentrations increases with similar
slopes. However, for the highest particle
concentration, the increase is far greater, with
the heat transfer coefficient being over 50%
higher for the fastest flow rate. The
experimental data clearly shows that even for
small  concentrations, the effect of
nanoparticles in the cooling performance, can

be significant, depending on their nature.
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Figure 1: Heat Transfer Coefficient for water-Al203,

water-Ag and water-Au nanofluids (1%wt), using a

channel width of 0.75mm.
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References

[1]  Muzaffar Ali, Hafiz.M. Ali, Waqar Moazzam, and
M. Babar Saeed. AIMS Energy, 3(4):699-710,
November 2015.

[2] Fatemeh Rajace, Alibakhsh Kasaeian, Mohammad
Amin Vaziri Rad, and Kasra Aliyon. Solar Energy
Advances, 1:100005, October 2021.



8th Micro and Nano Flows Conference
University of Padova, IT, 18-20 September 2023

Heat flux enhancement by copper micro sintered fiber

attached to the heating surface
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Abstract: Experimental research was performed to study the effects of the micro sintered fibers as a passive
method to increase the heat flux using water as a working fluid in a horizontal rectangular 20mm channel.
The increment of the heat transfer coefficient is almost neglected in the single-phase, nevertheless, in the
two-phase regime an increment of around 2 times, also, a reduction of the wall superheat temperature was
found. Bubble formation and flow pattern were also recorded and analyzed by using a high-speed camera in
four different thicknesses of the porous layer at three different inlet water temperature AT sub 30, 50, and 70
K. The porous materials increased nucleation sites, heating area, and water supply capacity as a result the
CHF was found at higher heat flux and lower wall superheat when the porous layer was attached to the
surface. On the other hand, the vapor trapping capacity reduces the heat transfer coefficient on the high layer
thickness, thus the best performance was found in the low thickness of the porous layer.

Keywords: Micro porous, CHF, Heat exchanger, Flow boiling, Bubble behavior
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Flow Boiling with HFE-7100 in a Single Rectangular Microchannel
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Abstract: Flow boiling of dielectric fluid HFE-7100 in a single 811 um x 753 pm rectangular microchannel
was investigated. Mass fluxes between 110- 400 kg/m?’s were studied with wall heat flux between 25- 141.5
kW/m? at an inlet subcooling of approximately 6 K. The resultant two-phase flow patterns of bubble, slug,
churn and annular flows were observed for exit vapour qualities between 0 and 1. The heat transfer coefficient
was found to be highly dependent on the applied wall heat flux with no clear mass flux effect.

Keywords: Micro Flow, Flow Boiling, Microchannel, Flow Pattern, Heat Transfer

1. Introduction

Flow boiling in microchannel heat sinks has
potential cooling applications in the computer
and IT industry, miniature refrigeration
systems, insulated gate bipolar resistors and
fuel cells (Karayiannis and Mahmoud, 2017
[1]). Despite their many potential applications,
the scarcity of well-established heat transfer
correlations is a present barrier to full adoption
by industry. This is a consequence of a poor
understanding of the two-phase microscale heat
transfer mechanisms (Cheng and Xia, 2017
[2]), which depend on the prevailing flow
regimes. Low global warming potential
dielectric fluids are preferred to water in many
of these applications due to cooling system
design safety considerations (Lee et al., 2019
[3]). Therefore, there is a desire to understand
the fundamental microscale flow boiling
mechanisms of such fluids. This study
investigated a two-phase pump loop using
HFE-7100 in a single microchannel evaporator.
Temperature, pressure and mass flow rate
measurements were recorded to analyse the
heat transfer and pressure drop across the
channel. Flow visualisation was conducted to
investigate the flow pattern development.

2. Experimental Facility

The experimental facility is displayed in Fig.
1 and consisted of a main flow and an auxiliary

cooling loop. A single 811 um x 753 um cross
section rectangular microchannel of length 75
mm was milled into a copper block with two 1
mm diameter circular plenums to form the test
section. Flow visualisation was conducted
using a clear polycarbonate cover plate and a
Phantom MiroLab 110 high-speed, high
resolution digital camera at 6000 fps with a
resolution of 512 x 512 pixels.
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Fig. 1. Schematic diagram of experimental facility.

3. Results

The prevailing flow patterns are presented in
Fig. 2 and consisted of bubble, slug, churn and
annular flows. Nucleation was observed to start
from the heated corners of the microchannel at
the point of boiling incipience, both in the
subcooled and saturated region. Flow reversal
was present in the channel at certain mass
fluxes due to the elongation of vapour slugs in
both the upstream and downstream directions in
the saturated region. This resulted in significant
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differential and inlet pressure fluctuations as
well as periodic flow patterns. For example, the
rapid growth of vapour slugs resulted in
intermittent collapsing of the slug and
disturbance to downstream annular flow liquid
films as the subsequent churn flow was forced
downstream.
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Fig. 2. Observed two-phase flow boiling flow patterns.

Disturbance to the annular flow liquid films
resulted in the film being unable to thin, i.e. was
thick enough for bubbles to be able to nucleate.
This meant that bubble nucleation was not
suppressed in any flow pattern regime, i.e. it
was observed across all flow patterns. The flow
pattern transition boundaries were compared
with past reports and recent work with machine
learning predictive tools.

Analysis of the local heat transfer coefficients
are displayed in Fig. 3 and Fig. 4 which show
the results for a constant mass flux of 400
kg/m?s and constant heat flux of 55 kW/m?,
respectively. Fig. 3 shows that there was a clear
increase in local heat transfer coefficients with
increasing vapour quality. Fig. 4 shows no clear
mass flux effect. This result was true for all
studied mass fluxes. The fact that nucleation
occurred in all flow patterns, may be a potential
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explanation for the increased heat flux effect.
More nucleation sites became active as the heat
flux was increased and a greater mixing of the
bulk fluid/agitation of liquid films was
achieved, with both effects increasing the heat
transfer coefficient.
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Fig. 3. Local heat transfer coefficients for a constant mass
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Abstract: In this work, the water pressure drops and cooling performance of three different straight channels,
made via metal additive manufacturing, are investigated. The samples were made of AISil0Mg alloy and
built at different sloping angles with respect to the platform plane: 15°, 30°, and 45°. The size and surface
topography of each channel were measured by X-ray computed tomography. The results showed that the
internal roughness of the samples is not constant along the channel section, and it depends upon the building
angle. The three samples were experimentally tested by varying the Reynolds number from 3000 to 55600 at
different constant heat fluxes, in order to investigate the heat transfer and fluid flow performance. A total
of eight T-type thermocouples were used to measure the channel wall temperature at different sections of each
channel, while the water temperature difference between inlet and outlet was monitored using a T-type

thermopile. The samples were compared with the most common models in literature to highlight their

predicting capabilities.

Keywords: Surface texture, pressure drop, cooling channels, additive manufacturing, absolute roughness

1. Introduction

In the Additive Manufacturing (AM)
field, Laser Powder Bed Fusion (LPBF)
process has been proposed in recent years to
improve the efficiency of compact heat
exchangers and microchannels cooling
applications. The possibility to design high-
performing unconventional geometries opens
novel frontiers in  advanced cooling
applications. One of the main limiting factors
of AM is the complex surface texture with
high roughness, which for some applications
can become a critical issue in terms of cooling
performance. As reported by Ventola et al. [1],
the pressure drop can be difficult to predict due
to the combined effects of surface texture and
the cross sections’ actual sizes of the channels.
Both these factors strongly depend upon the
channel orientation during the AM process, as
demonstrated in previous works. For example,
Klingaa et al. [2] studied the surface roughness

and dross defects of channels manufactured via
LPBF, varying the building direction. Favero et
al. [3] studied the hydraulic performance of
internally smoothed printed samples. They
found that the friction factor of a straight
channel follows the Blasius equation for
smooth pipes and Computational Fluid
Dynamics (CFD) tool is able to predict
correctly the straight geometry and other ones
if it is well calibrated. In this work, the
roughness issue of AM cooling channels is
presented and experimental results in thermal
performance cooling channels are reported.

2. Samples construction

The aluminum alloy AlSil0Mg was chosen
as material for the samples, because of its good
printability and weldability, as well as low
specific mass. The weldability helps for the
LPBF process effectiveness, while the final low
specific mass improves the quality of the X-ray
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computed tomography scans, which were
employed to non-destructively characterize the
internal surface texture and size of the
investigated channels. Although different
metals are used with 3D printing to develop
compact heat exchangers and components with
internal cooling channels, the LPBF of
aluminum is studied to develop compact heat
exchangers fabrication, and to better evaluate
the heat transfer enhancement [4]. The samples
were manufactured using aluminum powder
and process parameters that allowed to achieve
an high relative density of the fabricated parts
(99.89%). Due to the possibility of non-uniform
thermal properties in the material, a couple of
cylinder samples were manufactured in two
different orientations (horizontal and vertical).
Using the same material and process
parameters, three straight channel samples were
manufactured, at different building
orientations: 15°, 30°, and 45°. The channel
samples have the same geometry, which is a
circular section of a 5 mm diameter and 180
mm total length. The channel samples are
equipped with two pressure taps that were
produced directly via AM process, while the
heater is a Ni-Cr wire resistance, which was
located in the spiral that can be seen in Figure 1
between the two pressure taps. Eight
temperature holes were also manufactured
along the channel at a distance of 33 mm
between each other to host as many T-type
thermocouples.

Fig. 1 Channel sample printed at 15° respect the
horizontal plane of the printing process.

3. Experimental results

The tests of the samples were run in an
experimental setup located at the Department of
Management and Engineering of the University
of Padua. The thermal conductivity of the
printed aluminum was measured using an in-
house thermal conductivity setup with an
uncertainty of £5%. The results showed that the
thermal conductivity is equal to 113 W/m K for
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the cylinder sample printed in the horizontal
direction and 105 W/m K for the vertical one.
Concerning the hydraulic tests, the setup
consists of a water loop in which the water flow
rate and temperature can be independently
controlled. The pressure drops were measured
employing a differential pressure transducer
with an uncertainty (k= 2) of £0.065% on the
full scale of 1 bar. The water temperature was
monitored through T-type thermocouples
calibrated with an uncertainty of+0.05 K, at the
inlet and outlet channel sample. The tests were
run in a water flow range that varied from 0.7
to 12.6 1/min, and multiple curves were
collected by increasing and decreasing the
water flow rate to verify the repeatability of the
results. The results for pressure drops are shown
in Figure 2.
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Fig. 2 Pressure drop results against water flow rate for
different building orientations.

4. Conclusions

The results in terms of pressure drops and
heat transfer performance were collected and
demonstrate the great opportunities offered by
the AM in thermal science.
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Abstract: Nanofluids consist of common heat transfer fluids containing nanoparticles with high intrinsic
thermal properties. In this context, carbon nanostructures such as graphene are especially promising. Actually,
next steps in nanofluid development are both their production and their usage at industrial scale and real energy
systems. With that aim, we report the stability and thermal conductivity evaluation of few layer graphene
(FLG) water-based nanofluids industrially prepared. FLG nanofluids were synthesized from ultrasonication-
assisted mechanical exfoliation of graphite in water with a green solvent. Such a process allows the production
of FLG with high structural quality and stable nanofluids as shown from both particle size analysis with time
and zeta potential measurement. Their thermal conductivity is studied from the transient hot-wire method in
the temperature interval 283.15-313.15 K and FLG concentration ranging from 0.005 to 0.2% in wt. The
results evidence the thermal conductivity enhancement of nanofluids with FLG, up to 20%, and its dependence
on temperature. Based on comparison with theoretical model, it is shown that the thermal conductivity
improvement is mainly attributed to the thermal resistance at the FLG interface, the FLG nanosheet average

dimensions, and their flatness ratio which evolves with the FLG content.

Keywords: Graphene nanofluids, Thermal conductivity, Stability, Modelisation

1. Introduction

The transition to a climate-neutral society is
both an urgent challenge and an opportunity to
build a better future for all. Thus, since 70% of
energy is produced or used in the form of heat,
the transition towards a sustainable economic
development requires of smart strategies to
efficiently transfer and store thermal energy.
One of the most promising strategies is the
improvement of the heat transfer processes that
can be achieved by improving the properties of
usual heat transfer fluids (HTFs). Recent
progresses in nanotechnology have become an
interesting research avenue to tailor the
properties of HTFs. Thus, in the last years the
suspension of solid particles with nanometer
dimension(s), namely nanofluids, has proven a
promising approach to enhance the thermal
properties of conventional HTFs. In particular,
carbon-based nanoparticles (e.g., carbon
nanotubes, graphene nanoplatelets, etc.) have
attracted attention because they exhibit much
higher thermal conductivities than metal oxides

and metal nanoparticles. In the current
development of nanofluid technology, specific
attention is focused on industrial production of
stable nanofluids and their usage in real
situation at large scale. As a contribution to this
crucial step toward a wider usage of nanofluids,
we report here the stability and thermal
conductivity evaluation of graphene based
nanofluids prepared in industrial context.

2. Materials and methods

The graphene based-nanofluids  were
industrially prepared in large quantities by
mechanical exfoliation of graphite within water
under ultrasonication and using a green solvent,
with a procedure similar to the one described in
[1]. Such a process allows the production of
high quality few layer graphene nanoplatelets.
The as prepared nanofluids were produced with
different graphene content, varying from 0.2 to
0.005 wt.%. The stability of those nanofluids
were evaluated from both zeta potential
measurement (samples were diluted at 1:100)
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and monitoring of particle size from Dynamic
Light Scattering under static and shaken
conditions [2]. These experiments were
performed during 30 days. As a result, the zeta
potential values for all samples are within -35
and -40 mV, while the particle size remains
constant and centered around 800nm-+/-50
regardless of the FLG content and conditions.
This indicates a relevant stability for these
nanofluids. Their thermal conductivity was
measured in several replicates from the
transient hot wire method according to the
ASTM D7896 standard and using a THW-L2
device (Thermtest Inc., Richibucto Road, NB,
Canada) in the temperature range 283.15 to
313.15 K. In this range, the uncertainty was
evaluated to 1% from distilled water
measurements and the experimental procedure
initially used in [1] was followed.

3. Results and discussion

An enhancement of the thermal conductivity of
graphene based nanofluids was observed with
graphene content and temperature. A maximum
enhancement of around 20% is obtained at
0.2% in wt. content of graphene. Interestingly,
this enhancement reaches 10% for only 0.005
wt.% of graphene. This order of magnitude is
similar when the graphene content is increased,
as illustrated by the thermal conductivity ratio
described in Figure 1. These experimental data
were well compared to the Chu model [1,3]
which includes average dimensions of the
graphene nanosheet, thermal resistance at the
graphene interface and the flatness ratio of the
nanosheets.

Compared to ref. [1], it is shown here that the
flatness ratio decreases with the FLG content.
That means that higher is the number of
nanosheets, more the nanosheets can be folded
and wrinkled within the HTF. This differs from
the case of FLG disperse in HTF from non-
covalent functionalization where the flatness
ratio remains constant due to the adsorption of
surfactant molecules with a large content on the
nanosheet surface [1].
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Fig.1 Thermal conductivity ratio of graphene- based
nanofluids at 293.15K. Insert: graphene nanosheet
flatness ratio evolution with graphene content.

4. Conclusion

We reported the thermal conductivity of stable
industrially prepared few-layer graphene based
nanofluids with different nanosheet contents.
The thermal conductivity evolution was
correlated to the average dimensions of FLG
nanosheets, thermal resistance at their interface
and flatness ratio that evolves with FLG
content. Next steps will include: determining
the full thermophysical profile and numerically
simulate the heat transfer performance of these
nanofluids. Some other base fluids and hybrid
systems containing FLG could also be
developed and tested in near future.
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Abstract: New transformer oils have been envisaged and characterised. The developed nanofluids
were accomplished by resorting to two different base fluids (i.e., mineral oil | Hyvolt I and vegetal oil | FR3)
and three different nanoparticles (i.e., carbon nanotubes (CNT); carbon nanoplatelets (NPc) and
TiO2). All nanofluids were prepared using a two-step method, and particular attention was paid to the
stability of the developed system. Moreover, surfactants (i.e., oleic acid) were used when applicable,
and a thermal characterisation was carried out for each design. Concerning Hyvolt I/TiO,, the results
showed a slight improvement in thermal conductivity, a 3% increase for concentrations of 1%vol of TiO;
concerning the base fluid at low temperatures, which was not expected, considering the values
reported in the literature. Nevertheless, a wide variety of methods are documented and plenty of
associated uncertainties, especially concerning sedimentation, which may justify the discrepancy. The best
results were attained for the FR3/NPc nanofluids formulation, with nanoparticle concentrations of 0.1%vol,

resulting in an increase of the thermal conductivity up to 9%.

Keywords: Dielectric Fluids, Nanofluids, Thermal Property Characterization, Thermal Conductivity

1. Introduction

The ideal transformer oil should have high
thermal conductivity to dissipate heat, low
viscosity to facilitate the continuous flow of oil
and good electrical insulation characteristics
[1]. To achieve this, nanofluids are being
sought as a possible solution [1]-[3]. A
nanofluid is a fluid containing nanoparticles (1
— 100 nm) that are homogeneously suspended
in low volumetric percentages in a base fluid.
Concerning this work involving high voltage
and electrical insulating fluids, the term
“nanofluid”  corresponds to  combining
oil/nanoparticles in a transformer to properly
insulate and cool down the electrical
components [1]. Since conventional fluids have
lower thermal conductivity than solid materials,
different nanoparticles have been used to
enhance the thermal dissipation of a base fluid
[4]-[6]. The resulting suspensions are expected
to improve the cooling properties without
degrading  their insulation capabilities,
establishing a new class of dielectric fluids with
better combined thermal and electrical
properties. This work reports on the latest

refrigeration  fluids’

characterisation.

development  and

2.  Nanofluids

Characterization

This study involved the preparation of different
nanofluids based on two base fluids: mineral oil
and vegetable oil, and three nanoparticles (i.e.,
CNT, NPc and TiO2). The considered vol.
concentration were 0.01, 0.05, 0.1, 0.5 and 1%.
All nanofluids were prepared using a two-step
method, and their stability was assessed via
UV-Vis-NIR Spectrophotometry. Moreover,
their thermal characterisation was conducted
using a Hot Disk Thermal Constants Analyser,
2500 S. The method resorts to the Transient
Plane Source (TPS) and complies with ISO
22007-2. The nanofluids’ thermal conductivity
was assessed at 20°C, 40°C, and 60°C.

Preparation and

2.1 Nanofluids mineral oil | Hyvolt I based.
Hyvolt I/CNT best stability was observed for
mixing amplitudes of 20% and lower
nanoparticle  concentrations  (0.05 and
0.5%vol). The maximum stability period
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observed was of seven days.

The thermal conductivity of these
nanofluids increases with temperature and with
the addition of nanoparticles. Moreover, from
the results, increases of 2.5%, 2.6% and 2.9%
were observed at 20°C, 40°C and 60°C,
respectively, for a CNT concentration of
0.5%vol. However, it should be noted that at
this concentration, the stability of the nanofluid
tends to decrease.

Hyvolt I/ TiO2 oleic acid was used as a
surfactant, and FTIR was used to ascertain the
desired covalent bonds. For these Hyvolt |
ITiO2 nanofluids, the best stability was attained
for mixing amplitudes of 20% and lower
nanoparticle  concentrations  (0.01 and
0.05%vol). Moreover, no periods of stability
longer than seven days were observed.

Concerning the thermal conductivity of the
fluids tested, with the increase in temperature,
the thermal conductivity rises, as expected, for
lower concentrations (0.01% and 0.05 %vol).
Moreover, the thermal conductivity rise is
consistent with the nanoparticle’s concentration
loading. Nevertheless, this behaviour was not
observed for higher concentrations (0.1%, 0.5%
and 1%vol). For the samples with lower
concentrations (0.01% and 0.05%vol), there
was an increase of about 2% for the different
temperatures. In contrast, the remaining
samples’ thermal conductivity values were
lower, consistent with the shorter periods of
stability observed.

2.2 Nanofluids vegetable oil | FR3 based.
Nanofluids were produced using vegetable oil —
FR3 as base fluid and TiO, with different
concentrations (0.1%, 0.5%, 1%, 2%vol) and
NPc functionalised with carboxylic groups. The
new fluids were also characterised in terms of
stability through the UV-Vis-NIR
Spectrophotometry  technique. Again, the
period of stability did not exceed seven days.
Concerning these systems, it should be
noted that only modest improvements (3%) in
thermal conductivity were achieved with
concentrations of 1% of TiO2 about the base
fluid and at low temperatures, which was not
expected compared to the values reported in the
literature. However, it should also be noted that
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a wide variety of measurement methods are
reported and many associated uncertainties,
especially concerning sedimentation. The best
results were observed for the FR3/NPc
nanofluids, where for concentrations of
0.1%vol, there were increases in thermal
conductivity of up to 9% for all thermal levels
analysed. It should be noted that such
improvements were registered in the other
thermal properties with relevance in the heat
dissipation process.
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Abstract: As a kind of low temperature bulk heat storage material, calcium chloride hexahydrate
(CaCl; 6H20) has a great application prospect in heat storage and energy saving. However, the single
CaCl, 6H,0 phase change heat storage material has the disadvantages of low thermal conductivity and easy
leakage when melting. Mesoporous silicon dioxide (mSiO;) with large inner core and interpenetrating
mesoporous channel structure can solve the above problems. mSiO, has the advantages of low density, low
thermal expansion coefficient, low refractive index and large specific surface area. However, it has low
thermal conductivity and needs to be combined with other materials with good thermal properties to enhance
its thermal conductivity. In this paper, MXene was used as the thermal conductivity enhancement material,
mSiO, was grown on its surface, and then the phase change material CaCl, 6H,O was loaded into it. By
means of TG, DSC and infrared thermal imager, it is proved that the heat storage performance, thermal
stability and heat transfer rate of the composite phase change materials are significantly improved. The
leakage of CaCl, 6H20 in the oven was also obviously inhibited by the carrier material. A kind of composite
phase change heat storage material with excellent thermal properties and stability was successfully prepared.

Keywords: Calcium Chloride Hexahydrate; Phase Change Heat Storage; Leakage; MXene; Silicon dioxide
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Abstract: Polydimethylsiloxane-based nanofluids are presented as heat transfer fluids for concentrating solar
power plants with no hazard classifications. We are searching for a nanomaterial whose dispersion can
satisfy a compromise between stability, efficiency, cost, and environment safety. Graphene oxide has been
profusely proven in literature to meet the later three. Here we demonstrate via density functional theory
simulations that that interactions at the graphene oxide/polydimethylsiloxane interface are sufficiently
strong to guarantee colloidal stability at maximum operation temperature.

Keywords: concentrating solar power, nanofluids, graphene oxide, polydimethylsiloxane, computational chemistry.

1. Introduction

When combined with thermal energy storage,
concentrating solar power (CSP) makes solar
energy dispatchable and allows to align supply and
demand, thus making more reliable energy
conversion systems combined with other renewable
technologies. The main limitation of CSP is the low
achievable energy density under operation, due to
the physical properties of the heat transfer fluid
(HTF) that participates in solar-to-thermal energy
conversion in parabolic-trough collectors. The
currently used HTF is the eutectic and azeotropic
mixture of diphenyl ether and biphenyl, commercially
available as Dowtherm A for instance, which is
suitable for liquid phase operation up to 673 K, with
low vapour pressure and dynamic viscosity, and
non-corrosive nature. Its specific heat (SH) and
thermal conductivity (TC) are suboptimal. Besides,
the manipulation of this mixture can cause skin, eye
and respiratory irritation to human beings, and an
accidental release to the environment can cause
severe and long-lasting effects on aquatic life.
Polydimethylsiloxane (PDMS) has been recently
introduced as an outstanding alternative HTF for
CSP technology. This linear silicon-based fluid,
commercially available as Helisol SA for instance,
has similar thermal and rheological properties
compared to Dowtherm A, is thermally stable up to
698 K, and has no hazard classification. The later
endorses PDMS as an alternative HTF to better

comply with sustainability principles in this application.
SH and TC of the new PDMS-based HTF can be
improved by dispersing nanomaterials into it,
generating a colloidal suspension that is typically
named nanofluid. Nanofluids as HTF for CSP
plants, using the Dowtherm A as base fluid, have
been previously studied [1, 2]. The interest for a
new HTF opens the search for a nanomaterial
whose dispersion into the fluid can satisfy a
compromise between stability, efficiency, cost, and
environment safety. It is well reported throughout
literature that suspensions with graphene oxide
(GO) nanosheets can improve the thermal properties
of the base fluid [1]. Its synthesis also complies with
green chemistry principles while preserving a
reduced cost. Therefore, GO nanosheets could be a
good candidate for PDMS-based nanofluids, if we
can confirm that interactions at the GO/PDMS
interface are sufficiently strong to guarantee colloidal
stability at maximum operation temperature. Such
is the scope of this work.

2. Methods

We studied the interactions at the GO/PDMS
interface via periodic density functional theory
(DFT) simulations with VASP6 [3, 4]. Our models
consist of a single graphene sheet that is either clean
or functionalised with either a carboxyl, a hydroxyl,
or an epoxide group. The monolayer is enclosed by
avacuum slab of 25 A that allows to allocate a DMS



oligomer close to it and prevents unphysical
interactions between periodic images along the
direction normal to the graphene sheet. Different
configurations for the siloxane and methyl groups
of the DMS oligomer with respect to the graphene
sheet and its functional groups were submitted for
geometry optimisation. The GGA-PBE functional
was used to solve Kohn-Sham equations. Grimme’s
dispersion corrections (D3) were included for an
adequate description of van der Waals interactions.
Valence wavefunctions were described by sets of
planewaves with kinetic energies up to 520 eV.
Interactions between valence electrons and ionic
cores were described using PAW pseudopotentials.
Brillouin-zone integrations were performed using a
3x3x1 k-point grid. Gaussian smearing with a
smearing of 0.01 eV was used to describe orbital
occupancies.

3. Results and discussion

The geometry and energy of the most stable
interactions between functional groups at the
GO/PDMS interface model are shown in Figure 1.
The molecular architecture, the relative difference
in electronegativity of the atoms that are part of'it,
and the magnitude of the interaction energy
suggest all these are cases of H-bonding. Cases (a)
and (b) are common examples of H-bonding, in
which the H atom of carboxyl or hydroxyl group,
bounded to a very electronegative O atom, acts as
H-bond donor, and the O atom of siloxane groups
of PDMS, with two lone pairs of electrons, acts as
H-bond acceptor. Cases (¢) and (d) are less trivial,
but H-atoms in methyl groups of PDMS, due to the
exceptional polarisation of Si—O bonds, can act as
H-bond donors towards acceptors like lone pairs of
O atoms in epoxide groups of GO or delocalised m-
electrons in graphene.

Despite the depth details that characterise each case,
the negative sign of the interaction energy indicates
they are thermodynamically favoured, and the
magnitude is indicative of good stability. Since the
energetics of thermal effects are in the order of kBT,
which is 60 meV at 698 K, with interaction energies
within 0.5-0.8 eV we can expect PDMS not to split
off the GO nanosheet once physisorbed by H-
bonding, even at the maximum operation
temperature under which the nanofluid is expected
to be used. Therefore, GO is proven a suitable
nanomaterial for PDMS-based nanofluids.

8th Micro and Nano Flows Conference
University of Padova, IT, 18-20 September 2023

(a) E,, =-0.62 eV

ogf Yo

o’®

e® o oo
99999999959 999999%9

(b) E = -0.71 eV

S 08,
A4 2
[ €

99999995559 59999999

(c) E, =-0.47 eV

@*°e
2

L A N T L TN
(d) E,_ =-0.53 eV

L 4

«BS..

® & o
L L LA AL AL LA LA L AL

Figure 1. Geometry and energy of interactions between
functional groups at the GO/PDMS interface.

Visualisations made with OVITO [5].
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Pool boiling of Novec 649 on conditioned copper surfaces

Chiara FALSETTI"", Edmond J. WALSH?

1: Propulsion and Power, Delft University of Technology, Delft, NL
2: Thermofluids Institute, Department of Engineering Science, University of Oxford, Oxford, UK

* Corresponding author: Tel.: +44 0745 990068; Email: cfalsetti@tudelft.nl

Abstract: The present study investigates pool boiling heat transfer of Novec 649, a relatively new fluid

with similar thermophysical properties of FC-72 and low global warming potential (GWP). Its interaction
with the surface and thermal characteristics requires further investigation to be used for cooling applications.
Boiling is an effective way to remove high heat loads and its heat transfer efficacy can be optimized by
altering the fluid-surface interaction. While it is desirable to operate in the upper region of the boiling curve,
it is also dangerous as dry-out occurs, where vapor completely blankets the surface. This point is referred
to critical heat flux (CHF) and it is arguably the most important design and safety parameter in boiling.

The effects of surface modifications on the boiling heat transfer performance and the CHF limit of Novec
649 have been assessed in this study. Samples with different surface roughness (Ra from 0.1 um to 9
pm) and microstructures (in the range of 400-1200 pm) have been machined via sandblasting and electro-

discharge machining (EDM).

Keywords: Micro Flow, Microcirculation, Boiling, Pumps

1. Introduction

Boiling heat transfer has been widely
investigated and researched for cooling of high-
power electronics, IT equipment, -electric
motors, and fuel cells to cite a few. In the past
years, many research studies focused on
increasing both the heat transfer coefficient
(HTC) and critical heat flux limit (CHF) by
surface modifications [1-3]. However, there is
still a large discrepancy among studies on pool
boiling heat transfer of enhanced surfaces, even
for the same fluid and surface machining
technique, as also concluded by the extensive
review presented by Mahmoud and Karayiannis
[4]. Additionally, most research studies carried
out to date, used water as heat transfer fluid. So
far, a very limited number of studies
investigated pool boiling heat transfer of Novec
649 on engineered surfaces.

This study investigates the pool boiling heat

transfer of Novec 649 with engineered copper
surfaces. In particular, the effect of different
surface modifications on boiling heat transfer
and their potential positive impact on the CHF
limit are assessed.

2. Experimental set-up
2.1 Pool boiling facility.

The facility consists of a polycarbonate
cylinder of 150 mm inner diameter and 184 mm
height, with a stainless steal base and an
aluminum lid. A photograph and schematic of
the pool boiling facility are shown in Figure 1.
Two K-type thermocouples measure the liquid
temperature inside the vessel and a pressure
transducer on the top lid measure the vapor
pressure. An auxiliary heater is used to degas
the liquid to remove all the non-condensable
gases and maintain the liquid at the desired
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saturation conditions. The thermocouples and
heater connection wires are going through the
top lid and are sealed with epoxy glue.

To condense the vapor, a finned radiator is
connected to a water loop controlled with a
LAUDA thermostat. The temperature and
pressure measurements were acquired via a
LabVIEW system.

.
— ©Condenser (water loop)
DAQ Radlatr supply

[

Thermocouples

Auxiliary
o, heater
o0

N hE:a

Figure 1 Pool boiling experimental facility.

2.2 Test sections

The test section consists of a T-shape copper
block with a bottom plate of 51 mm x 51 mm
and thickness of 5 mm, and the top (boiling)
surface of 20 mm x 20 mm, see Figure 2. Four
thermocouples 3mm apart measure the
temperature and calculate the 1D heat flux
in the copper test section. An OMEGA
flexible heater is used to heats up the sample.
The test section is housed in a PTFE
support and insulated by epoxy glue, see

Figure 2. N
Flexible Boiling surface
Heater  Lhermocouples / Epoxy PTFE

.

e T2
L eTl

Figure 2 Schematic of the copper test section.

For the present study, the boiling surface
has
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been modified by different machining and
patterning techniques to investigate the heat
transfer enhancements by surface
modifications. Sandblasting was used to
modify the surface roughness. Four different
average roughness (Ra) of 0.1 um, 2.5 pm, 6.1
pum and 9 pm have been obtained using
different medium particle sizes.
Micro-structures have been machined via
electro-discharge machining (EDM) on the
boiling surface. The micro-structures have a
squared section of 400 um x 400 um. The
height of the microstructures (“H”) and the
spacing between two adjacent pins (“S”), have
been varied in the range of 200 um- 1200 pm.
The effects of changing the height and spacing
of the microstructures on the boiling heat
transfer has been assessed in this study.
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Abstract: In pool boiling, buoyancy force is one of the external actions that contribute most to the
bubble detachment and vapor removal from the wall region. In microgravity conditions, the boiling process
changes: primary mechanisms of boiling occur at the microscale level close to the heated surface and
are weakly dependent on gravity, while secondary, far-heater, mechanisms include the bubble removal
and are mainly driven by gravity. Recently, efforts were done with engineered surfaces, and the use of
micropillars showed enhancement in Heat Transfer Coefficients and Critical Heat Flux. Even if the role of
the engineered surfaces on the enhancement is still debated, it relies on capillary forces. One aim of
this study is to verify the enhancement capabilities experimentally on different heater geometries; the
second aim is to use an electric field to introduce an external action capable to remove vapor from the
boiling region, on behalf of gravity force, thus combining active and passive enhancement techniques.
The experiments conducted during parabolic flights clarified the role of the structures and electric field

in boiling enhancement, with potential applications for space devices.

Keywords: Pool boiling, Microstructures, Electric field, Microgravity

1. Introduction

Buoyancy force, driven by gravity, is
recognized as one of the external actions that
contribute most to the bubble detachment and
vapor removal from the wall region. Thus, in
microgravity conditions, the boiling process
changes. As described by Straub [1], primary
mechanisms of boiling occur at the microscale
level close to the heated surface and are weakly
dependent on gravity, while secondary, far-
heater, mechanisms include the bubble removal
and are mainly driven by gravity. Recently,
efforts were done with engineered surfaces, and
the use of micropillars showed enhancement in
heat transfer coefficients and Critical Heat
Flux. Even if the role of the engineered surfaces
on the enhancement is still debated, it is
expected to be independent on gravity, as it
relies on capillary forces [2]. One aim of this
study is to verify this experimentally on
different heater geometries; the second aim is to
use an electric field to introduce an external

action capable to remove vapor from the boiling
region, on behalf of gravity force, thus
combining active and passive enhancement
techniques. The experiments conducted during
parabolic flights (e.g., [3]) clarified the role of
the structures and electric field in boiling
enhancement, with potential applications for
space devices.

The experimental apparatus consists of a test
cell with a volume of 2.3 liters, filled with FC-
72. The pressure and temperature of the liquid
can be adjusted by means of dedicated
subsystems. The boiling surface consists of 10
mm x 10 mm, electrically heated, silicon chips,
where microstructures of different sizes are
etched (see Fig. 1). To generate the electric field
in the boiling region, a stainless-steel grid is
placed at 6 mm above the surface. A DC voltage
up to 15 kV was applied between the grid and
the heated surface.
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Fig. 1. Test section schematics and SEM image of the

microstructured surfaces.

2. Results

Boiling patterns are different when buoyancy
lacks. Fig. 2a shows the big primary bubble that
remains above the boiling surface. However,
when the electric field is present, the vapor is
broken and pushed away, resulting in the
pattern of figure 2b.

a)

1 cm

" . i
Fig. 2. Boiling pattern in microgravity without electric
field (a) and with electric field (b).

This different vapor behavior results in an
enhancement of Critical Heat Flux (whilt the
Heat Transfer Coeffcient does not change
much). An example is of some of the
structures tested is reported in Fig. 3.

400
B Microgravity Microgravity EF
350 O Earth's gravity O Earth's gravity EF .I.
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Fig. 3. Critical heat flux with different boiling surfaces,
gravity, and electric field levels.
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3. Conclusions

Results show that CHF enhancement always
occurred in microgravity conditions, but the
effect of microstructures alone is reduced in
microgravity. In fact, by breaking the large
bubble hovering over the heated surface, the
electric field transforms the bubble dynamics,
restoring the one observed on Earth. This
allows the microstructures to work more
efficiently, i.e., there is a synergistic effect. This
is confirmed by visualizations of boiling
patterns and suggests that substantial increase
of boiling performance in microgravity
conditions relies also on improvement of far-
heater boiling patterns. It is worth noting that
the enhancement encountered on some heaters
is less than the surface increase due to the
microstructures, while in others it was greater.
This leaves room to optimization of the
micropillar structure and size, to be performed
in the future.
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Abstract: Near surface effects in nucleate pool boiling can be considered on a scale of several micrometers
(effects related to microlayer and contact line evaporation), tens of micrometers (i.e., the extent of the thermal
boundary layer), of several hundreds of micrometers (micro convective flows due to bubble dynamics and
coalescence events) being effective up to the phenomenological characteristic length (i.e., the bubble departure
diameter). Interplay between different phenomena is still not fully understood, also because in-liquid transient
temperature field around the growing/departing bubbles cannot be easily experimentally determined. This
work will outline our current understanding about near surface effects related to enhanced nucleate boiling
heat transfer, developed and emerging experimental techniques that would help in further studies, and new
experimental results obtained on laser-textured surfaces through synchronized high-speed imaging, IR
thermography and in-liquid temperature measurement through microthermocouple.

Keywords: Nucleate Boiling; Heat Transfer Enhancement; Bubble Dynamics; High Resolutioin Temperature

Measurements; Mechanistic Modelling

1. Introduction

Nucleate pool boiling is an effective heat
removal process that comprises (i) nucleation
of bubbles and related heat removal due to
liquid evaporation, (ii) bubble detachment
associated with quenching of nucleation sites,
and (iii) single-phase convective heat transfer in
the intermediate region between active
nucleation sites. Understanding the interplay
between these contributions is fundamentally
important in model development, but also to
optimize the enhanced heat transfer surfaces.
In addition to geometrical bubble parameters
and nucleation site distribution, the knowledge
about transient temperature fields is
fundamental for comprehensive studies. While
the methods to measure the boiling surface
temperature are relatively well advanced (e.g.,
IR thermography, temperature-sensitive paints,
and fluorescence microscopy), the techniques
that would allow high spatiotemporal
temperature measurements of the fluid near the
boiling surface are still underdeveloped.

2. State-of-the-art and open questions

Within the fundamental understanding of
boiling and development of enhanced heat
transfer surfaces, many studies highlight the
importance of macroscale hydrodynamic
effects (i.e., liquid-vapor pathways and related
instabilities) that are taking place far from the
boiling surface [1,2]. Historically the most
relevant is of course the famous Zuber’s
correlation [3] for critical heat flux (CHF).
Several studies, however, are postulating and
proving that overall boiling heat transfer and
CHF is instead much more related to the near-
wall phenomenon [4,5]. To determine the
length scale of these near-surface effects, one
should consider several important aspects.
During the bubble growth, a significant part of
the evaporation energy is coming from the
superheated substrate, facilitated by microlayer
and contact line evaporation. The significance
of those contributions is mostly investigated
through surface temperature measurements, as
both phenomena are taking place extremely
close to the boiling surface (i.e., up to 10 um)


mailto:hetsroni@tx.technion.ac.il
mailto:matevz.zupancic@fs.uni-lj.si

and are also dependent on surface morphology
and wettability. Experimental techniques,
capable of providing highly resolved
temperature information at such small length
scales within the liquid and so close to the
boiling surface, still need to be (further)
developed. Indirect observations through
surface  temperature  measurements and
numerical simulations (including molecular
dynamics studies) are for now considered as the
only solutions to study these effects.

For saturated or slightly subcooled boiling
conditions, part of the bubble growth energy
might also come from the thermal boundary
layer that can reach several tens or even
hundreds of micrometers above the boiling
surface. At those distances, the effect of liquid
perturbation due to bubble dynamics (including
single  bubble growth/detachment and
horizontal bubble coalescence) that determines
single-phase heat transfer by microconvection
is also significant. Interestingly, the single-
phase convection was found to be a dominant
heat transfer mechanism in many boiling
studies, even on enhanced heat transfer surfaces
[6,7]. The missing part of the puzzle for
comprehensive  understanding  of  this
convective effect is the temperature distribution
within the liquid layer. By that we also consider
the unknown temperature distribution around
the growing bubble(s). Despite several different
experimental attempts [8,9] for in-liquid
temperature measurements, one of the most
effective methods 1is still an old-fashioned
microthermocouple. Despite being invasive and
cannot provide spatial temperature distribution,
it might reveal important and unknown effects
when coupled with synchronous high-speed
videography and IR thermography.

3. Conclusion

This work will present a short review of the
latest achievements from different authors and
our latest original experimental results in the
field of understanding the near-surface effects
in nucleate pool boiling phenomena. Special
emphasis will be given on (i) the experimental
techniques that can be used to obtain near-
surface temperature data, (ii) utilization of
obtained data in some existing models and (iii)
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the outlook of using new datasets for defining
future surfaces for enhanced boiling heat
transfer.
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Abstract: Microfluidics is an expanding research area, attracting special interest for droplet-based systems
where, owing to the small scales, viscous forces dominate and inertial effects are often negligible. Due to the
large surface to volume ratio, the importance of interface dynamics becomes pronounced and it is common to
choose boundary integral methods for performing accurate numerical simulations.

The interaction of drops placed in external electric fields is at the heart of many practical application
(separation and detection of particles, ink-jet printing, electrosprays etc). Nevertheless, modelling these
microfluidic processes is a challenging task, especially in three dimensions, because of the complex
multiscale physics involved. Fundamental computational challenges that are highly relevant also to other
applications will be addressed: accurate quadrature methods for singular and nearly singular integrals,
adaptive time-stepping and reparameterization techniques for deforming surfaces able to maintain a high
quality representation of the domains throughout the simulations. Particular emphasis will be on quadrature
methods applied to the evaluation of nearly singular layer potentials including error estimates.

Keywords: Boundary integral method, Drops, Close interactions, Error estimates

1. Introduction

The interaction of fluids and electric
fields is at the heart of natural phenomena
such as the disintegration of raindrops in
thunderstorms and applications such as
electrosprays, microfluidics, and crude oil
demulsification. Many of these processes
involve drops and there has been a long-
standing interest in understanding drop
dynamics in the presence of electric fields.
However, fundamental knowledge of the
demixing mechanisms by electric fields and
also the influence of surfactants on drops, is
limited. The surface active agents -
surfactants
- are compounds that lower the surface
tension, often used in pharmaceutical and
engineering applications but also naturally
present in heavy oils; consequently it is
very important to develop an improved
understanding of the complex physics
involved.

Numerical methods can offer a powerful
tool

to closely study such physical systems. Novel
numerical tools for accurate microfluidic
simulations of 3D drops in Stokes flow will be
presented; the numerical method is based on a
boundary integral formulation, it considers
drops interacting with other drops and includes
the effects of insoluble surfactants [1] and
external electric fields [2]. When dealing with
boundary integral methods it is necessary to
compute layer potentials on or close to the
boundary where the underlying integral may
be difficult to evaluate numerically and for
which specialized quadrature techniques must
be employed; being able to design such special
techniques and make them adaptive represents
an important step for the next generation of
boundary integral methods.

2. Drop pair dynamics

In recent years, analytical, numerical
and experimental studies, have approached the
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problem of the droplet—droplet interactions in
a leaky dielectric framework. By using new
developed asymptotic theories and boundary
integral simulations, investigations of the
motility states of pairs of identical and
dissimilar droplets at arbitrary orientation to
the electric field will be discussed, showing a
delicate balance between repulsion and contact
[3,4,5]. The effect of insoluble surfactants on
these dynamics will also be considered [6].

3. Close interactions

When two particles are getting closer, the
integral defining such a layer potential has a
rapidly varying integrand. A regular quadrature
method will then yield large errors, and a
specialized quadrature method must be used to
maintain a good accuracy. In order to better
understand these situations, error estimates for
the quadrature method are needed. Numerical
and analytical approaches to efficiently
evaluate these estimates will be presented for
quadrature methods based on the Gauss-
Legendre and trapezoidal rules [7].
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Abstract: Marine organisms need to feed and avoid detection by predators at the same time. For this reason,
they often perform quiet swimming in nature, where the flow disturbances are minimized during taxa. The
spatial extent of flow disturbances can be measured by Particle Image Velocimetry (PIV), an optical technique
that has minimal effect on the normal swimming behavior during experiments. The spatial extent of the flow
disturbances generated by an Acartia Tonsa nauplius was measured using a high-speed PIV system. As the
organism is in motion, a special dynamic masking technique is applied based on rigid object tracking. Time-
resolved disturbance flow fields can reach up to 1.5 body lengths around the Acartia Tonsa, leaving even a

longer wake behind of the organism.
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1. Introduction

Acartia Tonsa (A. Tonsa) nauplius (Figure
1) is sub-millimeter sized juvenile plankton
species that thrives in most estuaries. From a
locomotion point of view, it is a “puller” type
swimmer that is known to perform
breaststrokes. A. Tonsa nauplius locomotion
technique is achieved using two pairs of
appendages pulling two breaststrokes per cycle;
first with the lateral pair, followed by the
anterior pair. The shorter third pair in the
posterior does not actively participate in
propulsion, but mostly in steering. The two
breaststrokes (i.e. the power strokes) are
followed by a recovery stroke where both
appendage pairs are pulled back in position to
perform a new cycle [1]. There are certain
advantages that come with breaststroke
swimming, one of which is to achieve quiet
swimming mode [2]. The flow disturbances
produced by breaststroke like kinematics are
shown to decay faster compared to dipole

swimmers, i.e. with the inverse of distance
cubed [2]. The result is a red