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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.

4. References

[1] J. Navas et al., On the enhancement of heat transfer
fluid for concentrating solar power using Cu and Ni
nanofluids: An experimental and molecular dynamics
study, Nano Energy 27 (2016), 213-224

[2] T. Aguilar et al., Investigation of enhanced thermal
properties in NiO-based nanofluids for concentrating
solar power applications: A molecular dynamics and
experimental analysis, Applied Energy 211 (2018) 677—
688.



SESSION 1b
MINI-SIMPOSIUM
Flows on micro- or nano- structured surfaces
Chair: S. Cherubini

S.Cherubini (Politecnico di Bari, Bari, ltaly) .........oooommiiii e 17
THE EFFECT OF SUPERHYDROPHOBIC SURFACES ON TURBULENT TRANSITION

Stefania CHERUBINI', Antoine JOUIN'2, Jean-Christophe ROBINET?

1: Department of Mechanics, Mathematics and Management, Polytechnical University of Bari, Italy, IT
2: Laboratoire Dynfluid, Arts et Metiers ParisTech, Paris, FR

S.1. Kog¢ (Bilkent University, Ankara, TUrKEY) .........coeiiiiiiiieeiieee e 19
MULTISCALE ANALYSIS AND TEXTURE DESIGN FOR INTERFACES
HYDRODYNAMICALLY LUBRICATED BY VARIABLE VISCOSITY AND DENSITY
LIQUIDS

Sarp ligaz KOG, ilker TEMIZER', Luca BIANCOFIORE!'

1: Department of Mechanical Engineering, Bilkent University, Ankara, TR

J.C. Robinet (Arts et Métiers, Paris, France) ...........ccoooo oo 21
LINEAR STABILITY OF A CHANNEL FLOW OVER A SUPERHYDROPHOBIC
SURFACE

Antoine JOUIN'2, Stefania CHERUBINI', Jean-Christophe ROBINET"
1: DMMM, Politecnico di Bari, Bari, IT
2: DynFluid Laboratory, Arts et Métiers, Paris, FR

A.Bottaro (University of Genova, Genova, ltaly) ............oooviviiiiiiiiiiiieecce e 23
A HOMOGENIZATION-BASED ANALYSIS OF TURBULENT CHANNEL FLOWS OVER
TRANSVERSELY ISOTROPIC POROUS BEDS

Essam Nabil AHMED?, Alessandro BOTTARQ'
1: DICCA, Universita degli Studi di Genova, Genova, IT



8th Micro and Nano Flows Conference
University of Padova, IT, 18-20 September 2

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.
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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.
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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.

Acknowledgements

This research was funded by Ministero
dell’Istruzione, dell’ Universita e della
Ricerca (MIUR), grant number PRIN-
2017F7KZWS

References

[1] Torabi, M., Karimi, N., Torabi, M., Peterson,
G.P., Simonson, C.J., Generation of entropy in micro
thermofluidic and thermochemical energy systems-A
critical review, 2020 Int. J. Heat Mass Transfer
163,120471.

[2] Japar, W.M.A.A., Sidik, N.A.C., Saidur, R., Asako,
Y., Nurul Akmal Yusof, S., A review of passive
methods in microchannel heat sink application through
advanced geometric structure and nanofluids: Current
advancements and challenges, 2020 Nanotech. Rev.
9(1), pp. 1192-1216.

[3] Asadi, M., Xie, G., Sunden, B., A review of heat
transfer and pressure drop characteristics of single and
two-phase microchannels, 2014 Int. J. Heat Mass
Transfer 79, pp. 34-53.

[4] Monsivais, 1.G., Méndez, F., Lizardi, J.J., Ramos,
E.A. Impact of viscous dissipation on the conjugate
heat transfer between the walls of a porous
microchannel, 2022 Physica Scripta 97(6),
065002.

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

— medium

300

200\
3
=
100
0
Ll R | L
2 1 0 1
10 10 X/Pe 10 10
(a)
o r———
| Da=10*; o/B=0.5; B=0.1 |
3 i
z i

(R |
107 10" 10° 10'
X/Pe

(b)

Oi Ll

Figure 2. Nusselt number profiles as a function of X/Pe
for Da=10 and different Brinkman number: (a) Pe=1,
0=Pp=0; (b) Pe=1, o/p=0.5 and with $=0.1.




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

Rarefied Flows in Rhombic Microchannels under H2 Boundary
Conditions

Pamela VOCALE"", Gian Luca MORINI?

1: Department of Engineering and Architecture, University of Parma, Parma, IT
2: DIN, Alma Mater Studiorum - Universita di Bologna, Bologna, IT

* Corresponding author: Tel.: +39 0521 905855; Email: pamela.vocale@unipr.it

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.

References

[1] Ajeeb, W. & Murshed, S. M. S. Therm. Sci. Eng.
Prog. (2022).

[2] Wen, D. et al. Particuology (2009).

[3] Coletti, F. & Hewitt, G. F. (Gulf Professional
Publishing Elsevier, 2014).

[4] Al-Gailani, A. et al. Int. J. Heat Mass Transf.

(2020).

[5] Al-Gailani, A. et al. Therm. Sci. Eng. Prog.
(2021).

[6] CREMASCHI, L. & WU, X. Heat Transf. Eng.
(2015).

[7] Bott, G. T. R. Heat Exchanger Design Handbook
(Begell House Inc.).

doi:10.1615/hedhme.a.000361.

[8] Miiller-Steinhagen, H. et al. Heat Transf- Eng.
(2009).

[9] Casanueva-Robles, T. & Bott, T. R. Proc. 6th Int.
Conf. Heat Exch. Fouling Cleaning, Challenges
Oppor. RP2 (2005).

[10]  Seshan, K. & Schepis, D. (Elsevier, 2018).

[11]  Faustini, M. et al. J. Phys. Chem. C (2010).

[12]  Zhang,J. X. et al. J. Alloys Compd. (2011).

[13] Krumdieck, S. et al. Surf. Coatings Technol.
(2013).

[14]  Aggoun, K. et al. Surf. Coatings Technol. (2019).

[15]  Fengkun, L. et al. Surf- Coat. Technol. (2019).

[16] Li, Q. et al. Surf. Coat. Technol. (2019).

[171  Ali S. et al. Surf. Coat. Technol. (2019).

[18] Han, Z. et al. Surf- Coatings Technol. (2007).

[19]1 Zhang, F. et al. Langmuir (2001).

[20]  Zoppe, J. 0. et al. (2017)
doi:10.1021/acs.chemrev.6b00314.

[21] Wilson, D. 1. et al. Food Bioprod. Process.
(2014).

[22] Huang, K. & Goddard, J. M. J. Food Eng. (2015).

[23] Benslimane, S. et al. Water Res. J. (2020).

[24]  Zuodong, L. et al. Adv. Powder Technol. (2023).

[25] Yao, Z. Q. et al. Appl. Surf- Sci. (2004).

[26] Wang, J. et al. J. Energy Inst. (2018).

[27] Ren, L. etal

[28] Liu, Z. et al. Heat Transf- Eng. (2021).

[29] Nie, Y. et al. Surf. Coat. Technol. (2021).

[30] Shang, J. et al. Polymers (Basel). (2022).

[31]1 Li, X. et al. Colloids Surfaces A Physicochem.
Eng. Asp. (2022).

[32] Yin, H. et al. Vacuum (2022).

[33] Hu, C.etal J Alloys Compd. (2021).



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

Magnetic field influence on the ferronanofluid laminar pipe flow

Robert MULKA'!", Gabriela BEBEN!, Bartosz ZAJACZKOWSKI!, Matthias H. BUSCHMANN?

1: Department of Thermal Sciences, Wroctaw University of Science and Technology, Wroctaw, PL
2: Institut fiir Luft- und Kéiltetechnik gGmbH Dresden, Dresden, DE

* Corresponding author: Tel.: +48 (71) 320 27 92; Email: robert.mulka@pwr.edu.pl

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
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Electrical conductivity studies on ionic liquids enhanced with nanoparticles

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 relative new class of materials and their special properties opens up
new possibilities for obtaining new types of heat transfer fluids, prepared with the help of an ecological
process, 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 determination of the ionanofluids are in its
very first steps, as there are no complete approaches in the literature, 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 as well as their suspensions with several 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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4 A203/[C2mim][CH3503] at 30 °C
= @ AI203/[C2mim][CH3503] at 60 °C
Z (]

Z 1020
] L]
S
=
c
8 .
= 0,960
=
g
z
@
@
2 0,900
s A A A
U
«©

0,840 - -

0 1 2 3 4 5 6

Mass concentration of nanoparticles (%)
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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Understanding Accomplishments and Limitations of Infrared
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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Characterizing Multiphase Flows through Radiation-Based and Fluid Electrical
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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f —
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e
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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.

10

Hotter side (mm)

0.2

=
o
M

Hotter side (mm)
~
(6]

5 <
/
25 1 7A4= g=9.81mis2
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0 005 Tidsee)  ©18 0.2
(b)
20 7
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=
o

- 0=9.81 m/s2
g=9.81 m/32 + Thermocaplllary

0
0 0.05 0 1 0.15 0 2 0.25
Time (sec)
(©

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.

Keywords: CFD, emulsions, static mixers

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).

i

(a)

D
1
c (b}

—

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.

2.5 \
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il 2IKKSM |
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£ 15f 1
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= 1 1
051 * . . a |
.

| | | Il
1,000 1500 2000 2,500
Re

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.

5.000e+03 (a)

2
g l I 1] Il
L T

[m"2 s3]

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.

References

[1] Madhavan, N.; Yalla, E.; Pushpavanam, S.;
Renganathan, T.; Mukherjee, M.; Basavaraj, M. G.
Semi-batch and continuous production of Pickering
emulsion via direct contact steam condensation. Soft
Matter, 2021, 17, 9636.

[2] Coroneo, M.; Montante, G.; Paglianti, A.;
Computational Fluid Dynamics Modeling of Corrugated
Static Mixers for Turbulent Applications. Industrial &

Engineering  Chemistry =~ Research, 2012, 51,
15986-15996.

[3] Lebaz, N.; Aziz, F.; Sheibat-Othman, N.
Modeling  Droplet  Breakage in  Continuous

Emulsification Using Static Mixers in the Framework of
the Entire Spectrum of Turbulent Energy. Industrial &
Engineering Chemistry Research, 2022, 61, 541-553.

[4] Rama Rao, N.V.; Baird, M.H.1.; Hrymak,

AN.; Wood, P.E. Dispersion of high-viscosity liquid—
liquid systems by flow through SMX static mixer
elements. Chemical Engineering Science, 2007, 62,
6885-6896.



SESSION 3a
MINI SYMPOSIUM
Nanofluids: beyond NANOconVEX
Chair: Prof. L. Hernandez Lépez

J.Burgos Rodriguez (Universitat Jaume |, Castellon de la Plana, Spain) ......................... 76
PARAFFIN/WATER NANOEMULSIONS WITH REDUCED SUPERCOOLING FOR
THERMAL MANAGEMENT SYSTEMS

Jorge BURGOS', Rosa MONDRAGON!, Simona BARISON?, Filippo AGRESTI2, Simone

MANCIN?, Giulia RIGHETTI3, Stefano ROSSI#, Leonor HERNANDEZ'

1: Department of Mechanical Engineering and Construction, Universitat Jaume |, Castellén de la Plana,
Spain

2: CNR ICMATE, Padova, Italy

3: Department of Management and Engineering, University of Padova, Vicenza, IT 4: CNR ITC, Padova, ltaly

S.Poncet (Université de Sherbrooke, Sherbrooke, Canada) ...........cccccevvvviiiiiiiiiiiiiiinnnnnnn. 78
THERMAL CONDUCTIVITY IMPROVEMENT OF ADIPIC ACID AS A PHASE CHANGE
MATERIAL BY BOEHMITE-SILICA CORE-SHELL NANOPARTICLES

Hazhir FATAHI', Kevin DAOUST?, Hamid AKBARZADEH3#, Simone MANCINS®, Jéréme

CLAVERIE?, Sébastien PONCET'

1: Department of Mechanical Engineering, Université de Sherbrooke, Sherbrooke, Canada
2: Department of Chemistry, Université de Sherbrooke, Sherbrooke, Canada

3: Department of Bioresource Engineering, McGill University, Montreal, Canada

4: Department of Mechanical Engineering, McGill University, Montreal, Canada

5: Department of Management and Engineering, University of Padova, Vicenza, ltaly

A. Korobko (SYNANO, Delft, NL).....oooeee e 80
COMPARATIVE ANALYSIS OF HEAT TRANSFER ENHANCEMENT IN NUCLEATE
POOL BOILING: NANOFLUIDS VS MICRO SURFACE MODIFICATIONS

Aswin RAGUNATHAN', Alexander KOROBKQ?', Sana FATEH'
1: SYNANO, Molengraaffsingel 10, 2629 JD, Delft, NL

S.Hashimoto (Toyota Central R&D Labs., Inc., Nagakute, Japan)............ccccccevvvviieereeennn. 82
MECHANISM OF THERMAL CONDUCTIVITY ENHANCEMENT IN NANOFLUIDS

Shunsuke HASHIMOTO", Satoshi YAMAGUCHI?, Masashi HARADA?, Kenji NAKAJIMA3,
Tatsuya KIKUCHI3, Kazuki OHISHI*

1: Energy Management Research-Domain, Emerging Technology Div., Toyota Central R&D Labs., Inc., JP
2: Analysis Research-Domain, Emerging Technology Div., Toyota Central R&D Labs., Inc., JP

3: Materials & Life Science Div., J-PARC Center, JP 4: Neutron Science and Technology Center, CROSS, JP



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

Paraffin/water nanoemulsions with reduced supercooling for thermal
management systems

Jorge BURGOS?, Rosa MONDRAGON?, Simona BARISON?, Filippo AGRESTI?, Simone MANCIN?,
Giulia RIGHETTIS, Stefano ROSSI?*, Leonor HERNANDEZY"

1: Department of Mechanical Engineering and Construction, Universitat Jaume I, Castellon de la Plana,
Spain
2: CNR ICMATE, Padova, Italy
3: Department of Management and Engineering, University of Padova, Vicenza, IT
4: CNR ITC, Padova, Italy

* Corresponding author: Email: lhernand@uji.es

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
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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


mailto:hetsroni@tx.technion.ac.il
mailto:s.fateh@synano.eu

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

—
o
-
o
i

0

a b (v
L] L]
8r g-. A ('(l-\a B e; ooo AA(‘:{?OO . ,—-.,8 I ﬁ?ﬁ
T r u A o 2 8 I. (o] r A
(\.IE 6 O.E' 5 g 6L @@g gig@m III.. g 6 I(DAAA
O 3 N = L .-' = | A
S 4 0 g 4l a,e; & 1 = A
:\_’ L Daiﬁ' :c‘ | é I : sf:Irfacel,:Fi%.;é)a) :c- | LA o Tiar
®  present work s 4 pillars, Fig.
(@) 2 g 40 g® o fe; g 2 @ZW & E:\es, Fligg_bl!r:.)1 = 2 & ,: 8_21"‘::/%'\]?:‘:
L A ref o channels, Fig. L e h b
ol v v ol o 1 % channpls Figyite) 0 Pl vl il
6 8 10 12 14 4 6 8 10 12 14 8 10 12 14
AT (K) AT (K) AT (K)

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.
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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
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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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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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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.

References

[1] L. Ventola, et al., Rough surfaces with enhanced
heat transfer for electronics cooling by direct metal laser
sintering, Int. J. Heat Mass Transf. 75 (2014) 58-74

[2] C.G. Klingaa, et al., X-ray CT and image analysis
methodology for local roughness characterization in
cooling channels

made by metal additive manufacturing, Addit. Manuf. 32
(2020) 101032



[3] G. Favero, et al., Experimental and numerical
analyses of fluid flow inside additively manufactured
and smoothed cooling channels, Int. Com. Heat and
Mass Transfer 135 (2022) 106128

[4] S. Pracht, et al., Experimental and numerical study
of a 3D-printed aluminium cryogenic heat exchanger for
compact Brayton refrigerators, Cryogenics 123 (2022)
103418

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



SESSION 4a
Nanofluids and Applications
Chair: O. Manca

S.Gal (Université de Rennes, Rennes, France)...........ooe i 107
THERMAL CONDUCTIVITY OF INDUSTRIAL GRAPHENE WATER-BASED
NANOFLUIDS

Soulayma GAL"2, David CABALEIRO3, Walid HASSEN?Z, Patrice ESTELLE'
1: LGCGM, Univ Rennes, Rennes, FR

2: LMES, Université de Monastir, Monastir, TU

3: CINBIO, Universidad de Vigo, Vigo, SP

M.Oliveira (University of Aveiro, Aveiro, Portugal)..............ccccooiiiiiie 109
TAILORING NANOFLUIDS PROPERTIES FOR TRANSFORMERS

Maria J. ABRANTES"?, Sofia B. ROCHA"2, Nelson MARTINS'"2, Ménica S.A. OLIVEIRA'?
1: Department of Mechanical Engineering, Centre for Mechanical Technology and Automation (TEMA),
University of Aveiro, 3810-193 Aveiro, Portugal

2: Intelligent Systems Associate Laboratory (LASI), 4800-058 Guimaraes, Portugal

X.Zhao (Shanghai Polytechnic University, Shanghai, China) ... 111
PREPARATION AND PROPERTIES OF MXENE/SILICON DIOXIDE/CALCIUM

CHLORIDE HEXAHYDRATE COMPOSITE PHASE CHANGE HEAT STORAGE
MATERIALS

Xueling ZHAQ'23, Yufei FAN', Lifei CHEN'23

1: College of Energy and Materials, Shanghai Polytechnic University, Shanghai, China

2: Shanghai Advanced Thermal Functional Materials Engineering Technology Research Center, Shanghai,
China

3: Shanghai Hot Physical Property Big Data Professional Technical Service Platform, Shanghai, China

l.Carrillo-Berdugo (University of Cadiz, Cadiz, Spain)................ccccooviiiiiiiiiiiiin 112
ABOUT THE STABILITY OF GRAPHENE OXIDE/POLYDIMETHYLSILOXANE
NANOFLUIDS UNDER OPERATION TEMPERATURE IN CONCENTRATING SOLAR
POWER PLANTS

lvan CARRILLO-BERDUGO', Mario CAMACHO-CASTRO", Juan Jesus GALLARDO',
Desireé M. DE LOS SANTOS', Javier NAVAS'

1: Departamento de Quimica Fisica, Facultad de Ciencias, Universidad de Cadiz, 11510 Puerto Real
(Cadiz), Spain



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

Thermal Conductivity of Industrial Graphene Water-Based Nanofluids
Soulayma GAL ', David CABALEIRO ?, Walid HASSEN 2, Patrice ESTELLE **

1: LGCGM, Univ Rennes, Rennes, FR
2: LMES, Université de Monastir, Monastir, TU
3: CINBIO, Universidad de Vigo, Vigo, SP

* Corresponding author: Tel.: +33 0223234200; Email: patrice.estelle@univ-rennes].fr

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].

Acknowledgements

The authors acknowledge Ministerio de Ciencia
e Innovacion del Gobierno de FEsparia for
funding under grant TED2021-132518B-100.
This work used computer resources of the Red
Espariola de Supercomputacion. The authors
thankfully acknowledge the computer resources
at Altamira and the technical support provided
by UC (RES-QHS-2023-1-0002).

References

[1] T. Aguilar et al. J. Mol. Lig. 306, 112862
(2020).

[2] I. Carrillo-Berdugo et al. Energy & Fuels
36, 8413-8421 (2022).

[3] G. Kresse, J. Furthmiiller. Phys. Rev. B 54,
11169-11186 (1996).

[4] G. Kresse, D. Joubert. Phys. Rev. B 59,
1758-1775 (1999).

[5] A. Stukowski. Modelling Simul. Mater. Sci.
Eng. 18, 015012 (2009).



SESSION 4b
MINI SYMPOSIUM Part 2 of 2
Near surface effects in two-phase flows
Chair: M. Magnini

C.Falsetti (Delft University of Technology, Delft, Netherlands)...........ccccccceeiiiiiiiieenn. 115
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

A.Garivalis (Universita di Pisa, Pisa, ltaly)..........cccooriiimiiii e 117
NEAR SURFACE EFFECTS IN TWO-PHASE FLOWS: POOL BOILING ON
MICROSTRUCTURED SURFACES IN NORMAL AND REDUCED GRAVITY

Alekos |. GARIVALIS?', Paolo DI MARCO'
1: DESTEC, University of Pisa, Vicenza, IT

M.Zupancic (University of Ljubljana, Ljubljana, Slovenia)...............ccccoovvveermiieiiceeeeeeee, 119
IMPORTANCE OF UNDERSTANDING NEAR SURFACE EFFECTS DURING BUBBLE
LIFE CYCLE FOR ENHANCED NUCLEATE BOILING HEAT TRANSFER

Matevz ZUPANCIC', Mattia BUCCI', Iztok GOLOBIC'

1: University of Ljubljana, Faculty of Mechanical Engineering, Ljubljana, SI

C.Sorgentone (Sapienza University of Rome, Roma, Italy)...........ccooovvvvveieeeeeeiieee 121
NUMERICAL METHODS FOR DROP INTERACTIONS IN VISCOUS FLOW

Chiara SORGENTONE!

1: Department of Basic and Applied Sciences for Engineering, University of Rome “La Sapienza”, IT



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

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

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.

Keywords: Quiet Swimming, Acartia Tonsa locomotion, Dynamic Masking, Particle Image Velocimetry

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 reduced detection
possibility both by predators and by prey. For

A. Tomnsa nauplii, this means better feeding
possibilities during initial stages of life without
risking too much of becoming a meal for larger
aquatic animals. This implies that a larger
number of juveniles will reach the adult stages
to reproduce. In short, the locomotion behavior
adapted by the juveniles can define how that
species will thrive in the aquatic environment.

Figure 1: Schematic of A. Tonsa nauplius during a power
stroke. From Ref. [1]
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2. Experiments

Copepods Acartia Tonsa were cultured at
18°C and before experiments they were
transferred to the test aquarium containing
filtered seawater. Only a few individuals were
transferred to avoid possible interactions
between them. The test aquarium is a glass
cuvette (10x10x40mm) placed on a horizontal
stage and kept at room temperature, between
18°C and 20°C. The measurement setup is a
long-distance Micro Particle Image
Velocimetry (LDuPIV) system in which the
light sheet propagation direction and the
camera viewing direction are perpendicular to
each other. In biological flows, high-power
visible laser illumination is often not preferred
as this can disable the organism, or it can affect
the normal locomotion behavior of the
organism. For these reasons, a low- power,
continuous-wave infrared laser (Oxford Lasers
Ltd, 808nm wavelength) was used for
illumination. Sheet forming optics was
assembled to produce a 150um thick light
sheet, defining the measurement depth of the
experiments. TiO2 seeding particles smaller
than 2um were introduced in small quantities
until a sufficient seeding density was achieved.
The particle images were recorded on a high-
speed CMOS detector (Phantom v210, Vision
Research Inc.) at a frame rate of 2000 fps and at
a resolution of 1280 x 800 pixels. The images
were acquired with 11.65% magnification
producing a 2.2 mm x 1.4mm field of view
(FoV). Single frame image acquisition was
performed with a constant time difference of
500us between frames. Since the FoV was only
approximately 3mm?2, the images were stored
in a ring buffer and a manual trigger stopped the
acquisition after the organism had passed
through the FoV.

Consecutive frames were analyzed for PIV
processing - quite typical for time-resolved PIV
measurements: 65 frames were analyzed to
produce 64 flow field measurements, and 63 of
these are used to perform phase locked
averaging over 3 cycles. During the acquisition,
a~220um-long A. Tonsa propels itself upwards
through filtered seawater by pulling three
breaststrokes, covering a vertical distance of
666um (Average swim speed of 22 mm/s). It is
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observed that Acartia Tonsa moves in an
almost-vertical straight line and its angular
orientation does not change significantly. The
image pre-processing, dynamic masking and
PIV computations were performed using
DynamicStudio software (Dantec Dynamics,
Skovlunde, Denmark).

0 2.0000E-3 4.00005-3 8.0000E-3 8.0000E-3 10.0000E-3
- E—

Figure 2: The time-resolved disturbance flow field
around A. Tonsa nauplius. Black circle indicate the
disturbance sphere during an upward power stroke.
Colors indicate disturbance magnitude with values in
m/s.

3. Results

The results indicate that the 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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Abstract: WBCs are essential in resisting and removing infection-causing foreign factors such as
viruses, bacteria, and fungi. These are indicators of various diseases, including inflammatory disorders,
cancer, and allergies. In addition, applications like drug trials, viral load determination, and DNA
sequencing need highly enriched WBCs for analysis. Passive microfluidic devices offer an edge in this field
since they process samples accurately and quickly, which is essential for diagnosis. Compared to the
existing ineffective conventional approaches, they are easy, affordable, and effective. So to get a pure,
highly enriched sample, increased WBCs margination must be maintained in the channel's focusing plane.
Out of several parameters on which the margination of WBCs depends, we've analyzed the effect of cell
concentration and viscosity in a bifurcated rectangular channel inertial flow. We diluted the sample using
PBS and viscoelastic fluid to vary the viscosity and cell concentration. WBC margination was analyzed in
terms of enrichment to viscosities and dilution factors. It may be established that WBC margination is
mostly determined by cell-cell interaction in the focusing zone. At low and high viscosity, the margination
is hardly impacted. Regulating the blood sample's viscosity and fostering more cell-cell interaction in the
focusing zone can maximize WBC margination.

Keywords: WBC, Margination, Enrichment, Viscosity, Viscoelastic, Microdevice, Passive, Hydrodynamic
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Abstract: Cavitation is a fast, energy-efficient, and emerging method for biomedical applications. With the
developments in microfluidic technology, it has become easier to manipulate, visualize and analyze cavitation
bubbles forming in functional microfluidic devices. In this sense, cavitation could be an alternative concept in
the organ-on-chip studies. Clot or coagulation factors as the organ representative could cause dangerous and
even fatal diseases in the presence of excess amount in the body. Although their treatment is usually
accomplished with chemical drugs, there is a need for alternative treatment because of related side effects and
inadequacies. In this study, a microfluidic system based on cavitation suitable for clot analysis is suggested to
examine the clot characteristics. Our study is thus a pioneering study in the assessment of the effect of
cavitation on clots.

Keywords: Cavitation, Microfluidics, Organ-on-a-Chip, Cavitation Assisted Catheter, Computational Fluid

Dynamics (CFD)

1. Introduction

Pulmonary embolism (PE) and deep vein
thrombosis (DVT) are two kinds of venous
thromboembolism (VTE), which affect 1 to 2 in
1,000 individuals each year and is one of the
major causes of vascular death after myocardial
infarction and stroke [1]. DVT most commonly
arises in the deep veins of the leg, groin, or arm
in the peripheral circulation. When a blood clot
travels through the circulation and becomes
lodged in the pulmonary trunk, main pulmonary
artery, or segmental or sub-segmental branches
it might cause PE. Systemic thrombolysis using
tissue-type plasminogen activator (t-PA)
pharmacological dissolution, catheter-directed
thrombolysis, or surgical removal could be used
for high-risk PE patients [2]. Existing treatment
approaches lead to disadvantages such as
limited thrombolytic effectiveness, frequent
bleeding problems, a high failure rate, vein

injury-associated severe regional dysfunction,
high recurrence rates, and the danger of distant
embolism due to clot debris of an extremely
large size [3]. To address the limitations of
standard therapeutic approaches, ultrasound-
aided thrombolysis is proposed as an alternate
therapy modality [4]. During
sonothrombolysis, cavitation was found to
mechanically destroy the clot [5]. Among the
ultrasound-assisted thrombolysis approaches,
catheter-delivered transducer-tipped ultrasound
has proven to be particularly beneficial [6].
Because low-power waves cannot disintegrate
clots, this approach is used in conjunction with
t-PA and/or microbubbles [7,8].

Cavitation is a physical phenomenon that
happens when a liquid is pushed to flow at high
speeds in a restricted channel or nozzle, where
a sudden pressure reduction is triggered,
thereby causing microscopic bubbles or cavities
to develop and burst. The collapsing of bubbles
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results in shock waves, microjets, shear forces,
and pressure gradients in the microenvironment
around the bubble [9]. Recent studies on
biomedical applications of micro scale
cavitation revealed the potential of cavitation to
ablate ill tissue [10,11]. In this regard, it is
believed that micro-scale cavitation could be a
considerably more efficient approach in
thrombolysis compared to acoustic cavitation
(AC) due to its low energy consumption and
efficiency. Due to promising results of
cavitation in microfluidic devices related to
biomedical applications and recent findings on
the role of surface roughness in the generation
of facile cavitating flows, the use of cavitation
in organ-on-chip studies could pave the way for
clot on a chip (COC) application.
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Figure 1: Single microchannel device
configurations with an integrated COC platform

Microfluidic cavitation on a chip system was
designed to study the mechanical properties of
the clot and to analyze the effect of cavitation
on the clot. This system mechanism is
summarized in Fig. 1. The working fluid is
supplied from the inlet at a constant inlet
pressure. Cavitating flow forms in the
microchannel and is targeted to the clot at the
exit so that it destroys the clot. In Fig. 2, one of
our previous studies, cavitating flow formed on
the single channel microfluidic device is given.

U Outlet
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Figure 2: The caV1tat1ng flow regimes inside the
microchannel [12]

In conclusion, the findings of this study will aid
in the development of new technologies for
drug-free  catheter-directed  thrombolysis
prototypes and will increase the understanding
of HC-induced thrombolysis in micro-scale.
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A closed-loop PCR-performing microdevice on PCB for ultra-fast DNA
amplification
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Abstract: The development of a closed-loop (CL) microdevice performing polymerase chain reaction (PCR)
is reported herein. Compared to other types of continuous flow uPCR, the CL-uPCR uses a circular
microchannel, allowing the DNA sample to pass consecutively through the different temperature zones, as
many times as necessary for efficient DNA amplification. In this work, the performance of a CL-pPCR
designed for fabrication on a printed circuit board (PCB) is evaluated by a computational study. PCB
constitutes a great substrate as it allows for low-cost, reliable, reproducible, and mass-amenable chip
fabrication incorporating microheaters. A 3D heat transfer model is used to calculate the temperature
distribution in the chip, and the residence times in each thermal zone are extracted. The results of the
computational study suggest a well-performing microreactor, in which a PCR of 30 cycles can be achieved in
less than 3 min. The designed CL-puPCR is realized on PCB for the first time in the literature and is tested
by measuring the temperatures on its surface with a thermal camera; The results are compared with those of
the computational study. Finally, an on-chip peristaltic micropump is developed serving sample circulation
in the microchannel, while DNA amplification is evaluated off-chip.

Keywords: MicroPCR, Closed-Loop, Printed Circuit Board, Computational Study, Point of Care systems

overcome these drawbacks, an advantageous
type of CF uPCR has been proposed, namely
the closed-loop (CL) pPCR [3,4]. In this
microdevice, the DNA sample flows through a
circular microchannel passing consecutively
through the temperature zones (Fig. 1) as many
times as necessary in order to accomplish
efficient DNA amplification. The aim of the
current work is to upgrade CL-pPCRs through
a) use of PCBs as substrate material, b) an
improved design for very fast and efficient
PCR, and c¢) development of an on-chip
peristaltic pump for sample circulation.

1. Introduction

Amplification of the genetic material (RNA,
DNA) is a crucial step for sensitive and reliable
pathogen identification, thus placing recently
much emphasis on the development of
diagnostic microdevices that accommodate
amplification of the genetic material at the point
of care [1]. Performance of PCR in microscale
devices (WPCRs) promises potential advantages
and new possibilities which include reagent and
fabrication cost reduction, faster reaction times,
portability, high automation, and integration.

Although continuous flow (CF) uPCRs
exhibit great advantages (reduced thermal

N 2. Results and Discussion
inertia and thus faster temperature changes,

reduced reaction times and lower energy costs),
some drawbacks have also emerged. Due to the
long channel length, a large pressure difference
is developed that requires very strong sealing of
the microchannel to prevent leakage [2].
Further limitations include the fixed number of
PCR cycles, dictated by the channel layout, as
well as the relatively large reactor footprint. To

2.1 Design and computational study

A well-performing CL-uPCR microdevice
is sought through a computational study. Fig. 1
shows the design of the microdevice,
comprising a circular microchannel on a PCB
chip with integrated microheaters. The chip has
a circular disk shape, with an external diameter
of 40 mm and a 20 mm diameter hole in the
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center. Three distinct temperature zones are
shown, each zone corresponding to one of the
three PCR steps. The circular microchannel is
formed on the top of the PCB substrate and
allows the sample to move through the different
temperature zones. The microchannel is 100
um deep, | mm wide, and 94.25 mm long. The
chip is covered with a 50 um-thick transparent
layer of polyolefin, which will allow, in the
future, for real-time optical monitoring of the
amplification. The temperature zones are
defined with copper microheaters, integrated
into the PCB. The microheaters (25 pum-thick
and 100 pum-wide) are used only for the
denaturation and extension temperature zones
(needing active heating), while the annealing
zone is designed to let the sample cool naturally
by releasing heat into the environment. On top
of each temperature zone and exactly under the
circular microchannel, a solid copper layer is
used to improve the uniformity of the
temperature zone. Through holes of elliptical
shape are designed between the temperature
zones, to ensure better thermal insulation and
minimize thermal cross-talk.

A) " B)

First

i 0
' : i heater layel
R microchannel ... Second heater

-layer (red color)

Fig. 1. A) Microdevice geometry. The circular
microchannel is placed on top of the PCB chip. B)
Interior of the chip. Two heater layers are formed.

The chip geometry (Fig. 1) is chosen
appropriately for the device to perform 1:1:2
PCR protocols. In addition, at the beginning of
each temperature zone, the microheaters are
formed in two copper layers, so as to provide
more heat to the specific areas, in order to
achieve faster the desired sample temperature
and reduce the transition time. This novel two-
layer microheater design aims to optimize the
PCR protocol by reducing the non-functional
time in every cycle and is realized for the first
time in a uPCR.

The temperature distribution and the
residence times at each thermal zone are
calculated by a 3D heat transfer model, and the

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

effect of operating conditions on the speed of
the PCR are investigated. Different cycle times
(and thus volumetric flow rates) are examined;
the aim is to seek the lowest time limits in
which the microdevice can operate, providing
an extension residence time (ERT) of at least
1.8 s, which is the minimum acceptable ERT in
this study. The computations show that the
microdevice can complete one PCR cycle in 5.7
s, which is equivalent to a total reaction time
(30 cycles) of less than 3 min (171 s).

2.2 Chip fabrication and thermal evaluation
The designed microreactor is fabricated on a
PCB substrate. The results obtained from the
computational study are compared with the
actual temperature distributions (Fig. 3)
measured by means of a thermal camera, on the
surface of the fabricated chip, verifying the
accuracy of the developed model.

Computational Study

110
100
90
80
70
60
50
40
30

Experimental setup

Temperature (°C)

0 10 20 30 40 50 60 70 80 90
Arclength (mm)

Fig. 2. Comparison of the temperature profiles
calculated in the computational study and measured on
the fabricated chip surface, along the microchannel
periphery. No sample movement is considered in this
case.

2.3 Sample circulation

Finally, an on-chip peristaltic micropump is
developed serving sample circulation in the
microchannel, while DNA amplification is
evaluated off-chip.
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Phase Separation of a Binary Mixture with an External Force Field
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Abstract: Here we simulate the phase separation of a regular binary mixture in the presence of an external
force field. In general, when a partially miscible binary mixture is brought from the stable, single-phase region
of'its phase diagram to the unstable region, it separates into two coexisting phases, corresponding to a minimum
of the free energy of the mixture. As the mass of each chemical species is conserved, phase transition consists
of a reordering process, called spinodal decomposition.

Now, assume that an external force field is applied to the mixture, and that its effects on the species composing
the mixture are different from each other. For example, the force field can be gravity or an electric field, applied
to a mixture of fluids having different properties. In all these cases, the external force will enhance demixing:
for example, gravity will tend to increase the concentration of the heavier species in the bottom of the container.
Here we show that the non-homogeneity of the composition field induced by the external field may cause,
locally, a phase transition even when, globally, the system is in a metastable, and even a stable, thermodynamic
condition.

Keywords: Phase field approach, Phase transition, Microfluidics
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Phase separation in the presence of an external force for a mixture within the unstable region (¢o = 0.45, 2/¥ =
0.80). Maps of the temporal evolution of mass fraction of species 1, ¢, which is preferentially pushed upward by
the external force.
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Turbulence-controlled evolution of particle patterns
on the interface of large deformable drops
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Abstract: We examine the interaction between a swarm of small (sub-Kolmogorov) inertial particles and
large deformable droplets in turbulent channel flow. To simulate such solid-liquid-liquid flow, we
exploit an Eulerian-Lagrangian methodology based on direct numerical simulation of turbulence, coupled
with a Phase Field Model to capture the interface dynamics and Lagrangian tracking to compute particle
trajectories. We quantify particle-interface interaction in a situation where the droplets have the same density
and viscosity of the carrier liquid (mimicking a water-oil emulsion), and particles are one-way coupled with
the carrier phase. Our results show that particles can get trapped at the interface and accumulate in the
regions of highest positive curvature. Accumulation is modulated by particle inertia: low-inertia particles
exhibit a stronger tendency to stay on the interface, whereas high-inertia particles can escape more easily and

after shorter trapping.

Keywords: Turbulence, Surface Tension, Multiphase Flows

1. Introduction

A large variety of systems involves the
adsorption of solid particles to the fluid
interface between droplets/bubbles and a carrier
liquid. Surface tension drives particle adhesion,
thus forming a layer that may change the
mechanical and mass transport properties of the
interface. Important industrial applications
where such phenomenon occurs include
scrubbing processes, in which large liquid
droplets are exploited to collect dust particles;
froth flotation processes, in which particle
adsorption to bubbles is essential for separating
minerals from the slurry.Most of three-phase
computational models available in the literature
have been used to study the dynamics of a
single particle trapped at a planar fluid
interface, or the surface stress tensor
modification for a pendant drop covered by a
monolayer of particles in the low-Reynolds-
number limit. Only recently, a multiscale
DEM-VOF method was developed to
reproduce droplet formation and interface
perturbations from a single particle. In this
paper, we perform a DNS (Direct Numerical
Simulation)-based study of a three-phase

turbulent flow in which a solid phase (particles)
and a liquid phase (deformable droplets) are
transported by a carrier phase (fluid).
Specifically, we investigate the interaction
between the particles and the droplets in a
channel flow configuration. We consider
particles with different size to investigate such
interaction at varying particle inertia.

2. Methodology

The computational approach is based on DNS
of the Continuity, Navier-Stokes and Cahn-
Hilliard equations and on the solution of a
Lagrangian equation of particle motion
stemming from the balance of the forces acting
on the particles (drag force and surface tension
force, in the present study). The flow solver is
based on a pseudo-spectral method that
transforms the field variables into wave space
to discretize the governing equations. In the
homogeneous directions, all the quantities are
expressed by Fourier expansions. In the wall-
normal non-homogeneous direction, they are
represented by Chebychev polynomials. The
time integration algorithm follows an
implicit/explicit scheme. All calculations



relative to Continuity, Navier-Stokes and Cahn-
Hilliard equations are carried out in wave space
except for the non-linear terms, which are
computed in the physical space and then
transformed back to wave space.

Particle tracking is performed in the physical
space. The particle-interface interaction is
modeled by considering a capillary force
related to the liquid-liquid surface tension. This
capillary force is exerted on the particles when
they are close to the interface, and acts to push
the particles towards the interface and capture
them there. In other words, the force provides a
potential well that drives particle accumulation
at the interface, which acts as particle adsorber.

3 Results

In this paper we show results relative to friction
Reynolds number Re=150 based on the channel
half height / (the channel dimensions being 474
x 27h x 2h in the streamwise, spanwise and
wall-normal directions, respectively), Weber
number We=().75 (ratio between inertial forces
and surface tension), Cahn number Ch=0.02
(dimensionless interface thickness), Péclet
number Pe=50 (ratio between diffusive
timescale and convective timescale) and
particle friction Stokes numbers St=0.1, 0.2, 0.4
and 0.8. For sake of brevity, we will show
results for the St=0.8 particles only.

In our framework, particle accumulation is
higher (resp. lower) for the lower-inertia (resp.
higher-inertia) particles. The capillary force
acting on the particles depends on the surface
tension and on the local curvature of the droplet
interface. The former changes with surface
composition/temperature, remaining constant
when these do not vary (as assumed in our
simulations). Hence, the only parameter that
can change the magnitude of the capillary force
is the local curvature: The capillary force is
stronger in regions with higher curvature.
While trapped within the interface, particles
tend to move towards the regions of highest
positive curvature. This sampling is observed
for all particle sets, and appears modulated by
particle inertia. Our results show that inertia
provides particles with a way to escape from the
interface and reduce the time window over
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which particles interact with the interface. Low-
inertia particles are found to accumulate at
higher rates and are able to stay longer in close
proximity of the droplet interface.

Once trapped there, these particles exhibit the
strongest tendency to collect in regions
characterized by highly-positive values of the
curvature, as shown qualitatively in Fig. 1.
Indeed, the regions of long-term trapping and
high particle concentration correlate well with
portions of the interface characterized by
higher-than-mean curvature. This finding is
important since the presence of tiny particles at
the interface is known to affect locally the
surface tension, particularly in the presence of
concentration gradients: present results suggest
that particle-induced modifications of the
surface tension should be stronger where the
curvature of the interface is higher.

particle

Figure 1: Snapshot of  St=0.1
distribution  on  the  drop surface. ~ Non-
interacting  trapped  particles  form  highly-

concentrated filamentary clusters (top), but appear
more evenly distributed when excluded-volume e ects
are accounted for (bottom).
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The nucleation process and its coupling to the macroscale
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Abstract: When the pressure falls below a critical level (cavitation) or the temperature raises above
a threshold (boiling), the liquid-vapor transition takes place. Here we discuss a comprehensive model able
to provide a unified description of the different phenomenologies described above. The model is based on
the capillary Navier-Stokes equation where the liquid-vapor interface is treated by a diffuse interface model.
In order to describe nucleation, a noise term is included (fluctuating hydrodynamics) leading to a system
of stochastic partial differential equations able of describing the nucleation of vapor cavities from the liquid

in the context of continuum mechanics.

Keywords: Bubble nucleation, Fluctuating Hydrodynamics, Phase Field Method.

1. Introduction

When the pressure falls below a critical
level (cavitation) or the temperature raises
above a threshold (boiling), the liquid-vapor
transition takes place. The process starts with
the nucleation phase, a rare event that is
deeply rooted in the atomistic nature of the
fluid. Successively, depending on the local
thermodynamic conditions, the bubble may
grow to the macroscopic size to couple with
the inertial dynamics of the surrounding fluid.

In the classical approach, each phase is treated
separately. Classical Nucleation Theory (CNT)
deals with the nucleation rate (number of
bubbles formed per unit of time and volume).
Once the bubble is formed, the celebrated
Rayleigh-Plesset equation, or extensions
therein, is classically used to describe the
bubble dynamics. After reviewing the state of
the art in the field, the purpose of the talk is to
discuss a comprehensive model able to provide
a unified description of the different
phenomenologies described above.

2. Nucleation Modelling

The model is based on the capillary Navier-
Stokes equation where the liquid-vapor
interface is treated by a diffuse interface model
accounting for the relevant thermodynamic
properties of the fluid (e.g., equation of state,
phase change, and latent heat). In order to
describe the nucleation phase, a noise term is
included (fluctuating hydrodynamics) leading
to a system of stochastic partial differential
equations with the unique capability of
describing the nucleation of vapor cavities
from the liquid in the context of continuum
mechanics. Several examples of numerical
solutions will be illustrated, including bubble
collapse in free space and near solid walls and
their homogenous and heterogeneous
nucleation in different geometries. New results
concerning nucleation and bubble dynamics in
a flowing liquid will also be presented to
finally touch upon the rare event techniques
aimed at accurately extracting the cavitation
pressure for actual water in a wide range of
temperatures.
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Abstract: We present a diffuse-interface model for the solid-state dewetting problem with ani- sotropic surface
energies. The introduced model consists of the anisotropic Cahn— Hilliard equation, with either a smooth or a
double-obstacle potential, together with a degenerate mobility function and appropriate boundary conditions
on the wall. Upon regularizing the introduced diffuse-interface model, and with the help of suitable asymptotic
expansions, we recover as the sharp-interface limit the anisotropic sur- face diffusion flow for the interface
together with an anisotropic Young’s law and a zero-flux condition at the contact line of the interface with a
fixed external boundary. Numerical results based on an appropriate finite element approximation are presented
to demonstrate the excellent agreement between the proposed diffuse-interface model and its sharp-interface
limit.

Keywords: Solid-state dewetting, phase field model, Cahn—Hilliard equation, anisotropy, finite element
method.

1. Introduction given by Young’s law which prescribes a

force balance along the substrate.
Deposited solid thin films are unstable

and could dewet to form isolated islands on the
substrate in order to minimize the total surface
energy. This phenomenon is known as solid-
state dewetting (SSD), since the thin films
remain in a solid state during the process. SSD
has attracted a lot of attention recently, and is
emerging as a prom1s1ng route tohproduce Eisol) :/ E\V<,9|2 —|—€*1F(g0) dz, (1)
patterns of arrays of particles used in sensor Q2

technology, optical and magnetic devices, and

catalyst formations. where Q c R is a given domain with d €
{2,3}, ¢ : Q — R is the order parameter, &
> 0 is a small parameter proportional to the
thickness of the interfacial layer, and F (¢) is
the free energy density. A natural
generalization of the free energy (1) to the case

In this work, we aim to study the SSD
problem with anisotropic surface energies in
the diffuse-interface framework. In the
isotropic case, diffuse-interface models are
based on the Ginzburg—Landau energy

The dominant mass transport mechanism
in SSD is surface diffusion. For (isotropic)
surface diffusion, the normal velocity of the
interface is proportional to the surface Lapla-

cian of the mean curvature. In the case of SSD of anisotropic surface energies is given by
the evolution of the interface that separates the

thin film from the surrounding vapor also £ (p) = / El“/(vaﬁ) 24+ e F(p) da
involves the motion of the contact line, i.e., the / ) 2 (2)

region where the film/vapor interface meets N
the substrate. The equilibrium contact angle is = /o cA(Vp) +e 'F(p)da.
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Here, y : R? — [0, o) is the anisotropic density
function, which is positively homogeneous of
degree one, and 4 := 7y”. This then gives rise to
the anisotropic Cahn—Hilliard equation

o =V - (m(p)Vp),
)

p=—eV-A(Ve)+"F(p),

where A’ represents the gradient of the map 4 : R?
— [0, o0).

v Tt

Vapor
I'ye
l Substrate
Figure 1: Sketch of the structure for SSD near the contact
line (green point), where the vapor, film and substrate
phases meet.

When it comes to SSD, as shown in Fig. 1,
the total surface energy of the system
consists of the film/vapor interface energy Eis
and the substrate energy Equs

Eins = / 2(w) dS,
r'(t)

gsub = ’Yps/ dsS + Tvs / dS
Frs Tvs

where I'(7) is the dynamic film/vapor interface
with v being the interface normal point- ing
into the vapor phase, I'rs and I'y s are the
interfaces  between  film/substrate  and
vapor/substrate, respectively, and y,, and y,
are the corresponding surface energy den-
sities. In order to model SSD by the diffuse-
interface approach, we associate the vapor
phase with ¢ = 1 and the film phase with ¢ =
—1. Then the Ginzburg—Landau type energy
(2), up to a multiplicative constant, will
approximate the sharp interface energy Eiy.
Moreover, the contribution to the wall energy
Esu» can be approximated by

Euly) = / qum
FpsWlys

+ (’sz - ’YFS)G(<P> ds,

“4)

&)

where G(¢) is a smooth function satisfying
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G(x1)==1/2.

The main aim of this talk is to develop a diffuse-
interface approach to SSD in the case

of anisotropic surface energies based on the
energy contributions (2) and (5). The obtained
diffuse-interface model consists of a
degenerate anisotropic Cahn—Hilliard equation
with appropriate boundary conditions. We
study the sharp-interface limit and introduce a
fully practical finite element approximation.
The latter is exploited for several numerical
tests, including a detailed comparison between
sharp-interface approximations and diffuse-
interface approximations
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Phase-Field models in Materials Science
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Abstract: “Phase Field” is a general concept of solving free boundary problems in applied science. It routs
in hydrodynamic wave mechanics as well as in thermodynamics. The hydrodynamic rout bases on the
Korteveg de-Fries equation for the description of shallow water waves, leading to a self-similar solution
nowadays known as “solitonean wave”. The thermodynamic route bases on Ginsburg- Landau
description of phase transformation, where the “phase-field” is an order parameter in space and time.

The basic concepts and early numerical application have been worked out in the 1990th. Nowadays
applications range from solidification over solid state transformation to materials degradation and fracture.
Since the method mainly addresses microstructure evolution and phase transformations, fluid flow is not in its
primary focus. There are, however, self-interacting mechanisms between fluid flow on the micro- and nano-
scale and phase transformation, in particular solidification and melting: Solidification stops melt flow, melt
flow may stop solidification. Ripening of solid particles is accelerated by melt flow which leads to a change
of scaling in time. Hydrophilic or hydrophobic surfaces may cause or suppress micro-flows.

The talk will review shortly the historical background of “Phase Field” and demonstrate current applications
in materials science with special focus to micro-flows.

Keywords: Phase Field, Solidification, Capillarity

Figure: Dendritic solidification of MgAl with interdendritic melt flow
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Asymptotic Methods for Reduced-order Modelling of Partially Wetting Droplets
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Abstract: We consider the slow dynamics of an isolated thin droplet moving on heterogeneous surfaces,
as described within the long-wave limit of the Stokes regime. Using matched asymptotics, we show that
by considering regular perturbations from a nearly circular contact line and matching the flow in the vicinity
of the drop with that of the bulk, it is possible to derive a simpler set of evolution equations for the
Fourier coefficients of the contact line. Numerical experiments highlight the generally excellent agreement
between the governing long-wave model and the derived equations. We also demonstrate that reduced-order
model is also able to capture many of the salient features, which characterize the intricate interplay between
substrate heterogeneities and the complexity in the environment, and how these impact the motion of the

droplet.

Keywords: Wetting, Contact Lines, Droplets

1. Introduction

Long-wave modelling approaches for
droplet dynamics, which are applicable
for slow-moving droplets on hydrophilic
surfaces, have been commonly employed
to mitigate the  computing costs
associated with direct  numerical
simulations of the Navier Stokes equations.
In this manner, the relevant parameter
spaces can be more efficiently scanned
for gaining physical insights, as well as for
guiding experimental efforts.

However, simulating long-wave models,
which  typically consist of evolution
equations for the droplet thickness and
other pertinent fields, is also challenging
due to numerical stiffness which is attributed
to the presence of some microscopic scale
that is introduced to alleviate the stress
singularity in the vicinity of the contact line
[1]. For example, models with a disjoining
pressure depend on the precursor film
thickness, just as the slip length appears in
slip-based models. For this reason, numerical
experiments are typically being carried out for
unrealistically large values for this microscale.

Initial attempts to investigate the
behavior of long-wave models began
long  before computer simulations were
feasible through the pioneering works of
Lacey [2] and Hocking [3],

who utilized the method of matched asymptotic
expansions to deduce simplified models for the
evolution of the contact line. Since then, many
authors provided extensions of these studies to
account for different levels of complexity, but
only recently non-circular contact line shapes
were considered by Savva and co-workers,
through an accurate and efficient methodology
which is able to tackle the fully three-
dimensional geometry [4,5].

2. Outline of analysis

In order to briefly highlight the key elements
of the analysis, we focus on partially wetting
droplets spreading on a heated, smooth,
horizontal and chemically heterogeneous
surface. The droplet consists of a one-
component volatile liquid that evaporates into
its own vapor, so that the problem reduces into
a so-called one-sided model for the thickness
of the droplet, h, as a function of position x
and time t, which is cast in dimensionless
form as

: 24 72 -

hy + V- [h(h* + A*)VAR] = TR
where A is the slip length, E is the evaporation
number which is proportional to the difference
of the substrate temperature from the saturation
temperature, and K is the Kinetic resistance
which compares the scale of kinetic effects to
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some macroscopic scale; A and V are the usual
Laplace and gradient operators, respectively
[6]. To close the system, extra conditions are
imposed at the contact line, x = ¢(t), namely

E
(c; — A2VAh) v =——

0K’
h =0, |Vh| = 6,
where 6 is the (locally) prescribed contact angle
along the contact line, and v is the outward unit
normal to the contact line.

There are four distinct regimes in the
dynamics characterized in terms of the
parameter € = 1/|InA| <« 1 as 1 — 0: (i) the
capillary action for t = 0(1), during which the
droplet profile relaxes to a quasi-equilibrium
shape, (ii) the spreading stage t = 0(1/¢),
during which the droplet front moves without
appreciable mass loss, (iii) the evaporation
stage t = 0(e/A), during which the droplet
loses O(1) mass, and (iv) the extinction stage
when t > 0(e/4), during which the droplet
becomes so small that separation of scales is no
longer possible. Stages (i) and (iv) are neglected
due to their brief duration, deriving evolution
equations for the contact line during stage (ii)
and for the volume, u(t), during stage (iii).

During stage (ii), the dynamics is assumed
to be quasi-steady and the solution is treated
differently away from the contact line (outer
region) with that of its vicinity (inner region),
where due to evaporation, the free surface
bends to some evaporation-modified angle, ..
Then, by matching these solutions within some
overlap region, equations for the Fourier
harmonics of c(t) are obtained. For the
evolution of u(t) during stage (iii), we assume
that the apparent angle (from the outer region)
tends to 9, which allows us to obtain an integral
expression for the rate of change of v(t).

2. Results and discussion

Although the evolution equations for c(t)
and v(t) pertain to different stages of the
dynamics, we have consistently found that
combining them into a single model captures
the dynamics well for all times. This is
illustrated in Fig. 1, where we show a droplet
evaporating on eggbox-like heterogeneous
features. We see that the reduced-order model
accurately captures the dynamics of the
governing model,
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but requires a tiny fraction of the computational
resources compared to the full model.
2.4

1.2

Fig 1. Evaporation of a droplet on an eggbox-like
pattern with noise, comparing the solution to the
long-wave model (solid) and its surrogate (dashed).
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Inclination effect on the internal flows and evaporation kinetics of droplets
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Abstract: Manipulating microfluidic flows inside evaporating sessile droplets deposited on
horizontal substrates had been widely studied for more than twenty years. Briefly described here, the
evaporative flux peaks at the pinned contact line and causes a strong mass loss due to evaporation, the mass
loss is compensated by an outgoing radial flow directed from the apex to the pinned contact line. Despite the
universality of drops deposited on tilted substrates the study of the evaporation kinetics and the resulting
internal flows has not received much attention. Our numerical model studies the evaporation kinetics and
internal flows of droplet at an incline. It was found that a small angle of inclination has a non-negligible
effect on the evaporative flux. Although, the internal flow was totally distorted to compensate the

asymmetrical evaporation.

Keywords: internal flow, droplets, evaporation, two phase flow, gravity.

1. Introduction

In many practical situations droplets dry on a
slope, in solar panels, during spray coating,
pectizing, printing and in crime scenes. Some
researchers state that the deformed shape of the
droplet under gravity effect has a negligible
impact on the evaporation flux and evaporation
Kinetics [1], [2]. While others state that the
distorted shape of the droplets affects the
evaporation process [3], [4]. To our best
knowledge there exist no numerical study that
simulate internal flows inside inclined
evaporating droplets. A COMSOL model is
implemented to solve simultaneously the
droplet deformation due to gravity and the
phase change induced by evaporation. In this
work an unsteady 2D numerical model for
evaporating sessile droplet on an inclined
substrate was simulated, while the interface
location and the droplet deformation due to
gravity was predicted at each time step.

2. Mathematical model
Equations for momentum, energy and vapor
transport are solved in fluid and solid phases.

L7 T=0
Z—Z+p(U*V*)l7=—\7P+uAI7+
pg (2)

oT - o
StV U TT=aaT (3)

U and T are the velocity vector and

temperature, respectively, y : is a coefficient
equal to 0 in solid phase and 1 in fluid phases,
g refers to gravity, u”is fluid viscosity, ar is
the

thermal diffusivity, and p is phase density.
vapor transport equation is written as:

aC — —

E+U—VC=DAC (4)

C is the vapor concentration; D is the diffusion

coefficient of water vapor in ambient air (D =
25 mm?/s).
At liquid-air interface
T,=T, (5
Jhy,—qg,-n+qg,-n=0 (6)

q = -kVTis the heat flux and #,, is the latent
heat of evaporation.

Saturation concentration of vapor at the droplet
interface is given by C(T)= Y}a;T! The
coefficients a;are chosen to fit experimental
data of Raznjevic [5]. Far from the droplet the
vapor concentration is given by RH C(T),
where RH is relative humidity.

mass continuity is given by:

pUy—Up)-n= pg(Ug - UI) n=J-n (7)
n’is a normal unit vector, | an g denotes gas and
liquid , 17, is the velocity of the moving
interface, and J is the local evaporation flux
evaluated by:

J=]-#i=-DVC-7 (8)

The stress at the liquid air interface must be
balanced by:
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(D), — (nD)y] - t=Vo-t (9)
[((nD), — (nD)y] -n=-Vo-n (10)

t and 7" are tangential and normal unit vector,
o: is the surface tension and 7= —PI+
u[VU + (VU)T] is the stress tensor. Velocity
non-slip condition is applied between liquid
and gas particles at the interface. The arbitrary
Lagrangian—Eulerian (ALE) method is used to
track the interface location at every time step,
the numerical procedure is described in [6].

3. Model Validation

The model is validated against the numerical
model of Mollaret and al [7] , and showed an
excellent agreement between experimental and
our numerical results.

Limiting case validation evaporation of non heated sessile droplet on

— PTFE , Inclination = 0 deg . RH= 50 % Tsub=Tamb=20°C

Draplet volume (litres)
o
&
2

o 500 1000 1500 2000 2500 3000 3500
Time { seconds)

® Experimental results of Mollaret and Al [7]  ——0Our numerical model with 57230 TRIANGLE

Fig 0la: experimental validation, droplet deposited on a
horizontal substrate.

Fig 01b: ALE predicted (orange) and measured droplet
profile, R=2.67 mm, contact angle: 20 deg, inclination:
40 deg, time=1s

4. Results

Results are for a water droplet with radius
R=2.67 mm and initial contact angle 40 deg.
Figure 02 shows the evaporative flux of a
sessile droplet on a horizontal substrate (the
right side), and an inclined substrate with five-
degree inclination (left side). The evaporative
flux is more pronounced near the pinned
contact line, since the droplet is thinner in this
area. Moreover, the inclination affects the
distribution of the evaporative flux at the rear
contact angle and enhances the evaporative flux
by 8%. The internal flow inside the horizontal
is symmetrical and radial from the center of the
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droplet at the apex x=-2.67 mm to the contact
line. But when at an incline, the flow is no
longer symmetrical. This is explained by the
fact that the evaporative flux is stronger at the
rear contact angle. Thus, the liquid required to
compensate the mass loss is unevenly
distributed inside the droplet, which reflect the
flow pattern.

Non horizontal substrate 5° inclination Horizontal substrate 0° inclination L

0006 0007 000E 0008 00l 07 0008 0.0
Arc length (m Are length (m)

Non horizontal substrate 5° indlination @ | Horizontal substrate 0° inclination Q

a0 <10

L E | 28 L <l L " L
0005 -0o0s 000 0002  0.01 o 0005 004 0003 0402 0.001 o

Figure 02: Top row: evaporative flux of a horizontal
(right) and inclined (left) droplet. Bottom row: Internal
flow field. Dashed line shows deflection due to
symmetry (black) and inclination (red).

5. Conclusion

The evaporation phenomena and internal flow
of pinned sessile droplet on inclined substrate
was successfully simulated. The effect of
inclination on the evaporative flux was
pronounced at the rear contact angle. We
showed that a small increase of the inclination
only 5° results in an asymmetrical evaporative
flux at the two sides. These results clarify the
controversial in the existing literature and
confirm that the slope angle has a significant
effect on the evaporation kinetics. Also, the
internal flow reflects favorable convection
toward the rear contact angle.
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Abstract: We study the problem of droplet dynamics on patterned surfaces. We focus on droplets
subjected to an external driving process that changes the droplet’s volume, such as evaporation or
microfluidic flow, and consider solid surfaces with smooth chemical variations. In our previous work, we
reported the emergence of a hierarchy of bifurcation points arising when a droplet evaporates on smooth
patterns. Building upon these results, here we use a combination of theory and simulations to study the
dynamics of droplets through such bifurcation points, and how it depends on the physical properties of
the system quantified in terms of the Ohnesorge and Bond numbers. Our results show that the interplay
between a phase change and surface wettability can be exploited to control the motion of droplets on

patterned solids.
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1. Introduction

Controlling droplet transport and localisation
on structured solid surfaces is important for
key technologies, such as liquid-repellent
surfaces, microchemical reactors, and micro-
and nano-fluidic systems. Consequently,
considerable effort has been devoted to
designing solid surfaces that enhance/inhibit
wetting [1], control droplet’s contact area [2],
and direct droplet’s motion [3,4].

Droplets that are subjected to external, time-
dependent variations, such as evaporation and
condensation, exhibit complex dynamics that
strongly depends on the interaction with the
solid surface [5]. Recently, we have shown
that the shape and location of a droplet that is
slowly evaporating on a smooth wettability
pattern undergo changes due to surface
instabilities. These arise from a hierarchy of
bifurcations as the volume V(t) of the droplet
decreases [6,7]. At each bifurcation point, the
stability changes so the droplet must change its
shape and position s(t) as dictated by the

unstable stable

T L

Vv
Fig. 1. (a) Droplet lateral displacement 4s
triggered by a bifurcation point as the volume V
decreases (b), leading to a sudden increase in
droplet’s speed (c).
underlying solid pattern (Fig. 1a). The
bifurcation diagram consists of connected
branches that change stability at specific
volumes (Fig. 1b), producing a rapid lateral
shift (Fig. 1c).
Here, we study the dynamics of droplets
undergoing bifurcation transitions and how it
depends on the different physical mechanisms
(capillarity, viscosity, inertia, and gravity). As
a model system, we consider the problem of a
2D droplet slowly evaporating on an inclined
plane with periodic wetting patterns (Fig. 2).
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2. Mathematical modelling

For a given area A the equilibrium state of the
droplet is quantified by the total energy

b
E[h(x); A] = f ( ’1 + hZ —cos@)dx

b h
+ Bof (xhsina+§cos oc) dx,
a

where h(x) is the droplet’s interface, ©(x) is
the wetting pattern, Bo is the Bond number,
and « is the inclination angle (see Fig. 2). By
analysing the extrema of the energy for
different droplet’s areas, we construct the
corresponding bifurcation diagram.

The dynamics of the droplet is studied by
solving numerically the Cahn-Hilliard and
Navier-Stokes system of equations:

Du—V+1V2 1 V+BO()
Dt~ P TR VU T e OV H (P9,

¢ 1,
E+u-V¢— EV n,

where u(r,t) is the velocity field, p(r,t) is
the pressure, ¢(r, t) is the phase field, p(¢) is
the density of the two-phase system, and
n(r,t) is the chemical potential. Re, We, Pe,
are the Reynolds, Weber, and Peclet numbers,
respectively. We impose an open flux
boundary that drives evaporation, and at the
solid surface we impose a Neumann boundary
condition for the phase field that models the
wetting pattern [7].

3. Results

We first examine the limiting case of small
Bond number and perform asymptotic analysis
to obtain approximate solutions. For higher
Bond numbers we derive exact solutions
written in terms of elliptic integrals that can be
solved numerically. We show in turn that
gravity affects the topology of the bifurcation
diagrams, reducing the stability regions of the
phase space.
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Fig. 2. 2D droplet resting on an inclined plane
with a wetting pattern (top). Bottom panel shows
the bifurcation diagram of droplet’s displacement
versus area compared to diffuse-interface
simulations of a droplet evaporating (blue line).

The bottom panel of Fig. 2 shows an example
of a bifurcation diagram for a symmetric
wetting pattern, where red and green lines
denote saddle nodes and stable points,
respectively. The blue solid line shows the
corresponding dynamic simulation of a droplet
evaporating. We can see that the droplet
position follows very closely the stable
branches predicted by the bifurcation theory.

We also consider asymmetric patterns that
naturally induce directed motion on the
droplet, observing there is a competition
between gravity and the wetting pattern in
determining a droplet’s direction of motion
upon evaporation.

References

[1] Quéré, Annu. Rev. Mater. Res. 38, 2008.
[2] Raj et al., Nature Commun. 5, 2014.

[3] Savvaet al., J. Fluid Mech. 859, 2019.
[4] Sadullah et al., Commun. Phys. 3, 2020.
[5] Zang et al., Phys. Rep. 804, 2019.

[6] Wells et al., Nature Commun. 9, 2018.
[7] Ewetola et al., Phys. Rev. Fluid. 6, 2021.



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

Towards a flexible, highly-scalable, general-purpose thin film solver

Panayiotis-Yiannis VRIONIS!", Nikos SAVVA!

1: Computation-based Science and Technology Research Center, The Cyprus Institute, Nicosia,
2121, Cyprus

* Corresponding author: Email: p.y.vrionis@cyi.ac.cy

Abstract: Simulation-driven studies of wetting and dewetting phenomena are commonly used to gain insight
into their underlying mechanisms. We present a highly scalable, general-purpose thin fluid flow solver
that can perform complex simulations of isolated or multiple droplets in the presence of complexity. The
solver is based on the long-wave or lubrication approximation, and utilizes mesh adaptation techniques and a
multigrid method to solve the governing fourth order non-linear partial differential equation that describes
the thickness of the droplet. The solver’s capabilities are demonstrated with representative cases, which
include multiple droplet dynamics on heterogeneous surfaces and in the presence of thermal effects, body

forces and electric fields.
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1. Introduction

Thin film flows commonly occur in
everyday life, appearing in natural and

engineered settings and thus, attracted
significant interest and research efforts.
invoked for the study of wetting

hydrodynamics, particularly in the limit of
small contact angles. However, these
phenomena are complex and challenging to
study due to their multi-scale and multi-physics
nature, as the dynamics is influenced by
multiple factors. These include, amongst
others, substrate heterogeneities, thermal
effects, body forces, the presence of electric
fields, interactions with nearby droplets etc.
Hence, the development of accurate and
efficient numerical simulation tools can assist
in understanding the underlying physics
governing applications in which controllable
droplet transport plays a key role.

In this work, we present a scalable, flexible,
and general-purpose thin film solver that is
valid in the limit of small contact angles. It can
be extended to incorporate various effects and
complexities, offering a compelling alternative
to arguably more expensive direct numerical
simulations. Our approach utilizes the Basilisk

library [1], an open-source generic solver for
partial differential equations (PDEs) based on
multigrid methods. The library also allows for
the use of mesh adaptation techniques, which is
a desirable feature for accurately capturing the
dynamics in the vicinity of the contact line.

2. Mathematical model

Herein, we consider thin droplets as they
move over heterogeneous surfaces. In the limit
of small slopes, strong surface tension effects,
and negligible inertia, a PDE is derived
Stokes equations using the long-wave
approximation [2], which governs the evolution
of the droplet profile h at position X and time t,
cast in dimensionless form as

oh -
ot +V-{(h3[V(Ah—TIICx,h) —w &)V h
+wz(t)ex]}+Jh) =0, (1)
with @x being the unit vector projection of
gravity onto the substrate and v ,A = V- Vthe
gradient and Laplace operators, respectively.
The stress singularity at the moving contact
line is relaxed by assuming that a precursor film
covers the entire substrate through a spatially
varying disjoining pressure term, I1(Cx,h),
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which models substrate heterogeneities and
molecular attractive and repulsive forces [2].
Body forces, which may be due to gravity or
mechanical vibrations, introduce the additional
terms wi(t) and wz(t) [3]. The last term, J(h),
captures evaporation/condensation effects [4].

3. Illustrative examples

The developed framework enables the
simulation of a broad range of thin fluid flows
in different settings. These include droplets that
interact both with the complexity in their
environment and with each other, allowing us
to efficiently study the underlying mechanisms.
In the following, two simulations of multiple
droplets are presented, influenced by different
complexities. For simplicity, periodic boundary
conditions are applied to both examples.

The first example presented also showcases
the mesh adaptation capabilities of the solver,
shown in Figure 1. The case is described by
multiple droplets descending on an inclined
surface with spatially varying contact angles.
Here, interesting dynamics is observed, such as
stick-slip and coalescence events, induced by
the competition of heterogeneities slowing
down the smaller droplets and gravity which
makes larger droplets move faster.

Figure 1. Adaptive mesh for droplets on an inclined
surface. which is automaticallv coarsened awav from

In the second example, we study the case of
multiple droplets condensing on an inclined
surface decorated with noisy striped features of
alternating  higher/lower  wettability.  The
substrate is oriented at an angle to the downbhill
direction (Figure 2). In this example, droplets
preferentially condense on the higher
wettability regions, which then grow faster,
coalesce with their neighbours and flow
downhill due to gravity.
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Figure 2. Simulation snapshot of condensing droplets
on an inclined surface, which is decorated with stripes
of alternating wettability. For clarity, the precursor film
is not shown.
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Abstract: Microchannel heat exchangers offer significant advantages in terms of high heat transfer
coefficients and surface area-to-volume ratios. However, when heat exchange is desired between fluids with
disparate thermal capacities and properties, the dominant thermal resistance places upper bounds on the utility
of microscale heat transfer. For example, decreasing the channel size to values below certain thresholds
provides diminishing returns, and even worse, could significantly increase parasitic losses. Therefore, this study
develops guidelines for the applicability and effectiveness of microscale geometries for a variety of
applications for liquid-to- liquid, liquid-to-phase-change, liquid-to-air, phase-change-to-air, and other
combinations. Microchannel diameters for representative examples of such transfer processes are analyzed
and optimal ranges are recommended. This is achieved by calculating the single-phase and phase-change heat
transfer coefficients for media with a range of transport properties and channel diameters. These microscale
transfer resistances are then paired with the thermal resistances of different coupling fluids with representative
surface area enhancements as needed to assess the effectiveness of microchannels for typical air-coupled and
liquid- coupled heat exchangers. These results are then distilled into microchannel applicability maps based on
the thermal resistance ratios, allowable pressure drop limits, fan/pumping power, and footprint to provide
recommendations to guide designers of microchannel-based devices.

Keywords: Microchannels, Heat-exchangers, single-phase, two-phase

1. Introduction

Heat transfer and fluid flow in
microchannels has been a large topic of interest
the past few decades due to its large potential to
miniaturize thermal systems and ability to
reject heat at high fluxes [1]. However, these
advantages may not be realized in practical heat
exchangers because heat exchange is, by
definition, between two fluids with each
thermal resistance contributing to the
determination of heat exchanger size. This is
not the case in many previous microchannel
heat sink optimization studies, where typically
only one working fluid that is subject to a
uniform heat flux [2-4] is considered. While
this is a typical boundary condition in
electronics cooling applications, the more
generic case is heat transfer between two fluids,

where there is neither a uniform heat flux nor
wall  temperature, additional ~ thermal
resistances, and  diminishing  driving
temperature differences along the length of the
heat exchanger, depending on the thermal
capacity ratio of the two fluids. Therefore, in
the more general case, when heat exchange is
desired between fluids with disparate thermal
capacities and thermophysical properties, the
dominant thermal resistance and temperature
pinching place upper bounds on the utility of
microscale heat transfer. For example, an air-
coupled microchannel heat exchanger is
severely limited by the air-side heat transfer
coefficient; therefore, any reductions in tube
diameter will only primarily affect the heat
transfer surface area. But simultaneously, the
reduction in flow area will lead to rapidly rising
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pressure drop, yielding an optimum channel
diameter for a given pumping power, shown in
Figure 1. This implies that decreasing the
channel size to values below certain thresholds
provides diminishing returns, and even worse,
could significantly increase parasitic losses due
to pressure drop. In a real device, the use of air-
side fins helps balance the thermal resistances,
and parallel flow in multiple microchannels
mitigates pressure drop, but with increased
maldistribution potential. Geometric
optimizations have been performed for a few
different configurations [5, 6], but few consider
the coupling side, leading to recommendations
about the benefits of microchannels of various
diameters in isolation that would not apply for
the more realistic overall thermal system.

Heat Duty [W cm‘:']

L] 0.2 0.4 0.6 0.8 1
Hydralic Diameter [mm]

Fig. 1. Power density versus hydraulic diameter for
an air coupled microchannel HX at a given pumping
power.

The present study considers these different
aspects and develops guidelines for the
applicability and effectiveness of microscale
geometries for a variety of liquid-to-liquid,
liquid-to-phase-change, liquid-to-air, phase-
change-to-air, and other common heat
exchange applications. Microchannel diameters
for representative examples of such transfer
processes are analyzed and optimal ranges are
recommended. This is achieved by calculating
the single-phase and phase-change heat transfer
coefficients for media with a range of transport
properties (density, thermal conductivity,
specific heat, viscosity, and latent heat of
evaporation) across a range of channel
diameters. = These  microscale  transfer
resistances are then paired with the thermal
resistances of different coupling fluids with
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representative surface area enhancements
through fins as needed to assess the
effectiveness of microchannels for typical air-
coupled and liquid-coupled heat exchangers.
These results are then distilled into
microchannel applicability maps based on the
thermal resistance ratios, allowable pressure
drop limits, fan/pumping power, and footprint
to provide recommendations to guide designers
of microchannel-based devices.
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Flow boiling of R32 and R410A inside brazed plate heat exchangers with
different geometries
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Abstract: A proposed midterm substitute of R410A, mixture with 1924 GWPp (Global Warming
Potential over 100 years), is R32 (GWP;o0 = 677), which, although mildly flammable, is pure, relatively
cheap, already available on the market, with different suppliers due to the absence of patents. Increasingly
stringent energy saving regulations are boosting the residential heat pump market, which typically requires
reversible brazed plate heat exchangers to be used both as evaporators and condensers. This work
reports an experimental analysis of the two refrigerants during evaporation in brazed plate heat
exchangers, varying the channel volumes. It is shown that the differences in performance between the
two fluids increase with the mass velocity, suggesting the influence of a convective component on the heat
transfer coefficient. This is further confirmed by comparing the data with the results of two different models
from literature.

Keywords: Heat pumps, brazed plate, R32, evaporators

1. Introduction

The behavior of R32 in vapor compression
cycles is quite well known; Cavallini et al. [1]
found that the direct use of R32 should permit
the manufacture of a very efficient equipment
with a limited impact in global warming, and
its marginal flammability can be overcome by
improving tightness and reducing refrigerant
charge. Thus, intrinsic low-volume solutions
are preferred, such as brazed plate heat
exchangers. Numerical simulations show that
R32 is a good alternative to R410A and
essentially no change is required in the chiller
design. As regard the heat transfer coefficient
(HTC), different studies suggests that the
performance of R32 is affected by both
nucleate boiling and convective boiling
mechanisms. The present paper reports
experimental measurements of heat transfer
coefficient during flow boiling in brazed plate
heat exchangers, from practical industrial tests.

2. Experimental results

The experimental tests have been carried

out at the laboratory of Onda S.p.A., with a
facility consisting of a vapor compression
system with a scroll compressor driven by an
inverter, which allows to regulate the cooling
capacity, using a 32 cSt viscosity (at 40 °C)
lubrification oil.

Both tested evaporators are composed of 70
plates, 0.122 m wide and 0.530 m long, with a
herringbone corrugation. The first model
features refrigerant-side channels that have the
same volume as the water-side channels
(symmetrical), while the second model has
refrigerant-side channels 24 % narrower
(asymmetrical). From now on, the two
configurations will be indicated as ‘“standard
channel” and “narrow channel” respectively.
The value of vapor quality at the evaporators
inlet was kept at 0.2, while the value of
superheating at 5.5 +0.5 K. The performances
were measured at different values of the heat
flux, with saturation temperatures ranging
from 3 to 5.5 °C.

From Fig. 1 we notice that the heat transfer
coefficient obtained for the two fluids at the
same heat flux is almost identical in the
standard channels. With narrow channels the
performance is improved for both fluids, but in



this  configuration the fluid R410A
overperforms R32.
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Fig. 1 Experimental heat transfer coefficient as a
function of the heat flux

On the contrary, if the same values of the heat
transfer coefficients are plotted at the same
mass velocity (Fig. 2), the comparison
between the two fluids gives different results,
suggesting that the performances of the fluid
R32 are higher than those of R410A.
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Fig. 2 Experimental heat transfer coefficient as a
function of the mass velocity

3. Comparison with literature

Fig. 3 shows that the Cooper [2] model,
purely nucleate boiling based, tends to
strongly underestimate the experimental data.
On the contrary, the Longo et al. [3] model
(Fig. 4), including both nucleate and
convective boiling components, predicts the
experimental results much better, even though
the data for R410A in the narrow channel
remain underestimated.
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Fig. 4 Comparison of the experimental data with the
model by Longo et al. [3]

4. Conclusions

At the same heat flux, the boiling heat
transfer performance of R32 and R410A are
very similar each other. Both the experimental
and calculated results suggest the presence
(together with a nucleate boiling term) of a
convective mechanism, which is more evident
for narrow channels and for R410A where the
mass velocity is higher.
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Abstract: In chemical reactions at high temperatures and pressures, especially with exothermic reactions, precise
temperature control is essential to reduce the risk of thermal runaway. Conventional macro-scale reactors, provide
only limited temperature control due to reduced heat dissipation [1]. In the contrary, micro reactors provide a high
surface-to-volume ratio, and the associated increased heat dissipation supports the avoidance of local hot spots
inside the reactor. A further advantage of micro process technology devices is the precise temperature control and
equal temperature distribution. For NMR-based in-situ and operando monitoring of chemical reactions above 200 °C
and 1 MPa, a micro reactor/heat exchanger has to be designed. To ensure that the micro reactor fits into a standard
high-field NMR instrument, it has to be cylindrical with a maximum outer diameter of 10 mm. The number and
geometry of the tubes as well as the L/D ratio of the implemented micro heat exchanger are to be determined. For the
comparison of the heat transfer performance, the thermal efficiency, overall heat transfer coefficient and pressure
loss of the micro heat exchanger at different mass flow rates will be modelled using the finite element method
(FEM). In addition, the heat flux as well as the flow profile over the entire length of the micro heat exchanger will be
simulated. The next step will then be to verify the results of the numerical simulation by experiments.

Keywords: Heat transfer performance, Micro-Heat Exchanger, FEM simulation, reaction monitoring at high
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Abstract: Heat transfer in a microfluidic cell with a U-bend shape is investigated experimentally by non-
intrusive measurement methods. The objective of this study is to detail relations between heat and
momentum transfer, both in straight channel sections and especially in recirculating regions as those
developing at the corners of the tested U-bend. To this end, thermal and velocity fields are acquired and
processed using high-resolution infrared and optical video cameras at different flow rates and Reynolds
numbers, ranging from laminar to almost turbulent conditions. Algorithms and procedures usual in Thermal
Infrared Imaging (TII) and Particle Image Velocimetry (PIV) are used. The acquired images are coupled
with local measurement devices for temperature and flow rate, in order to get well-calibrated values.
Instantaneous fields are obtained from both side and top views of the microchannel U-bend and analyzed in
space and time. The main result is that correlations among temperature and velocity fields are obtained when
fluctuating variables are considered, as for example thermal transient rate and velocity fluctuations. Indeed,
especially in near turbulent conditions, velocity fluctuations developing at U-bend corners show good
matching with thermal transient rates in the same regions.

Keywords: Microfluidic cell, Heat transfer, Thermal Imaging, PIV, Thermal transients

1. Introduction & Motivations

Microfluidic devices gained a significant
amount of interest in recent years, in particular
through specific studies on phenomenology
and applications regarding heat transfer. Even
if some results have been obtained regarding
global efficiency of specific devices, the
detailed investigation and understanding of
local thermo-fluidic interactions is still an
open field. This would allow deriving and
testing general assumptions to be applied in
modelling and design of new concept devices.
The former argument is here considered for
defining heat transfer performances as related
to the local fluid flow conditions, laminar or
turbulent, and to the specific device geometry.
So far, a specific micro-cell and set-up are
designed in order to allow measurements of
local behaviors of velocity and temperature
flow fields in presence of heating. The
objective of the present work is to relate local
thermal efficiency and cooling performances
to local fluid mechanics phenomena.

2. Experimental Set-up

The used micro-channel is shown in Figure
1, consisting of a U-bend configuration heated
from below. Measurements are performed in
the whole channel, but here the attention is
focused on inversion region, as detailed in
Figure 1. Thermal measurements are obtained
by thermocouples and Thermal Infrared
Imaging (TII), whereas velocimetry images by
means of Particle Image Velocimetry (PIV),
using high resolution cameras.

Figure 1. Top view and schematics of the U-bend channel
used in present work.
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3. Results

An example of obtained results is given in
Figure 2, with thermal transients recorded by
infrared camera, positioned at the top. At U-
bend, temperature decreases from about 50°C
(the hot plate temperature, in red) to around
25°C (the inlet water temperature, in blue).

Figure 2. Thermal fields as recorded by infrared
camera during cooling process.

.5
xd /d

Figure 3. Equilibrium temperature (top) and thermal
transient rate (bottom) for three cooling fluid flow
rates (increasing from left to right).
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From these fields, initial and final
temperatures, cooling magnitude and thermal
transient rate are derived at each point. In
Figure 3, the final temperature and the
normalized thermal transient rate are presented
for three different cooling fluid flow rates,
roughly corresponding to Reynolds numbers
ranging from 300 to 1500. It is important to
highlight that both fields are dependent on the
fluid condition, i.e. on Reynolds number.
These fields are compared to those derived
from velocimetry measurements, as those
plotted in Figure 4. Recirculation regions at
bend corners develop high values of velocity
magnitude, vorticity and fluctuations, spatially
well related to thermal transient rates of Figure
3, especially at high Reynolds numbers, thus
indicating strict coupling between the two.

x4

Figure 4. Velocity magnitude, vorticity and velocity
fluctuations (top, middle and bottom) for three
cooling fluid flow rates (from left to right).
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Abstract: Coffee ring formation, a well-known phenomenon observed in drying sessile droplets, has
been understood theoretically in the past with aid of 1D modelling. These models typically assume
infinitely fast vertical diffusion of the solute, and so are formulated in terms of depth averaged quantities.
The coffee ring can then be understood as a is a shock front, beyond which solute particles are immobile,
that propagates into the droplet interior. In a study by Li et al. it was found that the ring can be attenuated
simply by increasing the ambient temperature. This has the effect of increasing the evaporation rate and hence
the free surface recession speed, meaning more particles in the droplet bulk will adhere to the surface (rather
than being transported towards the contact line). Here, we make the first steps towards a 1D model that
incorporates this behavior. Building on models in existing coffee ring literature, we have lifted the
assumption of fast vertical diffusion. Using some preliminary results in diffusive boundary layer theory, we
present a model that is capable of reproducing both coffee ring and surface capture phenomena in their

respective asymptotic limits.

Keywords: Coffee ring effect, Surface capture, Free surface flows, Evaporation-induced flows
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1. Introduction

Evaporation-induced particle transport in
sessile droplets has been the focus of many
experimental and theoretical studies due to its
industrial relevance (in inkjet printing for
example). The coffee ring effect (CRE),
referring to the accumulation of solute particles
near the contact line of the drop leading to
enhanced deposition there, is a ubiquitous
phenomenon occurring in particle suspensions
across a range of length scales. In the simplest
sense, coffee rings are the result of evaporation-
induced capillary flow which carries solute
particles towards the droplet contact line. On
arrival, these particles are observed to pack into
a semi crystalline array, as shown in Fig. 1. We
refer to this behavior as “jamming”. The
inclusion of jamming into a CRE model is
crucial to vyield coffee rings with finite
thickness by the time all the solvent has
evaporated.

Fig. 1. Solute partlcles arriving at the contact line and
“jamming” into a semi-crystalline array. Adapted from
reference [1].

Particle jamming has successfully been
incorporated into a model by Popov [2], in
which the jammed particle deposit enforces
droplet pinning. Popov’s model assumes full
vertical homogeneity, allowing a formulation in
terms of depth-averaged quantities that reduces
the framework from 2D to 1D. Since radial
diffusion is also neglected in this model, finding
the progression of the jammed particle front is
an application of weak shock theory [2-3].

Another phenomenon observed by Li et al. [4]
in experiments with droplets at high
evaporation rates, J.,qp, is that particles in the
droplet bulk tend to aggregate at the air-liquid
interface. Jamming which occurs at the



interface prevents particles from reaching the
contact line, meaning they do not contribute to
the coffee ring. We refer to this effect as surface
capture. Mathematical models of surface
capture have been attempted in references [5-
6]. However, to the authors knowledge no 1D
approach complimentary to the CRE models
currently exists. Such a model would be
advantageous as breaking the assumption of
axisymmetry (for inkjet-printed lines for
example) would then only require a
generalization from 1D to 2D.

2. Modelling approach

Motivated by the success of 1D models in
reproducing coffee rings, we have developed an
interpolative model which captures both coffee
ring and surface capture phenomena. To do this,
we have extended Popov’s modelling approach
by lifting the assumption of vertical
homogeneity. To keep our model one
dimensional, the z-dependence of the
concentration profile is specified a priori with
aid of diffusive boundary layer theory:

¢(r,z,6) =1+ (C — Dexp[22 (h - 2)],

where p is the fluid density, h(r,t) is the free
surface height and C(r, t) is an unknown pre-
factor used to satisfy mass conservation.
Depending on evaporation strength and initial
solute dilution, our interpolative model is
capable of qualitatively reproducing both CRE
and surface capture phenomena, with a variety
of intermediate behaviors.

e2Pe =190, ¢* =20

‘ .

Fig. 2. 2D concentration distribution in a drop just before
touchdown of the free surface. The yellow regions
indicate where the solute has jammed (¢ = ¢*). For this
set of parameters, both a coffee ring and surface layer are
visible.

Since most available experimental data
shows the deposit morphology after drying
rather than any transient behavior, our model
must be extended until all solute has

wn
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evaporated. Fig. 2 shows the concentration
distribution at the final timestep in our
simulation: just before the free surface meets
the substrate (touchdown). Beyond this stage,
numerous complications arise with film de-
wetting and changes to the evaporation profile.
Different scenarios are also expect depending
on whether the free surface or jammed particle
layer meets the substrate first. Some progress
has already been made in modelling post-
touchdown dynamics.
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Effect of Presence of Inlet Restriction on Fluid Flow and Boiling Inside the
Microchannel: A Numerical Study
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Abstract: This article presents a numerical study to understand the effect of presence of inlet restriction in a
microchannel. A single microchannel with fluidic channel surrounded by heated walls on its three sides is
simulated and the conjugate heat transfer problem is solved. The simulations have been performed using VOF
method in OpenFOAM v2106. The effect of introducing inlet restriction inside a microchannel on pressure
drop and its further effect on saturation temperature of the fluid have been discussed. Simulations will also be
performed to study the flow boiling inside the microchannel with inlet restriction.

Keywords: Microchannel, Flow Boiling, Inlet Restriction

1. Introduction

The advancements in micro-electronic chips,
micro-electro-mechanical systems (MEMS),
fuel cells etc., has led to the need for compact
microchannel heat sinks/exchangers which can
remove the high heat generated in them and
enable efficient working of such devices.
Especially, the flow boiling inside a
microchannel has been recognized as one of the
efficient ways of cooling such devices. But the
sudden expansion of vapour bubbles formed in
the channel leading to flow reversal and
unstable boiling has been recognized as one of
major problems with microchannel flow boiling
[1]. Mukherjee and Kandlikar [2] have reported
that this can be mitigated either by having a
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Figure 1: (a) Simulation domain (b) Variation in pressure drop at the inlet restriction with mass flux

diverging channel geometry or a restriction at
the inlet. But the effect of pressure drop on the
fluid flow inside a microchannel with inlet
restriction has never been discussed. In the
present work, an attempt has been made to
understand the effect of pressure reduction due
to the presence of inlet restriction in a
microchannel.

2. Simulation setup

The simulations have been performed using
OpenFOAM version 2106 and built in VOF
solver with the addition of models to handle
liquid-vapour phase change. The detailed
description of the phase change model and the
solver can be found in Municchi et al. [3]. The
domain considered for the simulation has
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Figure 2: (a) Pressure contour for microchannel with inlet restriction taken on a plane which is at the
center of y-axis. (b) Variation in reduction in saturation temperature with mass flux.

been shown in Fig 1(a). A square microchannel

of cross section 100 X 100 pm?2 having a
length of 2 mm with inlet restriction of length
100 um has been considered in the present
simulations. The heating configuration
corresponds to a three-side heated channel as
heat is transferred to the microchannel through
the bottom wall and the two vertical walls. The
thickness of bottom and the vertical wall is
taken as 50 um. Refrigerant R245a has been
considered in the study with thermofluidic
properties taken at saturation temperature of
31.5 °C from REFPROP. At the fluid inlet, a
liquid with velocity U; (corresponding to mass
flux range of 1000-1900 kg/m?s) and saturation
temperature has been considered. At the outlet
zero-gradient condition is set for velocity and
temperature with uniform pressure. A constant
heat flux boundary condition is applied at the
base of the microchannel. At the top, adiabatic
condition is considered for both fluid and solid
regions.

3. Results and Discussion

The presence of restriction at the inlet of a
microchannel results in significant drop in
pressure. Figure 1(b) shows the variation in
pressure drop at the inlet restriction with mass
flux. A comparison with the experimental
results from Szczukiewicz et al. [4] has also
been shown in the figure. Pressure contours are
shown in Fig. 2(a) for microchannel with inlet
restriction ratio 0.5 and 0.25 in which one can
observe the regions where the pressure is
minimum. Interestingly, for both the
microchannels, the pressure is found to be

minimum at the central plane of the
microchannel near the inlet corners of the
restriction. Such reduction in pressure leads to
reduction in saturation temperature of the fluid
which in turn might significantly influence flow
boiling behavior inside the microchannel. An
assessment of reduction in saturation
temperature calculated based on the difference
between inlet pressure and the minimum
pressure observed in the domain is shown in
Fig. 2(b). It can be observed that a reduction in
saturation temperature up to 4 °C is possible at
higher mass flux. Such reduction in saturation
temperature might trigger flashing
phenomenon which in turn can cause
significant changes in flow boiling behavior
inside the microchannel. Further, the single
bubble dynamics during flow boiling inside a
microchannel with inlet restriction will be
studied.
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Abstract: The study presents experimental investigations on a glass oscillating heat pipe. Subsidising the
reference fluid deionised water by a mixture of deionised water and particles shows an increase of the thermal
performance between 5 and 12 % depending on the heat supplied at the evaporator and on the condenser
cooling volume flux. However, this effect quickly disappears due to the chemical reactions taking place during

operation.

Keywords: Oscillating heat pipe, Hybrid working fluid, Experiment, Statistical analysis

1. Introduction

Differently than heat pipes, the inner
surfaces of oscillating heat pipes (OHP) and
thermosyphons (TS) are not structured.
Evaporation and condensation takes place on
manufacturing rough surfaces. To enhance the
phase change heat transfer — especially the
evaporation — changing these surfaces seems to
be an option. Several techniques are currently
investigated among them micromachining,
laser ablation or simple sand blasting. None of
these technologies is suitable for narrow
channels or pipes as found in OHP’s and TS’s.
Furthermore, most of these technological
approaches are expensive.

Here we follow another approach. It is a
long standing idea to add particles to the
working fluid of phase change probes [1, 2].
The size of such particles may reach from
nanometers to some millimeters. Depending on
their size the particles act differently. Large
particles millimeter size) might become boiling
chips and very small once (nanometer size) may
adhere to the wall and increase the number of
nucleation sites. Our research question is what
happens if the usually solid particles are
subsidized by a liquid metal or alloy?

To answer this question galinstan — the
eutectic gallium / indium / tin alloy liquid at
room temperature — is added to the basefluid

water. Experiments are carried out with
deionised water (reference fluid) and the
emulsion mentioned above employing a glass
OHP.

2. Test rig and experimental
procedure

The test rig consists of a glass body with
eight connected capillaries. The lower part of
the glass body (evaporator) is heated with an
electrical wire. The upper part (condenser) is
cooled by a water stream with constant inlet
temperature of 10 °C. The whole system is
insulated with 20 mm Armaflex mattes.
Experiments are carried out at three different
cooling volume fluxes (6, 20 and 40 1/h). Heat
input at evaporator is varied from 10 to 60 W in
steps of 5 W. By measuring the condenser
outlet temperature the efficiency of the OHP is
calculated. Statistical analyses are employed to
reveal the heat transfer characteristics.

3. Experimental results

Figure 1 shows the efficiency 7 (ratio of
heat retrieved at the condenser and electrical
power supplied at evaporator). The upper plot
of Fig. 1 indicates a clear enhancement of 10 %
compared to the reference fluid water.
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Fig. 1: Efficiency of oscillating heat pipe operated with
20 I/h cooling volume flow at condenser. Upper plot
results after 24 h and lower plot after 48 h.

These results are obtained about 24 hours
after the preparation of the galinstan/water
working fluid. Repeated measurements about
48 hours after preparation show the
deterioration of these improvements (lower plot
of Fig. 1).

Scanning electron microscopy and energy
dispersive X-ray spectroscopy show that both
the evaporator (Fig. 2) and the condenser
surfaces are coated with the alloying partners
Ga, In and Sn of Galinstan. The coating is very
thin and does not appear to form a wick-like
structure. However, the roughness of the
evaporator in particular is increased. Thus, the
number of nucleation sites is much higher than
on a pure glass surface and the boiling heat
transfer at the evaporator is enhanced.

Unfortunately, the advantages caused by the
coating are compensated by the development of
non-condensable gases (NCG) like oxygen and
hydrogen. NCG gather at the upper end of the
OHP the condenser where they suppress the
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Fig. 2: EDX-image of evaporator surface after
operation. Upper line silicon from glass body and
gallium, lower line indium and tin.

condensation of the basefluid vapour fraction.
That of course increases the thermal resistance
of the oscillating heat pipe.

4. Conclusion

Adding particles to the working fluid of
OHP’s is one way to improve the thermal
performance of such devices. However, it
strongly depends on the chemical reactivity of
the particulate material whether these positive
effects last in the long term.

In summary, the addition of particles
ranging in size from nanometers to micrometers
can improve the heat transfer of phase change
probes. Further and detailed research is needed
to obtain these beneficial effects in the long-
term operation of oscillating heat pipes.
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Abstract Nanofluid thermal performance is affected by the dispersion quality of nanoparticles in the carrier
fluid. So far, research into the standardisation of nanofluid preparation process in the field has been lacking.
This has historically led to large discrepancies between the findings of research groups performing experiments
under similar boundary conditions. Nanofluid stability is influenced by several variables including pH and
volumetric nanoparticle concentration. The aim of the current study is to investigate parametrically the
influence of pH and nanoparticle volumetric concentrations on Al,Os - H,O nanofluid stability. Alumina
nanoparticles were prepared using a two-step method, and characterized by electron microscopy, zeta potential,
dynamic light scattering and sedimentation test methods. The results showed that an optimum pH value exists
that creates the most stable Al,O3-H,O nanofluid for the specific type of particles used. Nanoparticle loading
effects have also been investigated and quantified. The findings were explained by morphological and
electrostatic stabilization quantification methods to understand and provide an optimum and prescriptive
method of preparation for the specific type of nanofluids created. This is expected to facilitate the nanofluid
preparation standardisation process, which is urgently needed.

Keywords: Nanofluid, Al,O; Nanoparticle, Stability, Adjusted pH, Volume nanoparticle Concentrations

1. Introduction

In 1995, Choi discovered that utilizing
nanoparticles led to an increase in the thermal
conductivity of  ordinary  fluids [1].
Subsequently, numerous studies demonstrated
that nanoparticles can significantly improve
heat transfer characteristics when mixed with a
conventional fluid, e.g., water, oil, refrigerant,
alcohol, etc. [2], [3]. The effectiveness of
nanofluids (NF) and its dependence on the
stability of nanoparticle suspensions in heat
transfer applications is important [4]. There
exists a fundamental difficulty in ensuring the
optimum dispersal of nanoparticles in base
fluids as in many cases, the nanoparticles have
larger densities than those of the carrier liquids.
A need to prevent the irreversible formation of
sedimentation and potentially agglomeration
that might accentuate the former hence exists.
As such, the combination of Electrostatic
attractive forces (i.e., Van der Waal) and
gravitational forces can cause nanoparticle
suspension destabilisation.

NF stability is found to depend on several
factors affected by their preparation method,
base fluid and nanoparticle type, mixture pH
and the use of surfactants. For example, Sharma
et al. [5] reported that the pH value of NF can

indicate the degree of NF stability when it is
away from the isoelectric point (IEP). This
indicates that the particles' surface charge,
which is referred to as the zeta potential value,
is zero. Although few studies have presented
the effect of using volumetric concentrations on
ADO3-H>O stability, they did not consider the
consequence of pH and did not explain the
reasons leading to the existence of optimum

stabilisation parameters [6]. Therefore, the
current study attempts to explain the link
between nanoparticle loading and pH

regulation on the stability of AlOs3-H2O
mixtures.
2. Experimental Methods

The focus of the experiments is to
understand the NF stability mechanism in a
stationary sample (i.e., without a flow). The pH
level of prepared Al2O3-H2O NF was varied
from a value of 2 to 12 and, whilst the
nanoparticle volumetric loading was varied
from 1.5% to 0.0001%, pH values were
measured using a pH meter (Hanna Instruments
Ltd, HI-98129). HCl and NaOH (VWR,
20252.335 and 28226.327) were added to
adjust the pH level of the NF. Eq. (1) was used
to calculate the volumetric concentrations of the
NF.


mailto:hetsroni@tx.technion.ac.il

Mnp
¢ = | 5Ly | X 100 (1)
where ¢ is the volumetric concentration, m,,, is
the mass of nanoparticles, py,, is the density of
nanoparticles, m;r is the mass of base fluid,

and pyr is the density of base fluid.

Alumina dry nanopowder with an average
particle size of 40 - 50 nm (Alfa Aesar, 44931)
was suspended in deionised water with the use
of an ultrasonic bath (more information can be
found in Kouloulias et al. [5]). The stability was
evaluated and characterised through Scanning
and Transmission Electron microscopy (SEM -
TESCAN MIRA, TEM - TI12 Spirit,
ThermoFischer) to quantify the true
nanoparticle size, shape, and morphology. 24
hours after NF preparation, TEM was used to
detect changes in  particle/agglomerate
morphology of the prepared NF. NF stability
was additionally evaluated using zeta potential
values, and Dynamic Light Scattering (DLS,
Zetasizer Pro Red Label, Malvern Panalytical
Ltd.) measurements. A desired zeta potential
lying outside the range of £30mV was used to
optimise stability, Vandsburger [6].

3. Results and Discussion

SEM imaging of the alumina nanoparticles,
before the suspension in the liquid took place,
indicated that the primary Al,O3 nanoparticles
are roughly spherical (40-50 nm).

Fig. 1 shows the IEP of one of the NF
samples tested for pH values of 6 and 8 and for
¢ of 0.005%. It illustrates that the NF has high
stability for the pH range from 2 to 6. Fig. 1
demonstrates the pH level effect on NF stability
by controlling agglomeration size.

The TEM measurements indicated the
presence of large agglomerates in the
suspension. Precipitation of the mixture with
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Fig. 1. Zeta potential values and DLS measurements
of Al,O3; NF with pH 4 and ¢ = 0.005%.
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Fig. 2. Sedimentation rates image of Al,O3 NF with
adjusting pH level and ¢ = 0.005%.
pH 8, 10 and 12 was visually observed 24 hours
after mixing (See Fig. 2).

A parametric study of ¢ and pH revealed that
an optimum pH of 4 exists for the range of ¢
investigated. Fig. 3. demonstrates that volume
concentrations influence NF stability. It is
shown that low nanoparticle concentration may
reduce pH level effects.

Moreover, Fig. 3 suggests that lower
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Fig. 3. Zeta potential values of Al,O3 NF with adjusting
pH level and volume concentration.

nanoparticle concentration enhances NF
stability due to the fewer number of
nanoparticles present in the solution and the
strong repulsive forces, which reduce the
probability of particle collision/agglomeration.
The findings demonstrate the effects of both pH
level and volume concentration on NF stability.
The final presentation will include results for
after 35 days of mixing.

References

[1] S.U.S. Choi and J.A. Eastman, “Enhancing Thermal Conductivity of Fluids with
Nanoparticles,” in 7995 International Mechanical Engineering Congress and
Exhibition, 1995. [2] V. Etminan-Farooji, E. Ebrahimnia-Bajestan, H. Niazmand, and
S. Wongwises, “Unconfined laminar nanofluid flow and heat transfer around a square
cylinder,” Int. J. Heat Mass Transf., vol. 55, no. 5-6, pp. 1475-1485, Feb. 2012. [3] E.
Ebrahimnia-Bajestan, H. Niazmand, W. Duangthongsuk, and S. Wongwises,
“Numerical investigation of effective parameters in convective heat transfer of
nanofluids flowing under a laminar flow regime,” Int. J. Heat Mass Transf., vol. 54,
no. 19-20, pp. 4376-4388, Sep. 2011. [4] K. Kouloulias, A. Sergis, and Y.
Hardalupas, “Sedimentation in nanofluids during a natural convection experiment,”
Int. J. Heat Mass Transf., vol. 101, pp. 1193-1203, Oct. 2016. [5] Babita, S. K.
Sharma, and S. M. Gupta, “Preparation and evaluation of stable nanofluids for heat
transfer application: A review,” Exp. Therm. Fluid Sci., vol. 79, pp. 202-212, Dec.
2016. [6] T. Zhang, Q. Zou, Z. Cheng, Z. Chen, Y. Liu, and Z. Jiang, “Effect of
particle concentration on the stability of water-based SiO2 nanofluid,” Powder
Technol., vol. 379, pp. 457465, Feb. 2021. [7] L. Vandsburger, “Synthesis and
covalent surface modification of carbon nanotubes for preparation of stabilized
nanofluid suspensions,” 2009.



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

Comparative Simulations on Nanofluids: A Case Study Based on Natural
Circulation Mini-Loops

Firat SEZGIN?, Nur COBANOGLU?, Nejc VOVKS, Elif Begum ELCIOGLU", Ziya Haktan
KARADENIZ*, Lovro BOBOVNIKS, Erdem OZYURT?, Andrej SPILERS?, Blaz KAMENIKS?, Timi
GOMBOC?, Alpaslan TURGUT?®, Jure RAVNICK?

1: Department of Mechanical Engineering, Eskisehir Technical University, Eskisehir, Turkey
2: Graduate School of Natural and Applied Sciences, Izmir Katip Celebi University, Izmir, Turkey
3: Faculty of Mechanical Engineering, University of Maribor, Maribor, Slovenia, SI
4: Department of Energy Systems Engineering, Izmir Institute of Technology, I1zmir, Turkey
5: Department of Mechanical Engineering, Dokuz Eylul University, Izmir, Turkey

* Corresponding author: Tel.: +90 535 635 9446; Email: ebelcioglu@eskisehir.edu.tr

Abstract: Research on nanofluid heat transfer has been performed either via experimental settings
developed to stand as the lab-scale twin of the real system, or numerical analysis accompanied by
application-specific simulations with carefully selected boundary and initial conditions, algorithms, and
convergence criteria. For some time, nanofluids heat transfer has been simulated by means of one-phase
or two-phase methods, and when possible, the results from these two approaches have been compared to
each other/a benchmark case (experiment results) based on convergence, error margins, representability,
and comprehensiveness. This work, as the first report of our ongoing long-term research, aims to present a
systematic comparison between the one-phase and two-phase simulation results, in comparison to the
experimental demonstration of the system of choice. Al.Oz-water nanofluids are considered to be employed
in a single-phase natural circulation mini-loop (SPNCmL). Two independent one-phase simulations (via
ANSYS CFX and ANSYS FLUENT), while we also report on ongoing efforts in developing two-phase
simulation strategy in OpenFoam. The results of this work are expected to shed a light on the long-waited
problem to be answered: “Onephase vs. two-phase nanofluid modeling: which to choose?”.

Keywords: Nanofluids, Modeling, Natural Circulation, Mini-Loop.

effectiveness with Al203-H20 nanofluid as the
working fluid.

1. Introduction

The current state of the nanofluids literature

reveals that nanofluids are considered either as
one- or two-phase substances. In numerical
models, researchers prefer one-phase over two-
phase approach since the former mostly yields
results with appreciable errors and is less
computationally ~ expensive. Two-phase
simulation strategies are more complicated but
expected to yield higher accuracy. Here, we aim
to differentiate one- and two-phase approach
accuracies with systematic comparison of
numerical predictions with experimental data
from the literature. The Single-Phase Natural
Circulation mini Loop (SPNCmL) is selected as
the system of the study due to its passive nature
as well as its simplicity, easy control, safety,
and reliability. The accuracy of the numerical
approaches is evaluated by SPNCmL’s

2. Material and Methodology

In this work, we analyze SPNCL’s
effectiveness via comprehensive one-phase and
two-phase simulations. The geometry of the
SPNCmL is obtained from experimental study
(Doganay and Turgut, 2015). Cobanoglu and
Karadeniz (2021) developed a numerical model
by using ANSYS CFX and validated by solving
the heat transfer problem for fluid flow and
conjugate heat transfer including the pipe and
insulation.  Further information on the
numerical model is given in (Cobanoglu and
Karadeniz, 2021) where thermophysical
properties were temperature dependent.

The effectiveness factor is introduced to define
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the performance of SPNCmLs, as in Eq. 1.

Trs=TL2
= Lok 1
Trs-Tc ( )

The one-phase simulations performed on
ANSYS CFX are compared against the ones
obtained via ANSYS FLUENT. The latter is
performed using pressure-based solver and the
SIMPLEC algorithm. The second-order upwind
solution scheme is used for the discretization of
momentum and energy. In order to capture
gravitational effects, PRESTO! scheme is used
for pressure discretization, and the average
temperatures at thermocouples location are
monitored. The solution is assumed to be
converged if the average temperature change is
<1072 and residual values reach 10%° for energy
and 107 for others. In order to see the effect of
Boussinesq approximation, density is defined
both according to Boussinesq approximation
and as a function of temperature.

An updated version of OpenFoam is being
developed to support two phase simulations of
nanofluid flow and heat transfer. It operates by
employing the Euler-Lagrange strategy.
Particles are tracked in the flow field via one-
way coupled Lagrange simulation by
numerically integrating the Maxey-Riley
equation and adding two  effects:
thermophoresis and Brownian motion. After a
fluid simulation time step, particle tracking is
performed, the resulting distribution of
particles analyzed and redistributed to the
Eularian mesh as a concentration field. This
concentration field is then used to evaluate
thermophysical properties of the nanofluid and
used in the Eulerian part of the simulation.

3. Results and Discussions

One-phase simulation results show that the
numerical model developed by ANSYS
FLUENT predicts the effectiveness values for
all cases up to 14.81% (for water) variation.
However, the error margin of the numerical
model developed by ANSYS CFX ranges from
-8% to +3%. As nanofluid concentration
increases, the predicted values converge to the
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experimental data, and the best convergence is
observed for 1 vol.% at 10 W of heater power
with -8.73% error for ANSYS FLUENT and
+1.33% for ANSYS CFX. Higher heater
powers result in underprediction of the
effectiveness values for one-phase numerical
models developed on both platforms. When
conjugate heat transfer is considered with the
addition of Cu pipe and insulation material,
both  ANSYS FLUENT and ANSYS CFX
results differ up to -8.41% and -8.56% from the
experimental results for the one-phase
approach, respectively. The effectiveness
values are very similar for these solvers. A
linear variation of the effectiveness with the
heater power and nanofluid concentration was
not observed according to the results obtained
in both platforms. However, approach of
conjugate heat transfer problem improves the
accuracy of the numerical simulations.

4. Conclusions

We have shown that single phase simulations of
nanofluid flow and heat transfer are able to
accurately predict the transport phenomena in
natural circulation mini-loop. We hope that
ongoing work on two-phase simulations will
further improve the accuracy of numerical
predictions.
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Exploring the Use of Stationary Nanofluids in a Direct Absorption Solar
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Abstract: The Direct Absorption Tube Solar Collector (DASC) is a commonly used device for
harnessing solar radiation, which absorbs incident radiation using a heat transfer fluid containing particles.
To address some of the challenges associated with pumping nanofluids, a novel system involving a
stationary nanofluid located in an irradiated transparent tube was studied. Six different concentrations
of carbon black were investigated, with the highest performance observed for a nanofluid concentration

above 0.0015%.
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1. Introduction

Nanofluids (fluids containing materials of
nano-sized solid particles) are used to improve
the performance of solar collectors because of
their favorable absorption properties. With the
goal of boosting the efficiency of solar energy
harvesting devices, research into the use of
nanofluids is a crucial area of study [1].

The Direct Absorption Tube Solar Collector
(DASC) is an effective way to harness solar
radiation using a transport medium. Unlike
conventional solar collectors, DASC absorbs
the incident radiation directly by a heat transfer
fluid containing particles [2].

The most common design involves irradiation
of nanofluid as it flows. The heated nanofluid is
later transferred to a heat exchanger where it
releases heat to water. Nevertheless, this
strategy requires pumping of nanofluids that
may influence the lifetime of pumps, erosion of
the piping etc. Therefore, in the present
research, we studied a stationary nanofluid
located in an irradiated transparent tube. The
heated water passed through the nanofluid.
Thus, this novel system is essentially less
complex than the existing DASCs.

2. Experimental set-up

In our experiments, a two-step process for
preparing nanofluids was employed. All the
experiments used ENSACO 350G carbon black
with an equal amount of sodium dodecy!| sulfate
(SDS) for stabilizing the obtained nanofluids.
Both carbon black and CB were dispersed in
distilled water. The mixture was stirred for 20
minutes using a magnetic stirrer, and then
sonicated for 60 minutes in a Branson 3510
ultrasonic bath with the frequency of 50-60
kHz.

Fig. 1 Schematic of the experimental set-up
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In this research, six different concentrations of
carbon black were manufactured: 0.0015 wt.%,
0.005 wt.%, 0.01 wt.%, 0.015 wt.%, 0.02 wt.%,
and 0.05 wt.%.

The experimental set-up is depicted in Fig. 1.
The working fluid (water) was pumped through
the system from point A to B using a Preciflow
LAMBDA peristaltic pump (denoted as C). The
flow rate was 360 ml/h.

The working fluid entered a system (denoted by
D) consisting of an outer glass tube (outer
diameter 38 mm, length 50 cm) filled with
nanofluid, irradiated by two 400W halogen
lamps (denoted by E). The distance between the
glass tube and lamps was 8 or 12 cm.

This fluid was transported in an internal pipe
(inner diameter 5 mm) spiraling inside the shell
with a pitch of 10 mm. The coil had an external
diameter of 30 mm. The absorbed heat resulted
in a temperature increase of the nanofluid,
which heated the working fluid. The glass shell
was equipped with two openings extended by
short rubber pipes for filling the system with
nanofluid. This also allowed the nanofluid to
freely expand due to the temperature rise. In
addition, the pipes at the inlet and outlet
contained T-junctions for measuring the
temperatures using K-type thermocouples. For
temperature  logging, the  Multilogger
Thermometer from Omega Engineering was
used (denoted as F in the figure). During the
experiments, the temperatures at the inlet and
outlet were recorded every 2 seconds. The
experiments lasted for 60 minutes. The average
room temperature was 22°C at the experiment
start.

3. Results and conclusions

At first, for illustration Figure 2 depicts the
history of temperature difference between the
outlet and inlet for the case where the carbon
black concentration was 0.0015%. The figure
presents results for five experiments.
Furthermore, Figure 3 collects all studied
results and shows the final temperature
difference (after 60 min, as indicated above).
The figure compares the  nanofluid
concentration, as well as the distance between
the lamps and irradiated set-up.
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The first conclusion is that all the investigated
nanofluids outperformed water, and the
maximum performance was observed for
nanofluid concentration above 0.0015%. It is
interesting to note that previous findings (e.g.
[3]) reported an increase in heat transfer
performance for nanoparticles at an optimal
concentration of 0.005%, although they focused
on a different geometry with a flowing
nanofluid. Therefore, their results are consistent
with ours.

0 10 20 30 40 50 60
Time [min]
—Expl Exp2 Exp3 Expd Exp5

Fig. 2 History of temperature increase for carbon
black concentration 0.0015% for five different
experiments.

Outlet AT [C)

0.005 0.01 0.015 0.02 0.05
Concentration of carbon black [wt.%)]

H=12cm H=8cm

Fig. 3 The obtained temperature difference for
various nanofluid concentrations and distances of
the set-up from the irradiating lamps.
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Condensation Heat Transfer of Propylene Inside a Compact Horizontal
Microfin Tube

Giovanni Antonio LONGO!, Simone MANCIN', Giulia RIGHETTI" ", Claudio ZILIO'

1: Department of Management and Engineering, University of Padova, Vicenza, IT
* Corresponding author: Tel.: +39 0444 998746; Email: giulia.righetti@unipd.it

Abstract: In the last decades, HC refrigerants attracted a new interest, first as substitutes for CFC and HCFC
refrigerants subjected to phase-out for their large Ozone Depleting Potential (ODP) and, more recently, as
alternatives for HFC refrigerants with large Global Warming Potential (GWP). Nevertheless, the open
literature collects just a few experimental data on HCs two-phase heat transfer and pressure drop inside small
diameter tubes (ID<6 mm), most of them are quite recent. This paper presents some new experimental data
collected during propane condensation inside a 4.2 mm ID horizontal copper microfin tube. Tests were carried
out at 30 °C of saturation temperature, and refrigerant mass flux in the range 75400 kg m ~2s ! at increasing
vapor quality. The effect refrigerant mass velocity and mean vapor quality are evaluated separately. Finally,

the experimental data were then used to assess some classical literature correlations.

Keywords: Microfin, Condensation, Heat transfer coefficient, Pressure drop

1. Introduction

Hydrocarbons found large utilisation in
refrigeration since the beginning for the good
thermodynamic and thermophysical properties,
the high compatibility with construction
materials and lubricants that promoted the use
in vapour compression systems. The high
flammability is the major handicap for the
extensive  application of  hydrocarbon
refrigerants, actions to reduce the risk of
hydrocarbon refrigerants include:

- reduction of the refrigerant charge in
refrigerating machines;

- application of refrigerating units with
secondary fluids.

The use of microfin tubes is particularly
effective in both cases.

In the open literature, there are only scarce
experimental  data  points  concerning
hydrocarbons boiling and condensation inside
microfin tubes [1-2]

This paper presents some new experimental
tests carried out at 40 °C of saturation
temperature, with refrigerant mass flux in the
range 75-400 kg m 2 s ! at decreasing vapor
quality during propylene condensation inside a

4.2 mm ID microfin tube. Average heat transfer
coefficients and frictional pressure drop are
analysed and compared against some classical
literature correlations.

2. Set up and data reduction

The experimental facility consists of a
pumped refrigerant loop. The liquid refrigerant
is partially evaporated to achieve the set quality
at the inlet of the microfin test section, then it
partially condenses into the test section and
finally it is completely condensed inside a
brazed plate condenser. The test-section is a
1300 mm tube-in-tube microfin tube in which
the condensing refrigerant flows in the inner
tube, while water flows counter-current in the
annulus. It is instrumented with four copper-
constantan thermocouples embedded in the
tube wall for the direct measurement of the
surface temperature.

The experimental results are reported in terms

of condensation average heat transfer
coefficient (HTC):

HTC=Q/ (A AT) (1)
Where: A= Dfintip L )


mailto:hetsroni@tx.technion.ac.il
mailto:giulia.righetti@unipd.it

and frictional pressure drop Apr, computed by
subtracting the inlet / outlet local pressure drop
Ape, and adding the momentum pressure
recovery Apa from the total pressure drop
measured Apg:

Aps= Ap:t - Apc+ Apa A3)
For a more detailed data reduction and set up
description, please refer to [3].

3. Experimental results

Figure 1 presents the average HTC ad a
function of the vapor quality at different mass
velocity (from 75 to 400 kg m™ s™). It shows a
great sensitivity to vapour quality and a
nonmonotonic trend versus mass velocity. In
fact, the slope becomes higher at higher
refrigerant mass fluxes, indicating a dominant
effect of the forced convection condensation
mechanism. It can be explained considering the
effects of the surface tension in the condensate
drainage in a micro-finned surface and of the
turbulence induced by the helical micro-fins.
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Figure 1. HTC vs average vapor quality at several mass
flow rates

Figure 2 presents the condensation frictional
pressure drop at 40°C of saturation temperature
and different refrigerant mass fluxes, ranging
from 75 to 400 kg m? s!. It exhibits a great
sensitivity to mass velocity and vapour quality,
as expected.

The present experimental data were compared
against some well-established heat transfer
correlations for condensation inside microfin
tubes. The Hirose et al. [4] model satisfactorily
predicted the HTC data (mean relative error = -
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1.9 %, mean absolute error=23.9 %), while the
Diani et al. [5] model well predicted the
frictional pressure drop data (mean relative
error=-1.2 %, mean absolute error= 14.3 %).
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Figure 2. Frictional pressure drops vs average vapor
quality at several mass flow rates

The microfin tube HTC were compared against
experimental data collected with propylene on
an equivalent smooth tube [6]. HTC exhibits a
maximum heat transfer enhancement with
respect to the smooth tube above 5 times at a
mass velocity of 100 kg m? s! and a vapour
quality higher than 0.6. At the highest tested
mass velocity, 400 kg m? s™!, the enhancement
is just above 1.6 which is the surface area
increase over the smooth tube.
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Pressure drop and heat transfer of R1233zd(E) at moderate and high reduced
pressures in vertical tubes
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Abstract: The study presents an extensive database concerning flow boiling of R1233zd(E) in vertical
stainless steel tubes with 2 and 3 mm inner diameters. The heat transfer coefficient and both adiabatic and non-
adiabatic pressure drops were measured for reduced pressures ranging from 0.4 to 0.7. Effects of heat flux,
saturation temperature, vapor quality, mass flux, and flow regime were analyzed. Three different heat fluxes
were considered: 20, 30, and 45 kW/m? Mass velocities ranged from 200 to 1000 kg/m?s. The general
conclusion is that the higher the saturation temperature the bigger the influence of nucleate boiling
phenomena. The latter can be observed not only in thermal properties but in flow patterns as well. The higher
the value of reduced pressure the harder it is to determine the boundary between intermittent flow and
annular flow.

Keywords: High reduced pressures, Flow boiling, Heat transfer coefficient, Pressure drop; Minichannels

1. Introduction

Fluid behavior in the vicinity of the
thermodynamic critical point is not still well
understood. Additionally, there is a gap of
knowledge in such area in the case of low
boiling point of perspective refrigerants. The
increased interest in Organic Rankine Cycle
systems as well as high-temperature heat
pumps requires a detailed information about the
thermal performance of such working fluids.
Currently most of the literature concerning high
values of reduced pressure refers to carbon
dioxide and water. Accomplishing detailed
experimental data at high reduced pressures is
challenging due to observed difficulties in
obtaining steady state parameters. In that light
even for carbon dioxide data there can be seen
significant discrepancies. Data obtained for the
same experimental conditions on different
experimental facilities can differ by a factor of
2 [1]. In the paper new experimental evidence
together with data from [2], [3] have been
considered in order to evaluate the effect of
reduced pressure on both heat transfer and
pressure drop at moderate and high reduced
pressure to enhance an in-house model [4].

2. Experimental facility

The study has been performed in a
dedicated experimental facility. The laboratory
facility is able to maintain pressures up to 50
bar and temperatures up to 250 °C. The flow of
liquid refrigerant is realized by means of the
gear pump and the pressure is built in the
system with the use of a bladder hydro-
accumulator located on the liquid side of the
loop. The test section consists of the preheater,
heat transfer section, and visualization test
section. Both the preheater and test section are
heated by the Joule effect with the use of two
separate DC power suppliers. There are nine
temperature measurement locations with
eighteen K-type thermocouples which are
soldered to the outer wall of the test tube. Mass
flow rate is measured by means of the Coriolis
mass flow meter. Flow structure analysis is
possible thanks to the borosilicate glass tube
placed right after the heat transfer test section.
A fast camera is used to collect visualisations.
Vapor quality is calculated based on the
enthalpy-based energy balance of the preheater
and test section.
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3. Results

Figure 1 presents the sample of the results
of heat transfer coefficient obtained for
reduced pressure equal to 0.6. Letters A to D
correspond the different flow structures which

are in detail presented in Figure 2.
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Figure 1. Comparison between experimental heat
transfer coefficient presented in the function of vapor
quality and the theoretical heat transfer coefficient

calculated for several heat transfer models (reduced
pressure 0.6, G=800 kg/m?s, and qg=20 kW/m?)

The experimental results were compared with
several heat transfer models [5], [6] including
the enhanced version of the in-house model.
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Figure 2. Flow structures for reduced pressure p,=0.6,
q=20 kW/m? and G=800 kg/m’s: a) vapor quality
x=0.077; b) x=0.111; ¢) x=0.226; d) x=0.321

.

The results show that nucleate boiling can be
seen for vapor qualities as high as x=0.226
which is significantly different from a similar
case at small reduced pressures. Additionally,
the transition from intermittent flow to annular
flow starts around x=0.321. The full annular
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flow was not observed until x=0.5. The
obtained trends and flow structures confirm the
dominance of nucleate boiling. The enhanced
version of the model approximates the
experimental data with high accuracy (mean
absolute percentage error MAPE, for the whole
database was equal to 23.17%).

On the basis of collected observations relevant
modifications to the in-house model have been
introduced which significantly improve its
performance.
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Abstract: We performed spray cooling tests at various ambient pressures to determine the mechanism that
triggers quench (transition from film boiling to nucleate boiling). The experiments were carried out in a
pressure vessel filled with argon gas to minimize the effect of surface oxidization. Among several existing
theories, we found a mechanistic model to predict our quench temperatures reasonably well over the ambient
pressures tested. Moreover, we developed a model to predict the cooling rate during the film boiling regime
considering heat transfer by a single droplet. The applicability of the model to spray cooling was discussed.
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1. Introduction

In spray cooling for steelmaking, the
transition from the film boiling regime to the
nucleate boiling regime is termed “quench” and
is paramount to predict as it remarks the thermal
history of the product. Despite several
analytical and empirical models being proposed
to predict quench temperature, deviation from
reported  experimental  values  remains
enormous. This could be attributed to the lack
of systematicity of the experiments which
potentially has led to some influential factors
unaccounted for e.g. surface oxidization [1]. In
the present contribution, we performed spray
cooling tests in a controlled environment to
minimize the effect of oxidation. Cooling
curves were obtained for the ambient pressures
ranging 0.1 MPa —0.5 MPa. Several existing
models for the onset of quench were compared
with our experimental results. Furthermore, we
attempted to predict the cooling curve in the
film boiling regime until the quench point using
single droplet impingement models [2].

2. Experimental Procedures
Our spray cooling test rig is assembled in

a pressure vessel. First, the vessel was
evacuated to ~10~ Pa.

An iron disk (mirror-polished, 50 mm in
diameter and 10 mm in thickness) was heated
up to 730 °C with a halogen lamp heater. Then,
we introduced argon gas until the system
pressure reached target values i.e. 0.1, 0.2, 0.3,
0.4 and 0.5 MPa. Once the steady state was
confirmed, degassed DI water at 24 °C was
sprayed on to the sample. We used a nozzle
with a conical spray angle of 70°, which was
located 60 mm above the sample surface. Two
volumetric fluxes were tested i.e. 54 and 79
L/(m*min), resulting in the mean droplet
diameter and velocity of 121 pm and 6.23 m/s,
and 128 um and 10.48 m/s, respectively. The
sample temperature was monitored every 0.1
sec using a thin thermocouple embedded 1 mm
below the top surface.

3. Results and Discussion

Quench temperatures were determined by the
cooling curves obtained in our test. In Fig. 1,
quench temperatures are plotted as a function
of ambient pressure. Quench occurred at higher
temperatures at higher ambient pressure and at
higher volumetric flux. We calculated the
quench temperatures using several models i.e.
the thermodynamic limit of superheat [3], the
hydrodynamic approach [4] and the mech-
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Fig. 1 Quench temperatures as a function of ambient
pressure.

anistic model [5]. As compared in Fig. 1, we
found the mechanistic model to predict our
quench temperatures reasonably well.

Next, we attempt to predict the cooling rate
during the film boiling regime. We evaluated
two extreme cases of droplet impingement i.e.
the Leidenfrost scenario and direct liquid-solid
contact. The former is modelled following
Castanet et al. [6] while the latter is appr-
oximated as the contact of semi-infinite bodies.
These models provide the amount of heat
removed by a single droplet. Experimental
values of this quantity were calculated by
dividing the heat transfer rate, which can be
obtained from our cooling curve, by the number
of droplets impacting the surface per unit time,
which can be estimated based on the spray
condition. Fig. 2 presents the heat removed by
a droplet, both experimental and theoretical, as
a function of the surface temperature. We found
the experimental values between the two
extreme models, which seems reasonable as it
is possible that some fraction of droplets was in
contact with the surface even in the film boiling
regime. As the surface temperature decreased,
the experimental value approached the direct
contact model until quench was induced.

4. Conclusions

We demonstrated the applicability of some
predictive models for quench temperature and
for cooling rates in the film boiling regime.
These models agreed reasonably well with our
controlled experiments. Our results also sugge-
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Fig. 2 Heat removed by each droplet.

sted some contributions to the cooling rate by
direct heat conduction due to local liquid-solid
contact during the film boiling regime, which
could be worth further investigation.
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Abstract: We study the capillary rise dynamics of evaporative liquid in vertical open channels, where
the evaporative loss of the liquid severely limits the rise height. We first quantify the evaporation
enhancement near the solid-liquid-gas contact line, which is responsible for the so-called coffee ring
stains. Then we construct a differential equation that describes the rise height of the liquid with time by
considering mass conservation of evaporating viscous liquid drawn against gravity via capillarity. We find
an optimal channel width that maximizes the equilibrium rise height under a given channel depth, unlike
nonevaporative rise whose equilibrium height monotonically increases with the reduction of channel width.

Keywords: Capillary rise, Evaporation, Open Channel, Optimal Channel Width

1. Introduction

Capillary rise in a vertical hydrophilic tube
is a classical example of surface-tension-driven
flows, whose study dates back to the 18%
century. Here we extend this problem to a case
where the liquid rises in a vertical open channel,
where the rising liquid evaporates leading to the
mass loss in the course of capillary rise, as
shown in Fig. 1. To predict the temporal rise
height evolution, we first need to evaluate the
evaporation rate from the liquid contained in a
submillimetric channel, which is deeply
affected by the presence of the three phase
(solid-liquid-gas) contact line at the channel
corners. Then we set up a differential equation
for the rise height considering the effects of
surface tension, gravity, viscosity and
evaporation. Our results of theory and
experiment allow us to find the optimal channel
width that maximizes the evaporative capillary
rise height [1].

2. Results
2.1 Evaporation rate at open microchannel

Our experimental measurement results
indicate that the evaporation rate of ethanol per
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Fig. 1. (a) A vertical open channel on a Si wafer, 0.44
mm wide and 0.094 mm deep. (b) The cross-sections

of a liquid column.

per unit length, J’, is given by J'=Jow!",
where 7=0.62 and Jo=4.1X10-8 m!*"s!, as
shown in Fig. 2.
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Fig. 2. Evaporation rate as a function of channel width.



2.2 Capillary rise height

For a control volume containing the
advancing liquid interface, a green cuboid in
Fig. 1, the mass conservation is written as

A@u(z)-(h-2)] =A(h)dh/dt, (1)

where A(z) and u(z) are respectively the cross-
sectional area of the liquid column and the
average velocity at the elevation z from the
reservoir, and / is the rise height. We relate the
pressure gradient and the flow velocity via
Darcy’s law, which is combined with Eq. (1) to
give the temporal evolution of the rise height.

Fig. 3 shows the experimental and theoretical
results of the rise height of ethanol versus time,
clearly revealing the critical effects of
evaporation in the rise dynamics. The
equilibrium rise height with evaporation is
severely limited to a lower value than without
evaporation, and the rise within narrower
channels is more affected by evaporation than
within wider ones by showing slower speed and
lower equilibrium height.
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Fig. 3. The rise height versus time. Circles and squares
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2.2 Optimal channel dimension

Fig. 4 shows that an optimal channel width
exists that maximizes the equilibrium rise
height at a given channel depth. When the width
is smaller than the optimal width, the height
increases with the width because the ratio of the
evaporative flux to the liquid volume is higher
for a narrower channel. When the width is
greater than the optimal width, the rise height
decreases with the width due to combined
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effects of the excessive evaporative loss and the
decreased capillary effects.
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Fig. 4. Equilibrium rise height versus channel width for
different channel depths.
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3 Conclusion

We have investigated the capillary rise
dynamics of an evaporative liquid in a vertical
open microchannel using a combination of
experiment and theory. Unlike the capillary rise
within  closed channels involving no
evaporation, there exists an optimal channel
width that maximizes the height of evaporative
capillary rise once the channel depth is given.
This work can help us to design optimal fluid
networks relying on both evaporation and
capillarity, such as animal wrinkles and air-
conditioning equipment.
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Abstract: Despite the fact that engineered surface enabling remarkable phase change heat transfer have
elicited increasing attention due to their ubiquitous applications in thermal management, the underlying
mechanisms of intrinsic rough structures as well as the surface wettability on bubble dynamics remain to be
explored. Therefore, a modified molecular dynamics simulation of nanoscale boiling was conducted in the
present work to investigate bubble nucleation on rough nanostructured substrates with different liquid—solid
interactions. Specifically, the initial stage of nucleate boiling was mainly investigated and the bubble dynamic
behaviors were quantitively studied under different energy coefficients. Results shows that as the contact angle
decreases, the nucleation rate increases, because liquid obtains more thermal energy there compared with that
on less wetting surfaces. The rough profiles of the substrate can provide nanogrooves, which can enhance
initial nucleate embryos, thereby improving thermal energy transfer efficiency. Moreover, atomic energies are
calculated and adopted to explain how bubble nuclei are formed on various wetting substrates. The simulation
results are expected to provide guidance towards surface design in state—of—the art thermal management
systems, such as the surface wettability and the nanoscale surface patterns.

Keywords: Engineered Surface, Nucleate Boiling, Molecular Dynamics Simulation

1. Introduction Simulated system consists of the following

Pool boiling, as a complex, non- three parts: argon liquid, argon vapor, and a
equilibrium process with spatial inhomogeneity, nanostructured copper surface. The initial
depends on the nature of solid—liquid simulation box measures 300 A (x) x 50 A (y)
interactions which are not explainable using x 432 A (2). Solid surfaces are set at the top and
existing meso- and macro-scale approaches [1] bottom of the simulation box. The bottom wall
Nucleate boiling, as an efficient and is set as the heat source during the boiling
controllable boiling stage, has found wide process. Rough structures are generated on the
application in industry [2]. Nanostructures can solid surface. The upper wall is set to control
increase the area over which heat transfer the system pressure. Argon atoms are placed
occurs, which enables acquisition of more above the rough substrate. The periodic
energy by liquid from solid surfaces and faster boundary conditions are applied to x- and y-
growth of bubble nuclei. Variation of directions, while the fixed boundary condition
wettability has been proven to be conflictive is applied to the z-direction. The atomic
with improvement of the onset of nucleate interactions in the present study are

boiling (ONB) and CHF at the same time, characterized by the pairwise LJ potential.
making it necessary to clarify the working

mechanism underlying liquid—solid interactions 3. Results and Discussion

on rough structure surfaces during nucleate

boiling [3]. A nucleate boiling model of liquids 3.1 Preliminary Visualization of Bubble

on a rough structural surface is constructed in Dynamics

the present work.The mechanism of the lquId— Representative Snapshots of nucleate
solid interactions on the heat transfer is boiling of liquid argon on nanostructured
explained from the microscopic perspective. surfaces with different solid-liquid interactions

are shown in Figure 1. The simulation is
2. Simulation Method conducted in two stages. First, balance the



system.  After the system reaches
equilibrium, the bottom wall is heated, and
the phase-change process starts. Different
phenomena are found under variation of the
surface wettability. The growth process of a
bubble can be portioned into two stages: slow
void growth and coalescence, and rapid
growth of the bubble.

0ps 1300 ps 2650 ps 3050 ps 3300 ps 3500 ps

750 ps 900 ps 1000 ps 1350 ps

(¢)a=1.2 —
- - e
0ps

300 ps 550 ps 650 ps 700 ps 1100 ps

(d) =2

Figure 1.Snapshots of nucleate boiling of liquid argon on
nanostructured surfaces with different solid-liquid
interactions.(a) a=0.4; (b) a=0.8;

(c)a=1.2;(d)a=2

3.2 Quantitative Research into the Effect of
Solid—Liquid Interactions

Figure 2 shows the temporal evolution of
the bubble volume. It can be obtained that the
entire boiling processes is classified into two
stages based on the volume change trend: a
slow nucleation stage and a rapid growth stage
to form stable bubbles. Figure 2 indicates that
the time taken by voids to grow to the size of
critical nuclei shortens as the surface wettability
increases in the formation process of critical
nuclei.
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Figure 2. The time evolution of the bubble growth curve

of the boiling process with different solid-liquid

interactions

4. Conclusions

The bubble dynamics of nucleate boiling
on the rough nanostructured surface with
different wettability was analyzed by
conducting a modified molecular dynamics
method. The following key findings are drawn
from the simulated results. Bubbles can be
observed if the energy coefficient a between
surfaces and fluid atoms is in a reasonable range
(0.4 < a < 2.5). Explosive boiling would be
formed if the surface were superwetting. Void
generation and bubble growth rate were
increased by increased liquid—solid interactions.
The rough structured surfaces were reported to
generate new contact lines on structures, which
included more microlayers and the heat transfer
was enhanced as a result. The simulation results
are expected to reveal boiling phenomena in
nanoscale and provide guidance towards
surface design in state-of-the-art thermal
management systems.
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Abstract: Monitoring the solid fraction in a latent thermal energy storage system can enable the
implementation of smart control strategies for improved performance. However, measuring the solid fraction
in a non-invasive, easy-to-implement and accurate manner is challenging. The present study analyzes a
parallel plate impedance sensor to measure the solid fraction in a panel filled with phase change material
(PCM). The use of nano-additives is proposed to increase the contrast in electrical properties between the
solid and liquid phases, which increases the sensor sensitivity. An equivalent electrical circuit model is used
to estimate the sensor impedance. The sensor sensitivity is assessed for a nanocomposite PCM (NPCM)
of hexadecane with functionalized carbon nanotubes. The electrical properties of the solid and liquid
NPCM are drastically different at low frequencies, but the impedance for the melted PCM can be
unpractically large. As the frequency increases, the impedance and sensor sensitivity decrease
simultaneously. Hence, proper sensor design requires a balance between sensor size and excitation

frequency.

Keywords: Phase Change Material, Nano Additives, Electrical Impedance, Solid Fraction.

1. Introduction

Low-cost latent heat thermal energy storage
(LTES) can be hugely advantageous for
renewable energy. Smart control systems can
improve the efficiency of LTES but require
accurate monitoring of the solid fraction of the
phase change material (PCM), because the solid
fraction represents the total stored energy.
Methods to determine solid fraction during
melting/freezing of PCMs take advantage of
differences in the properties between the
phases. Temperature measurements are a
common approach, but they are invasive, and
have low accuracy for the phase fraction.
Optical imaging is usually used in academic
research [1], but it is impractical for real-world
applications. An energy balance for the heat
transfer fluid that charges and discharges the
LTES [2] is also commonly used to assess the
overall performance. However, the phase
fraction cannot be determined precisely. An
electrical impedance sensor could be a non-
intrusive and accurate alternative to determine
the phase fraction but requires a sufficient
contrast in electrical properties between the

liquid and solid phases.

The present study proposes a parallel plate
impedance sensor to determine the solid
fraction inside a thin panel filled with PCM.
Nano-additives are considered to enhance the
contrast in electrical properties between the
liquid and solid PCM [3].

2. Materials and Methods

The schematic illustration of the proposed
parallel plate impedance sensor is presented in
Fig. 1a. A circular electrode is placed at the
center of each side of a PCM panel. The
impedance across the electrodes is measured to
determine the solid fraction. The phase change
process is assumed to have a one-dimensional
behavior as illustrated in Fig. 1b, and the space
between the parallel electrodes is filled by two
adjacent slabs of liquid and solid PCM. An
equivalent circuit model (Fig. 1c) is used to
estimate the impedance between the sensing
electrodes. The impedances of the solid and
liquid regions are connected in series and the
total impedance is expressed by Eq.1.
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Where, L is the electrode spacing, A is the
electrode area, ¢, is the solid fraction, w is the
excitation angular frequency, and ;" and &; are
the values of complex permittivity for the liquid
and solid, respectively. The complex
permittivity of a substance is defined as ¢* =
€ —jk/w, where ¢ is the permittivity and k the
conductivity.

a)
PCM Panel

QsL

Solid Liquid

Fig. 1. (a) Schematic illustration, (b) geometrical
parameters and (c) equivalent circuit representation of
the sensing system.

In general, the solid and liquid phases of
PCMs have similar electrical properties,
which severely limits the sensitivity of an
impedance sensor. However, nano-additives
could be used to increase the contrast in
electrical properties. To evaluate the
feasibility of the proposed impedance
sensor, the electrical properties of a
nanocomposite PCM (NPCM) are
considered. The NPCM is hexadecane with
2.0% volume fraction of octadecylamine-
grafted multiwalled carbon nanotubes [3].
The NPCM has a significantly enhanced
permittivity in the solid phase.

3. Results and Discussion

Fig. 2 shows the behavior with frequency of
the equivalent sensor resistivity when the PCM
is fully meted and fully frozen. Due to the high
contrast in complex permittivity, the impedance
difference between the melted and frozen
states, i.e., sensor sensitivity, is very large at
low frequencies. As the excitation frequency
increases, the sensitivity decreases until
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reaching zero. It is important to consider that a
very large impedance in the melted state could
prevent proper measurement. To reduce the
impedance, a larger sensor area could be used
but the sensor size could be constrained
depending on the application. Alternatively, the
excitation frequency can be increased at the
expense of reduced sensitivity.
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Fig. 2. Equivalent sensor resistivity for fully frozen and
melted conditions as a function of frequency.

Conclusion

The study demonstrates the feasibility of a
parallel plate impedance sensor to non-
intrusively determine the solid fraction during
phase change processes in a flat panel. To
guarantee adequate sensor sensitivity it is
necessary to use a NPCM with sufficient
contrast in electrical properties between the
liquid and the solid phases. The sensor design
requires a balance between size and excitation
frequency.
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Abstract: The influence of sinusoidal pulsations of the dispersed phase flow rate on the characteristics of
the flow of immiscible liquids in a T-shaped microchannel is studied. The flow regimes are visualized in
both the undisturbed flow and flow with the imposition of external disturbances of various frequencies and
amplitudes. It is found that the pressure and flow rate in the dispersed phase are linearly related, and the
transition from the plug regime to the parallel one does not affect this dependence in the case of an
undisturbed flow. A dimensionless complex is proposed that describes the transition from the parallel flow
pattern to the plug flow regime due to external pulsations for a fixed capillarity number of the
continuous phase. For the case of perturbations applied to the plug flow, a decrease in the standard
deviation of plug length is observed when perturbation frequency is equal to the basic frequency of
undisturbed plug formation. The data obtained on the stability of the parallel flow pattern provide insights

on the active control methods application to expand the region of existence of the plug flow.

Keywords: Liquid-liquid Flow, Flow Patterns, Flow Rate Pulsations, Plug Flow

1. Introduction

Flows of immiscible fluids inside
microchannels  or  microcapillaries  are
extensively studied in the last decades.
Microfluidic devices incorporating liquid-
liquid and gas-liquid flows are put into practice
in analytic biology [1], catalysis [2], and many
other areas. Specific flow patterns such as a
plug or droplet flow and high surface-to-
volume ratio provide enhanced heat and mass
transfer coefficients. To control flow patterns
and form plugs or droplets two ways are
typically used, namely active and passive
techniques [3]. Passive methods are more
convenient, however, a number of drawbacks
limit their applications. For instance, a
formation of plugs and droplets occurs in an
extremely narrow velocity range in the case of
highly viscous liquids [4]. Therefore, various
active methods are applied to expand the limits
of plug or droplet formation and to define its
properties with higher precision.

We proposed a pulsatile flow rate of the
dispersed phase to control liquid-liquid flow
patterns in the T-junction microchannel. The

influence of frequency and amplitude of sine
flow rate signal on different liquid-liquid
systems was experimentally studied. Parallel
flow segmentation was observed and described
for certain liquid properties and pulse
parameters. The influence of pulse parameters
on the resulting plug or droplet sizes was
characterized.

2. Experimental setup

The experiments were carried out in T-
junction microchannels made of
polymethylmethacrylate by micromilling. The
outlet channel width was 425 pum, the inlet
channel width was 223 pum, and the channel
height was 212 pum with outlet hydraulic
diameter Dn = 283 um. Silicone oil with
dynamic viscosity 200 ¢St and water glycerol
solutions of volumetric glycerol concentrations
50%, 70%, 85% and 95% were used as working
fluids. The silicone oil was continuous phase,
and its flow rate was set by a KDS Gemini 88
syringe pump maintaining a constant
volumetric flow rate (relative flow rate setting
accuracy of 0.35%). To set the flow of the
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dispersed phase and control pulse parameters,
the pressure controller Elveflow OB-1 with
Bronkhorst BFS Cori-flow flowmeter were
used. The liquid-liquid flow was visualized
using pco.1200 hs high-speed camera,
connected to a Zeiss Axio Observer.Z1 inverted
microscope with 5x and 10x lenses.

3. Results and discussion

Flow visualization was performed in a wide

range of fluid velocities. Flow pattern maps
were plotted in the case of constant flow rates
of continuous Q¢ and dispersed Qq phase as well
as for pulsatile dispersed phase flow rate.
Segmentation of parallel flow was observed for
certain parameters of the pulse. It was found
that an increase in the period or amplitude of the
pulse, with other constant parameters, leads to
the segmentation of the parallel flow. At the
same time, when amplitude and period are fixed
instability is caused by a decrease in the
velocity of the dispersed phase Uq4. Based on
these observations, the influence of pulsations
on the stability of the parallel flow is presented
in the form of a regime map plotted in terms of
dimensionless parameters that consider all the
abovementioned factors (Fig. 1). The X-axis
shows the capillarity number for the carrier
phase Cac = ucUc/o, here pc - carrier phase
viscosity and o — interfacial tension. The Y-axis
represents the parameter 10°(A/Caq)(T/tvc),
where A and T are the dimensionless amplitude
and the period of sine flow rate,
correspondingly, Cagq is dispersed phase
capillary number, tvc = pgDn/o is visco-capillary
time, and the free factor 10° is chosen for
convenience. This parameter takes into account
the trends found for the amplitude, period, and
flow velocity, and additionally supposes
interfacial tension as a destabilizing factor.
In the case of imposition of flow rate pulsations
on the plug flow, a decrease in plug length
deviation was found, when the pulse period is
equal to the plug formation period in
undisturbed flow. The data obtained can be
used to control flow patterns in the T-junction
microchannel by means of dynamic dispersed
phase flow rate.

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

@  Plug flow

<= Parallel flow

2
e o
1,6 -
— e o
-~ \
g \
= 1,2 ® @
= + \
S +
2 0,8 1 + o+ \\
p + + N o
04{ * * had
+ + + > é
0 T T r
0 0,004 0,008 0,012 0,016
Cac [_]

Fig. 1. Examples of flow pattern images and flow
pattern map in the case of sine flow rate of dispersed
phase for silicone oil and 85% water glycerol
solution.
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Abstract: This paper reports the development of a multiphase flow visualisation technique for measuring
high- speed flows within miniature devices. A mini-hydrocyclone with an internal flow field that is highly
complex is used to demonstrate the developed flow visualisation technique. Scrutinizing flow phenomena
and related physical quantities, which could not be revealed as clearly using conventional experimental

methods, is made possible.

Keywords: Micro Flow Visualisation, Miniature multiphase devices, Positron emission particle tracking

1. Introduction

Mini-devices, such as microfluidic systems
and lab-on-a-chip, are undergoing intensive
development for extensive applications in
sophisticated fields, including DNA detection
and cell selection. In-depth investigations on
the flow field are necessary to ensure
effectiveness and safety.

Hydrocyclones have been used to replace
barrier-based separators in bioreactors to
maintain clogging-free, high-density perfusion.
To obtain the required intensity of centrifugal
field for continuous perfusion, hydrocyclones
with diameters smaller than 10 mm are
recommended [1]. Miniature cyclones can be
manufactured by micro-fabrication or 3D
printing for direct integration into lab-on-a-chip
systems [2]. Although computational fluid
dynamic (CFD) simulations can be carried out
to evaluate and verify the cyclone design, it is
difficult to measure the flow pattern
experimentally using conventional methods in
such a small geometry, which hinders
optimisation of the design and operating
conditions. A breakthrough in measuring
techniques is needed to stimulate advances in
understanding, performance optimisation,

theoretical models and  computational
simulation. In this study, we aim to further
develop “positron emission particle tracking”
(PEPT) to capture 3D particle trajectories with
millisecond temporal resolution and high
spatial resolution for detailed investigation and
further analysis of the flow field.

2. Materials and Methods

Positron emission particle tracking (PEPT)
makes use of positive beta decay. Following its
release from the nucleus, the positron collides
with an electron and the collision leads to
annihilation, producing two photons emitted at
an angle of approximately 180°. The
radionuclide is therefore close to the line, aka
“line of response” (LOR), connecting the
detection sites of the two photons if they are
detected within a short time window. In this
study, an algorithm based on processing the
cross points of every LOR pair in each 2D plane
is employed. The algorithm is refined in
combination with an analytical expression for
the point minimizing the sum of the squared
distances from the LORs in 3D. Meanwhile, a
filter is developed and applied to account for the
continuity of the tracer location. In this way, the
small tracer particle can be tracked over time
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and space. Here, the strong base, anionic,
macroreticular, macroporous polymeric resin
beads, Amberlyst A26 hydroxide form (Sigma-
Aldrich), are used as tracers and labelled with
positron-emitting isotopes !SF through ion
exchange.

The positron emission tomography (PET)
scanner “LabPET 8” (Triumph) is used as the
gamma sensor array. The scanner consists of
3072 phoswich detectors surrounding a
cylindrical space with a radius of 80.762 mm
and an axial length of 75 mm [3].

3. Results

The 3D coordinates of the tracer particle
were obtained by using PEPT and then post-
processed using the Savitzky—Golay filter with
a polynomial order of 2 and a window of 9
points to increase the precision and mitigate the
scatter in the millisecond positions due to the
scatter inherent to the PEPT method [4]. The
data between timestamps, which are inserted by
the scanner into the data stream, can be split to
achieve high temporal resolution.

The radial, tangential and axial velocities in the
rotational motion of the particle provide details
of the separation process in the cyclone. The
tangential velocity is related to the centrifugal
force acting on the particle and thus to the
separation  performance. Therefore, the
tangential velocity is a key parameter in
cyclone models [5].

Figure 1 shows an example of a particle
trajectory with temporal resolution of 2.62 ms
colour-coded by the magnitude of the tangential
velocity. Within this 655 millisecond passage,
the particle seemed to experience a few
“wandering” periods where it swirled around
the same axial section at a smaller radius for a
few turns before proceeding towards the outlet.
Comparing the velocity components in
cylindrical coordinates between the
“wandering” and other sections enables
scrutinization and root cause analysis of the
anomalous phenomenon.
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Figure 1. Trajectory colour-coded by tangential velocity.
4. Conclusion

In this work, refined PEPT for visualising
and investigating multiphase flow in miniature
flow devices was developed and successfully
demonstrated using a mini-hydrocyclone with a
diameter less than or equal to 10 mm. The
particle was found to deviate from its original
swirling motion, which led to long residence
time and can have adverse effects on the
separation efficiency. The refined PEPT
rendered possible scrutinizing this phenomenon
which could not have been revealed as clearly
using conventional experimental methods
based on determining only local velocities.
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Abstract: Microfluidics is an emerging field with various applications, including biosensing, drug delivery,
and microreactors. Flow sensors are an essential component of microfluidic systems that enable accurate
control of fluid flow. In this study, we present a chronoamperometry-based flow sensor for microfluidics
applications. The sensor is based on the measurement of current transients produced by redox reactions at
the electrode surface, which are modulated by the flow rate of the solution. With increase in the flow rate of
an electrolyte (0.1M NaCl), the charge transfer at the electrodes is observed to increase, leading to an
increase in the percentage deviation from no flow case. The sensor was fabricated on a Si wafer using the
standard photolithography, soft lithography and vapor deposition techniques. It consists of Si wafer
substrate, Ti/Pt interdigitated electrodes and a PDMS microchannel. The sensor demonstrated high
sensitivity and linearity over 5 pl/min to 200 pl/min range of flow rates, making it suitable for various
microfluidics applications. The 3o resolution of the sensor is 9.3 pl/min. The sensor exhibited good stability
(> 100 operating hours) and repeatability (RSD < 7%), indicating its potential for long-term monitoring of
fluid flow in microfluidic systems.

Keywords: Chronoamperometry, flow sensor, microfluidics, microchannel

1. Introduction rise in the fluid temperature.

Flow rate detection is a critical parameter in
many fields and has important implications for
health, safety, and environmental sustainability.
Accurate and precise flow rate detection can
help improve the performance and efficiency of
systems, reduce costs, and enhance the quality
of products and services. In biomedical
applications, flow rate detection is critical for
monitoring the flow of blood, cerebrospinal
fluid, urine, and other bodily fluids. Flow rate

; - X ) k Fig. 1 Electrochemical station used for sensor
detection is also important in drug delivery

characterization

systems, where the flow rate must be controlled

to ensure the proper dosage of the medication. Chronoamperometry is an electrochemical
State of the art on-chip flow rate sensors suffer technique that measures the current generated
from several deficiencies such as high overheat by an electrochemical reaction over time, while
temperature, ~complex integration among a constant potential is applied to an electrode.
others. Chronoamperometry based flow sensing In chronoamperometry-based flow rate
is easy to integrate on a microchip and also the detection, a solution containing an electroactive

nature of process does not cause a significant species is flowed through a cell containing two
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or more electrodes. By applying a constant
potential to one electrode, the electroactive
species is oxidized or reduced, and the resulting
current is measured over time. The flow rate of
the solution can then be calculated from the
change in current over time.

2. Experiment, Results and

Conclusions
2.1 Experiment

CH instruments electrochemical workstation
was used to perform sensor characterization
experiments. Electrolyte (0.1 M aqueous NaCl)
was pumped through a 100 pm PDMS
microchannel using a cole-palmer syringe
pump. Fig. 2 shows a schematic of the sensing
device used. Interdigitated electrodes (Ti/Pt)
were subject to three different constant voltage
settings (1V, 2V, and 3V).

Inter-

Ti-Pt
electrodes
(sputtered)
PDMS
microchannel
(plasma
bonded)

Si wafer as substrate

Fig. 2 Schematic of the flow sensor

2.2 Results

Theoretically, there are two methods for
calculating the flow rate from
chronoamperometry data: the Levich equation
[1] and the Randles-Sevcik equation [2]. In the
present work, a different approach based on
integral of current vs time graph is used to
detect flow rate. The percentage change in
charge transfer over a period of 120 sec is
plotted against flow rate. The total charge
transfer is observed to increases with the flow
rate as depicted in Fig. 3. This is due to increase
in the number of charge carriers interacting
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with the electrode surface due to increased flow
rate. The change in real-time current is
observed to be too small to detect, hence, the
area of current-time curve i.e., the charge
transfer is used as a correlation parameter.

For aqueous NaCl, the electrolysis voltage was
found to be > 3V, leading to gas bubble
formation. As a result, the percent change in
case of 3V is less than at 2V (due to gas bubbles
hindering the electrode surface and charge
carrier interaction). 2V is used as a reference for
sensor calibration as the graph is linear for the
entire concerned flow rate range.

150 % change in charge(Q) vs Flow rate

O 1v ¢
300 Q 2V
+ 3v 0 § 8
250
— 200 @ T
g o 8 * o+
%150 + 8 +
‘0' 100 +-|8 + e
I

50%“1-

50 )
010 25 50 75 100 125 150 175 200
Flow rate (:L/min})

Fig. 3 Calibration curve for flow rate sensor at three
different voltage settings

2.3 Conclusions

The sensor demonstrated high sensitivity and
linearity over 5 pl/min to 200 pl/min range of
flow rates, making it suitable for wvarious
microfluidics applications (overheat < 1 °C).
The 36 resolution of the sensor is 9.3 pl/min.
Furthermore, the sensor exhibited good
stability and repeatability (RSD < 7%),
indicating its potential for long-term
monitoring of fluid flow in microfluidic
systems.
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Abstract: Micro and nano fluid systems have numerous applications in the fields of chemical, engineering
and biomedical sciences. To reduce fluid resistance in such systems, characterization and utilization of
slip phenomena are highly desired. However, current method for measuring slip length using an atomic
force microscope is limited to use in electrolyte solutions due to inevitable effect of the electric double layer
(EDL) force. To achieve the slip length measurements in pure water, we propose a theoretical formula that
takes into account the effect of EDL force and measure the slip length of silica surfaces both with and without
considering it. The results indicate that our new method provides a plausible value, whereas neglecting the
EDL force leads to an underestimation of slip length. These findings will help improve the accuracy of slip
length measurements in low ion concentration fluids such as pure water.

Keywords: Boundary slip, Electric double layer, Atomic force microscopy

1. Introduction

Micro and nano fluidic systems have
various applications in the fields of biology,
chemistry, and medicine, and reducing fluid
resistance is important when the specific
surface area is large. Fluid slippage on solid
surfaces is known to reduce fluid resistance,
and the slip length is defined by Equation 1

v
vs=b— (1)
where b is the slip length, v is the flow velocity
in the direction parallel to the solid surface, and
v IS flow velocity at the solid-liquid interface.
The slip length can be measured by fitting the
force curve obtained using an atomic force
microscope (AFM) with a theoretical equation
developed based on fluid dynamics equations
and has been reported to range from several
nanometers to several hundred
nanometers(Vinogradova., 1995). However,
when measuring the force curve, electric
double-layer (EDL) force appears as a result of
the interaction between the substrate and the
AFM probe, which is not taken into account in
the conventional theory. Therefore, previous

studies were forced to use electrolyte solutions
to eliminate the effect of the EDL force, and the
development of a new method is highly desired.
In this study, we propose a theoretical equation
and method that enables accurate measurement
of slip length in pure water.

2. Theory

cantilever
approach

Fy

liquid
substrate

Fig. 1 Schematic illustration of the experimental
system.

There are three types of forces acting on the
cantilever as shown in Fig. 1: F;, is the viscous
force acting on the probe sphere, F; is the
viscous force acting on the cantilever body, and
F, is the EDL force acting on the probe. When
the slip length of the sphere and the underlying
substrate are equal, the viscous force acting on
the probe can be expressed as Equation (2).
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In this study, we calculated numerical solutions
taking into account the electrostatic force by
using experimentally measured EDL force in
the force calculations. The balance of forces
acting on the cantilever yielded the following
equation, where F, represents the experimental
data.
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3. Experiments

A colloidal probe was prepared by attaching
a silica sphere to the tip of a tipless cantilever
using adhesive. A measurement substrate was
prepared by bonding a thermally oxidized Si
substrate to the bottom of a liquid cell. Force
curve measurements were performed at two
different speeds, 80 and 0.2 pum/s. The sum of
the viscous and electrical double layer forces is
measured at the faster scanning speed. At the
slower scanning speed, because the viscous
force is sufficiently small, only the electrical
double layer force is measured.

4. Results and Discussion

10

force [MN]

0 20 40 60 80 100 120 140
h [nm]

Fig. 2 Force curves measured at 0.2  m/s (yellow dots)
and at 80 m/s (blue dots). Solid lines are theoretical
curves. The theoretical force estimated by eq. (3) with
slip boundary condition and no-slip boundary condition
are represented by the green and red lines, respectively.
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Fig 2 shows an example of a measured force
curve and fitting result. It was found that the
EDL force begins to act when the probe and
substrate approach about 100 nm. Without
considering the EDL force, the estimated slip
length on the silica surface is an unrealistic
negative value of -3.2 nm. However,
considering the EDL force for the fitting gives
a slip length on the silica surface of 5.6 nm,
which is close to the values measured in
previous studies(Bonaccurso et al., 2002.). At
distances less than 100 nm, both the EDL force
and viscous force are of similar magnitude,
indicating that the EDL force cannot be ignored.
It was also found that neglecting the EDL force
leads to an underestimation of the slide length.

5. Conclusions

In this study, we proposed a new theoretical
formula considering the effect of EDL force for
measuring slip length using AFM. The slip
length was calculated by measuring the force
curve. As a result, the slip length of 5.6 nm was
obtained on the silica surface. The proposed
method enables a more accurate measurement
of slip length in fluids with low ion
concentrations, such as pure water.
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Blood flows on passive microfluidics — Role of blood physiology and
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Abstract: The study of blood flow and rheology is essential for understanding fundamental flow physics and
blood behaviour in physiological/pathological conditions. Passive microfluidic flow has emerged as a
promising platform for developing blood diagnostic tools for assisting in health monitoring. This work
describes recent work on passive blood flows in microfluidic devices, where the influence of blood physiology
and blood biomechanical properties was studied. Hemorheological factors of human blood and erythrocyte
suspensions where quantified, and the flow of samples in hydrophilic/superhydrophilic rectangular
microchannels was characterised using micro-Particle Image Velocimetry and Particle-Tracking techniques.
The effects of altered physiological factors, such as erythrocyte concentration (haematocrit), deformability and
aggregation were investigated, and meniscus velocities, velocity profiles, local and bulk shear rates were
derived and correlated. The findings suggested that viscosity and erythrocyte deformability and concentration
negatively affect the velocity of blood in the channel. Interestingly, increased erythrocyte aggregation was
observed to have a non-monotonic effect on the velocity of the fluids tested, favouring samples of normal
deformability and reduced haematocrit. The relatively high shearing rates observed near the entrance of the
channels seem to substantially minimise erythrocyte aggregation, therefore supressing the non-Newtonian
nature of the samples for a substantial part of the channel length.

Keywords: Blood flow, Passive microfluidics, Blood Biomechanics, Blood rheology

1. Introduction

Microscale blood flow and rheological
characteristics are fundamentally important, as
they affect the efficiency of microfluidic
devices. The area of microfluidics has been
widely developed and received a considerable
interest over the last decades [1]. Microfluidic
devices are appropriate for small sample
manipulation and are suitable for miniaturizing
laboratory techniques. Passive flow devices
have many benefits and are popular in blood
diagnostics and medical applications: they are
cost effective and simple in manufacturing, and
can be designed as disposable. Furthermore,
they have good potential to enhance
improvements in areas such as blood
characterization, drug discovery, biosensing
and chemical synthesis, where handling small
volumes is critical [2]. In this work, results on
passive blood flows in microfluidic channels
are presented, where the influence of blood

physiology and blood biomechanical properties
was studied.

2. Methods

Blood samples were acquired according to
the guidelines, and with the approval of the
Cyprus Bioethics Committee (ref:
EEBK/EIT/2016/18). Hemorheological and
physiological factors considered included
erythrocyte  concentration  (haematocrit),
aggregation and deformability, and sample
viscosity. Haematocrits were fixed to 40% and
45%, except of those of whole blood, native
samples.  Erythrocyte deformability was
decreased by heat treatment (measured by a
Rheoscan D300 instrument), and erythrocyte
aggregation was adjusted by the use of
Dextran solutions, and measured by a
Rheoscan A200 instrument. Velocity in the
rectangular microchannels was characterised
using micro-Particle Image Velocimetry, and
Particle-Tracking techniques and tools (JPIV
and Matlab-PIV) [3,4]. Fluid viscosity, was
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examined using a Brookfield DV2T
viscometer. Microchannels (see Figure 1) were
produced by xurography techniques using
microsope slides and double sided tape (Tessa,
100pum thickness). Channel surfaces were
coated with TiO? for enhancing hydrophilicity
(contact angles ~5°).

Double sided =
Adhesive tape

Fig. 1. Exploded schematic of the microchannel. The

large hole is the filling well with an entrance width of

~5 mm leading to a ~1 mm exit, after 20 mm, with a
convergence angle of ~3°.

—___ Top-bottom

7 .
i Glass slides

3. Results and Discussion
Mean velocity curves as a function of
channel distance are shown in Figure 2,
illustrating high magnitudes at the initial stages
of the flow.
60

—E—WBNATIVE
—E— DEX 45%

I NAB45%
-4~ DEX40%
—I-NAB 40%
~ I~ WB-NATVE HT

DEX 45% HT
I NAB45% HT
DEX40% HT |-
- NAB 40% HT

Vi (mms 1)

z (mm)

Fig. 2. Meniscus velocity in the channel for native
whole blood (WB), Dextran suspensions (DEX), and for
non-aggregative blood samples (NAB). The heat-
treated counterparts of the samples, for reduced
deformability, are noted with “HT”, and the
haematocrits are noted as 40% and 45%.

The resulted shear-rates from the meniscus
velocity behaviour are presented in Figure 3,
showing intense shearing near the entrance of
the channel. The relatively high shearing rates
observed near the entrance of the channels seem
to  substantially =~ minimise  erythrocyte
aggregation, therefore supressing the non-
Newtonian nature of the samples for a
substantial part of the channel length. The 5%
increase in haematocrit found to negatively
affect the viscosity of the fluid, and also
decrease the meniscus velocity in all cases. The
increase of erythrocyte aggregation was
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observed to have a non-monotonic effect on the
velocity of the fluids, favouring samples of

normal deformability = and  decreased
haematocrit.
600 |
1 —WB ——-WBHT
—DEX 45% DEX 45% HT
NAB 45% NAB 45% HT
~— 400 —DEX 40% — —~DEX 40% HT,
[ ——NAB 40% --—-NAB 40% HT

0 5 10 15 20
z (mm)

_ Vin(2) .
Fig. 3. Shear rates calculatedas (z) = - with h
the channel gap at 100um.

Figure 4 shows the combined effect of

erythrocyte aggregation and viscosity on the
meniscus velocity (Al*;,.= A* x fi*, with 4*
and g* non-dimensional indices of aggregation
and viscosity respectively).

12
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) DEX45%
5 = DEX40%
fgj 9 ® DEX45% HT
g * DEX40% HT
£ B
* o %
6 "
0 0.5 1 15

Al" se)

visc
Fig. 4. The effect of aggregation and viscosity on the
meniscus velocity.

4. Concluding remarks

The results of the present study illustrated
the need for considering the biomechanical
and physiological properties of blood in the
design of relevant devices and processes.
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Abstract: Red blood cells (RBCs) are a key determinant of blood rheology and human physiology.
Their transport through the complex geometries of microvascular networks is heterogeneous and depends on
their mechanical properties. A number of studies have focused on examining RBC motion and partitioning of
dilute suspensions, neglecting the importance of cell-cell interactions in confined spaces. In the present
study, the effect of deformability on the spatial distributions of dense RBC suspensions in a microfluidic
Y-shaped bifurcation is examined experimentally. Human RBC suspensions (healthy and artificially
hardened) at 20% haematocrit and physiological flow rates were perfused through the channels and local
hematocrit and velocity distributions were measured. Hardened RBCs exhibited more uniform
haematocrit distributions downstream of the bifurcation in comparison with the healthy ones, which tend
to accumulate along the apex of the bifurcated geometry. A comparison with distributions measured in T-
junction microchannels revealed that healthy RBCs are more sensitive to changes in bifurcation angle

compared to hardened cells. The study highlights the heterogeneous nature of RBC flows in
microvascular networks and the impact of impaired RBC deformability on microhaemodynamics.

Keywords: Red blood cells, Blood microscale flows, RBC deformability, haematocrit distribution

1. Introduction

RBCs are the most abundant cells in blood,;
their deformability and their propensity to
aggregate are key determinants of blood
rheology affecting local haemodynamics. RBC
deformability is impaired in many diseases like
diabetes, sepsis and sickle cell disease leading
to microvascular implications. Microfluidics
can provide insight into the role of RBC
properties in microvascular flows. The majority
of published works have been conducted with
dilute RBC suspensions neglecting cell-cell
interactions [1, 2]. It is evident that the impact
of impaired RBC deformability on
microhaemodynamics of dense RBC
suspensions is scarcely explored. In the present
study, we elucidate the role of RBC
deformability on the transport of dense
suspensions of RBCs on a Y-shaped bifurcated

geometry using microfluidics, aiming to
establish a link between RBC biomechanical
properties and haemodynamics in physiological
and pathological conditions.

2. Methods

Human blood samples were obtained from
healthy donors according to an approved
protocol (South East London NHS Research
Ethics Committee 10/H0804/21). Red blood
cells were separated and their deformability
was artificially varied by means of
glutaraldehyde; a 40% reduction of RBC
deformability was measured for hardened cells
using RheoScan (Rheoscan-D300, Sewon
Meditech, Inc., Seoul, Korea). A Y-shaped
bifurcated geometry featuring a 50x50 pum?
square cross-sectional area and a 60-degree
angle between the outlet branches was
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employed. Healthy and artificially hardened
RBC suspensions at 20% haematocrit were
perfused through the channels at physiological
flowrates (0.5-1 pL/min) and their flows were
imaged using a micro Particle Image
Velocimetry (microPlV) setup comprising an
inverted microscope and LED illumination.
The velocities were determined by PIV
algorithms, using RBCs as tracers, and the
normalised haematocrit distributions (H*) were
inferred from image intensity as in our previous
works [3, 4].

35 Daughter
Branch

Parent Outlet
Branch % Branch

Figure 1. Sample instantaneous image of healthy
RBCs flowing in the Y-shaped bifurcated geometry.
Red rectangles indicate the ROIs where haematocrit
profiles were extracted.

3. Results

The haematocrit profiles downstream of the Y-
bifurcation revealed differences between the
transport of healthy and hardened RBCs. The
latter produce more uniform cell distributions
in comparison with healthy RBCs which
feature steep hematocrit gradients near the
walls. Healthy RBCs tend to accumulate around
the inner channel walls of the geometry close to
the apex of the bifurcation; further analysis was
conducted around this region to examine the
velocity distributions of both suspensions based
on the PIV measurements. The results of the Y-
shaped bifurcating channels were compared
against those obtained with a T-junction and
same cross-sectional area [5]; the Y-junction
produces more skewed cell distributions
compared to the T-junction for healthy RBCs.
On the other hand, similarly skewed
haematocrit distributions were observed for
hardened RBCs in both bifurcations.

4. Conclusions

The study shows that impaired RBC
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deformability leads to distinct differences in the
spatial RBC organisation in bifurcating
geometries with healthy RBCs found to be
more sensitive to changes in the bifurcation
angle. The present study complements
experimental efforts towards understanding cell
transport in microvascular networks, providing
biophysical insight into the organisation of
RBCs in pathologies. It can also aid the
development of numerical models, taking into
account local hemodynamic and

hemorheological effects of impaired RBC
deformability therein.
(@) (b)

-0.5 -0.25 0 0.25 05 -0.5 -0.25 0 0.25 05
A y

Figure 2. Indicative H* profiles between healthy (blueg
and hardened (orange) RBC suspensions in the (a
daughter and (b) the outlet branches for a flow ratio of

Q*:O.Z of the outlet branch. Shaded regions show one
standard deviation.
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1. Introduction

Late-onset hypogonadism (LOH) in males,
defined by low serum testosterone levels and
associated clinical symptoms has a prevalence
of 0.6-12%, though this figure is much higher
(up to 40%) in men with Type 2 Diabetes
Mellitus (T2DM) [1,2]. LOH has been
associated with low testosterone concentrations
and related phenotypes (e.g., sexual dys-
function, cognitive dysfunction, fatigue, sleep
disturbance, depression, hot flushes/sweats,
osteoporosis, hypertension, anaemia etc.) and
has been associated with increased all-cause
mortality [3]. Restoring serum testosterone
levels using testosterone therapy (TTh) may
improve sexual dysfunction, bone mineral
density, physical activity, mood, depression,
anaemia, regression of T2DM, and, in men with
T2DM, reduce mortality [4,5].

TTh is known to increase hematocrit (HCT)
levels which in turn lead to an increase in blood
viscosity, a known adverse effect [6]. HCT
levels have been associated with changes in
morbidity and mortality, although findings
vary. Whilst the association between cardio-
vascular disease (CVD), all-cause mortality and
HCT levels is not fully clear, statistical
evaluation hints towards a favourable
relationship when low testosterone levels are

adjusted.

2. Hypothesis

This reduced morbidity and mortality may
partly be due to improved oxygenation of
tissues due to increased haemoglobin (Hb).
However, many clinical observations suggest
that in the case of ageing the fluidity of blood is
impaired; a rise in blood and plasma viscosity,
impaired  erythrocyte  deformability and
enhanced aggregation have been reported [7].
Human ageing, erythrocyte ageing, smoking,
and pathologies, such as diabetes, may induce
changes to the inter-dependent mechanical
properties of erythrocytes such as lifespan,
morphology, deformability and aggregation
etc. Such changes could have a profound impact
on blood rheology, haemodynamics, and tissue
perfusion leading to severe vascular
complications. It is suggested that increased
erythrocyte lifespan, in addition to possible
increased erythropoietin levels, though there is
conflicting evidence [8,9], may be a possible
mechanism for the TTh associated elevated
HCT. Therefore, the interplay between
erythrocyte lifespan, deformability and
elevated haematocrit is to be investigated via
microfluidics. Increased RBC elasticity may
result in reduced filtering by the spleen and
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therefore aid increasing HCT.

3. Methodology

Preliminary tests with animal blood were
pursued to test the hypothesis of the potential
link of enhanced erythrocyte deformability. A
microfluidic channel comprising an array of
pillars mimicking a porous medium was
fabricated via soft lithography. The pillars were
20 um in diameter (D), arranged in a staggered
configuration of 16 rows with a pitch ratio of
2D and 1.5D in the lateral and transverse
directions, respectively. Fresh pig blood was
mixed with K2EDTA anticoagulant. RBCs
were separated via centrifugation and
suspended in PBS at a concentration of 5%.
One sample was used as control and the second
one was treated with statins to increase the
deformability using the protocol described in
[10]. The dynamic viscosity of whole blood and
the suspensions were measured using an ARES
rheometer. The deformability of RBCs was also
measured  using a  microfluidic-based
ektacytometer  (Rheoscan-D300, Sewon
Meditech, Inc., Seoul, Korea). RBC
suspensions (both control and statin-treated)
were perfused through the microfluidic device
by means of a syringe pump (Nemesys S,
Cetoni, Germany) and imaged using an inverted
microscope (Nikon Diaphot 200, Japan)
equipped with a  high-speed camera
(NanoSense MKIII, IDT, USA) and a 20x
objective (NA=0.4). The microchannel flow
was illuminated using a 100W halogen lamp
and 1000 images were acquired for 20s. The
flow rate in the parent branch was kept constant
at 0.5 uL/min, which is physiologically relevant
for microvascular flows [11].

4. Results

Preliminary results showed that statin-treated
RBCs feature higher mean values of the
maximum elongation index (0.4652+0.007)
compared to the control sample
(0.4350+0.005), meaning that statins increase
cell ~ deformability.  Particle = Tracking
Velocimetry (PTV) revealed that statin-treated
cells flow through the pillar array with more
ease compared to the healthy RBCs, featuring
more uniform distributions in the whole domain

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

(Fig 1).

()

: 3 : MW i 0
Figure 1. Time-resolved Particle Tracking Velocimetry
(PTV) RBC trajectories of the (a) control and the (b)
stain-treated sample.

5. Conclusions

This preliminary study shows that statins can
alter the biomechanical properties of RBCs,
making RBCs more deformable, and can be
used as a proxy for an initial hypothesis testing
on the effects of testosterone treatment.
Softening of RBCs has a direct implication in
perfusion in complex domains whereby statin-
treated RBCs can pass through easier compared
to healthy RBCs. Also, the use of statins affects
spatial organization of RBCs, with statin-
treated cells featuring more uniform cell
distributions in the pillar array geometry. Work
is under way to explore density-based
differentiation of RBC populations using
density gradients media like Percoll and
Optiprep to explore the effects of RBC age.

References

[1] Dudek P, Kozakowski J, Zgliczynski W., Prz
Menopauzalny. 2017 Jun; 16(2): 66—69.

[2] Cheung KK T,Luk AOY, So WY, et al. ] Diabetes
Investig. 2015 Mar; 6(2): 112—-123.

[3] Pye S R, Huhtaniemi I T, Finn J D, ef al., J Clin
Endocrinol Metab, 2014 Apr;99(4):1357-66.

[4] Shores M M, Smith N L, Forsberg C W, et al., J Clin
Endocrinol Metab, 2012 Jun;97(6):2050-8.

[5] Muraleedharan V, Marsh H, Kapoor D, et al., Eur J
Endocrinol, 2013 Oct 21;169(6):725-33.

[6] Konig C S, Balabani S, Hackett G 1, et al., Sex Med
Rev, 2019 Oct;7(4):650-660.

[7] Simmonds M J, Meiselman H J, Baskurt OK., J
Geriatr Cardiol, 2013 Sep;10(3):291-301.

[8] Coviello A D, Kaplan B, Lakshman K M, et al., J Clin
Endocrinol Metab. 2008 Mar; 93(3): 914-919.

[9] Bachman E, Travison T G, Basaria S, et al., J
Gerontol A Biol Sci Med Sci. 2014 Jun; 69(6): 725-735.
[10] Sheikh-Hasani V, Babaei M, Azadbakht A ef al.,
Biomedical Optics Express, 2018, 9(3): 1256-1261

[11] Chaigneau E, Roche M, Charpak S, Front.
Neurosci., 2019, 13:644.



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

A microfluidic in vitro model of microvascular collapse

Stephanie HALLAM"", Pranav VASANTHI BATHRINARAYANAN!, Zoe SCHOFIELD', Nina
KOVALCHUK!', Mark SIMMONS'

1:School of Chemical Engineering, University of Birmingham, Birmingham, UK
* Corresponding author: Tel.: +44 7544154703; Email: SMH604(@student.bham.ac.uk

Abstract: A microfluidic model of a blood vessel network was created to investigate the effect of
microvascular collapse on wall shear stress and flow distribution. Trauma conditions, such as Acute
Compartment Syndrome (ACS), result in microvascular collapse and thus increase resistance in the
microvascular network, decreasing the flow rate in the vessel and thus decreasing the shear stress profile. The
wall shear stress in the blood vessel network will influence behavior in endothelial cells lining the blood vessel
walls. These phenomena have been modelled using a microfluidic device representative of the
microvasculature. The Young’s modulus of the blood vessel wall was mimicked in the device design to
maintain physiological relevance. Ghost particle velocimetry (GPV) was used to assess the flow distribution,
velocity profile and shear stress profile when increasing resistance in the microfluidic model. As the resistance
in the system increases, at constant pressure, the flowrate decreases; however, at the localized area of collapse
there will be an increased shear stress on the channel walls due to the increased velocity. The position of the
increased resistance within the network will determine the direction of flow between branched channels which

may further influence the localised shear stress in vessels of different diameter.

Keywords: Blood vessel, Micro Flow, Ghost Particle Velocimetry, Acute Compartment Syndrome

1. Introduction

Acute compartment syndrome, ACS, is an
emergency trauma condition that affects the
microvasculature and requires a fast diagnosis
to prevent harm to the patient. During ACS the
pressure in the muscular compartment
surrounding the microvascular network rises to
a point where the blood flow is restricted. If
resistance to blood flow is not removed, cell
necrosis occurs due to a lack of blood supply,
leading to limb loss or in some cases death [1].
A microfluidic model of a microvascular

network was created to  investigate
physiological processes accompanying
development of ACS.

When flow pressure is maintained, increased
resistance in the microvasculature reduces the
flowrate in the system and leads to a change in
wall shear stress, affecting endothelial cell
behavior. The resistance depends on the degree
at which the blood vessel is collapsed/stenosed.
Resistance may occur in different places in the
network resulting in a change in flow
distribution. Diversion of flows due to

increased resistance in arteries and the effect of
branching has been investigated in the literature
[2]; however, the situation differs for veins and
the related capillary network due to their
smaller diameter, Young’s moduli and different
physiological behavior. The aim of this study is
to investigate processes in microvascular
systems upon deformation (stenosis) of an
adjacent vein or large capillary using a
microfluidic model.

2. Experimental Set Up

Branched and stenosed microfluidic devices
were created using a standard soft lithography
process from Polydimethylsiloxane (PDMS
SYLGARD™184, DOW), a commonly used
polymer for microfluidic device fabrication.
This is advantageous for the investigation of
ACS due to its flexibility and ability to vary the
Young’s modulus.

The Young’s Modulus of PDMS was varied
using 10:1, 15:1, 20:1 and 25:1 base to curing
agent ratios and tested on the Zwick Roell Z030
Universal Tester (ZwickRoell, Germany). The
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samples were secured into 10 kN grips and
pulled from 0 force at 10 mm/min until failure
and the elongation and stress recorded.

The flow distribution was measured using
Ghost Particle Velocimetry [3] in which a
dispersion of nano-particles is passed through
the microfluidic device under brightfield
illumination creating a speckle pattern from
scattered light. Polystyrene nanoparticles with
average size of 200 nm 10% solids (Merck,
UK) were used in concentration of 0.2% v/v.
The liquid was supplied to the microfluidic
device using a Elveflow OBl pressure
controller at varied pressures. The flow was
recorded using a high-speed camera (Photron
Nova s15) at 1000-10000 fps and exposure of
0.08-0.2 ms depending on the flowrate. The
camera was connected to an inverted
microscope (Nikon TI Eclipse) with a 20x lens
(Nikon, CFI Plan Fluor DLL) providing a 1
um/pixel spatial resolution. 400 frames were
recorded and processed using Image] software
and analysed using MATLAB PIVLab [4].

3. Results

Youngs Modulus (kPa)
n w
Qo [=3
o o
S e—p

100 I

. I x
5 10 15 20 25 30
Base:Curing agent of PDMS(x:1)

Figure 1: Effect of the ratio of PDMS base to curing agent
on Youngs modulus

Figure 1 shows that as the ratio of base to curing
agent increases, the Young’s modulus
decreases, therefore, to match the modulus of a
capillary, 10 kPa, the 25:1 ratio of PDMS was
chosen at 7 kPa.

The microfluidic channel was also
collapsed dynamically using micropumps to
control the level of resistance. Figure 2 shows
the velocity profile from GPV in a 300 pm
channel that is deformed dynamically
supplying external pressure to the channel
walls, increasing the resistance and velocity in
the centre.

We can also see the downstream effect of
increased resistance when there is branching in
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the blood vessel network.

The degree of stenosis increases the resistance
and thus decreases flowrate when at a constant
pressure. The shear stress in the localised area
of the stenosis will be increased with increasing
resistance. The effect of increasing resistance in
the channel will divert the flow to the path of
least resistance in branched channels depending
on the location of stenosis in the microfluidic
network.

Figure 2: GPV analysis of a dynamically collapsed
300 pm channel showing the resultant velocity
distribution
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Abstract: The spontaneous rupture of nanoscale thin films plays an important role in many industrial
applications. Past theoretical work based on a long wave approximation has successfully identified a
critical film height, below which the free surface nanowaves become linearly unstable, leading to
spontaneous rupture in the so-called ‘spinodal regime’. However, for much thicker films which are
considered linearly stable, rupture is also observed in a different manner and the accountable theory is
missing. In this work, we propose a theoretical framework based on fluctuating hydrodynamics and rare
event theory to explain the spontaneous rupture in the ‘thermal regime’. Molecular dynamics simulations
are performed, and the results agree with numerical simulations for 2D films. To overcome the
computational barrier for 3D films, adaptive multilevel splitting method is to be used to speed up the

sampling process.

Keywords: Instability, nanofluidics, free surface flows, rare events

1. Introduction

The spontaneous rupture of nanoscale thin
films has attracted increasing attention due to
its importance in various applications such as
thin-film solar cell manufacturing [1],
producing nanoparticles [2] and patterning
biological molecules [3]. At such a small scale,
two physical effects that would normally be
neglected come into play: nanoscale surface
waves induced by thermal fluctuations
(Brownian motion of liquid particles) [4] and
inter-molecular forces that create a disjoining
pressure [5]. Over the past few decades,
theoretical work based on a long wave
approximation has successfully identified a
critical film height, below which the nanowaves
become linearly unstable, which lead to
spontaneous rupture [6]. This dewetting in the
so-called ‘spinodal regime’ has been confirmed
repeatedly in experiments with polymer [6-7]
and atomic films [8]. However, it is also
observed that much thicker films, which are
considered linearly stable, rupture as well [6]. It
is believed that thermal fluctuations are the
cause of dewetting in this “thermal regime”, but
a theory predicting the rupture is missing.

In this work, we propose a theoretical
framework to account for the rupture of linearly
stable films in two and three dimensions as
follows.

2. Theory and preliminary results

Fig. 1. Schematic of the 2D setup, showing the free
surface extracted from MD simulations.

The governing equation comes from
fluctuating hydrodynamics. By applying the
long wave approximation to the Landau-
Lifshitz Navier-Stokes equations one arrives at
the stochastic thin film equation (STF) [9],
which can then be solved numerically using a
pseudo-spectral method in the Fourier space.
The setup for 2D films is shown in Fig. 1., in
which L* is the length of film and h* is the
initial film height. A linear stability analysis
gives the critical film height H* above which
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the film is linearly stable. Molecular dynamics
(MD) simulations with the Lennard-Jones
potential are also performed for validation.

- spinodal rupture

X

_be MD: by o 0.5 (spinodal]
DL STE: by — 0.5

e MD: by = 1.14 (thermal}
STF: by — 1.14
0 0.2

Fig. 2. Snapshots of MD as films approach rupture and
average rupture shape compared between MD and STF.
Ay = hy*/H* is the normalised initial film height.

Fig. 2. shows that the average rupture shape
obtained from MD agrees well with STF, with
the two regimes clearly identified: films in the
spinodal regime rupture locally at multiple
points whereas rupture in thermal regime is
more global.
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Fig. 3. Average rupture time for 2D films obtained from
MD, STF and rare event theory.

To further simplify the analysis, we rewrite the
STF in a gradient flow form. This then allows
us to use the Kramer’s Law from the rare event
theory to estimate the mean rupture time (t).
Fig. 3. shows that for 2D film rupture time the
MD, STF agrees nicely, and as the film gets
thicker the rare event theory takes effect.

For even thicker and 3D films the
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computational cost increase as the rupture time
increases exponentially. To overcome this
barrier, we plan to use the adaptive multilevel
splitting method [10] to speed up the sampling
process.
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Abstract: Annular flow is one of the most frequently encountered two-phase flow regimes during
condensation inside small diameter channels. Since the main heat transfer resistance is associated to the
liquid annulus, the knowledge of the vapour-liquid interface evolution in time and space is fundamental for
the study of in-tube condensation. In this work, a new approach for the simulation of vapour-liquid annular
flow is proposed. The Volume of Fluid (VoF) method is employed to compute the vapour-liquid interface
and OpenFOAM open-source code is used to perform transient numerical simulations with refrigerant
R245fa flowing inside a 3.4 mm circular channel at 40 °C saturation temperature, mass velocity G = 100 kg
m? s and different values of vapour quality. The numerical setup consists of 2D axisymmetric domain,
downflow configuration, turbulence modelling in both phases and adaptive mesh refinement performed in
correspondence of the liquid/vapour interface. Simulations are used to predict the instantaneous and
averaged values of the liquid film thickness. Numerical results are compared against optical measurements
performed during in-tube condensation inside a vertical test section equipped with a glass window.

Keywords: CFD, Liquid film thickness, Volume of Fluid, Annular flow

(to match the experimental test conditions
reported in [1]) and a total length of the channel
equal to 40R. The k-w SST model is used for
turbulence modelling in both the liquid and
vapor phases and the correction proposed by [2]
is applied to the o equation to damp the
turbulence at the vapor-liquid interface. The

1. Numerical setup

CFD numerical simulations of R245fa
annular flow inside a vertical channel have
been performed with the open-source code
OpenFOAM. A novel transient solver has been
developed starting from a Volume of Fluid

(VoF)-based adiabatic solver already available
ad called interlsoFoam. With the VoF method,
in addition to the standard set of equations
(continuity and momentum), a transport equation
related to the advection of the so-called “volume
fraction” scalar field (o=1 for the liquid, a=0
for the vapour) has to be solved. In the absence
of phase-change, Eq. 1 must be solved

Jda

. _ 1
at+V(a’u)—0 (1)

where ¢ is time and u is the velocity vector. The
computational domain considered in the present
work consists of a 2D axisymmetric channel, as
depicted in Figure 1. Simulations have been run
considering a channel radius R equal to 1.7 mm

damping parameter proposed in [2] and named
B has been varied between 0 and 1 depending
on the considered inlet conditions.

Adiabatic wall

Liquid inlet
CH

>
Channel radius R=1.7 mm

Simulation
domain Symmetry axis

Vapour inlet.

Liquid

<
VYYYYY

u
v T Rint Vapor

Figure 1. Setup used for the numerical simulations of
annular flow.
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Since, for a given condition of mass velocity G
= m/A and vapor quality x, the radius of the
vapor core (Rint) and the inlet velocity are not
fixed, the following procedure has been used to
set inlet boundary conditions. A guess value for
the interface position is assumed with a void
fraction correlation (Eq.2, [3]) and the inlet
velocities of the vapor phase u, and liquid phase
u; are calculated (Egs. 3-4)

A,=¢cA 2)
mx
WS 3)
_ m(1x) 4
ul——pl (A—AV) ( )

where A is the channel cross section area, Ay =
7 RZ:, and ¢ is the void fraction. Numerical
simulations showed that, after a certain axial
position, the liquid film thickness LFT (R-Rint)
reaches a stable value (time average)
independently from the inlet value used for Rix.

2. Adaptive mesh refinement

An adaptive mesh refinement (AMR)
model has been implemented. When AMR is
activated, a rectangular cell is divided into four
cells. A generic cell is refined if @ € [0.1,0.9].
In addition, the near-wall region is also refined.
Therefore, three mesh zones can be identified:
a) refined cells at the wall; b) refined cells near
the interface; ¢) unrefined cells in the vapor bulk
and in the liquid film (far from the wall). After
a mesh-independence study, a mesh with
unrefined cell size equal to R/64 and 3 refinement
levels both at the wall and at the interface has
been chosen. Figure 2 shows the computed
mesh during the passage of a liquid wave. The
liquid wave is depicted in red (a=1), the vapor
bulk in blue (a=0).

Wall refined cells ——

Interface refined cells

Unrefined cells

L]

Figure 2. Mesh structure during the passage of a liquid
wave in annular flow.
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3. Numerical results

against experimental data

Figure 3 displays a comparison between the
experimental and numerical data of liquid film
thickness. The results refer to annular flow of
refrigerant R245fa at 40 °C saturation
temperature and mass flux equal to 100 kg m™
s'l. Three different values of vapour qualities
have been considered: 0.39, 0.58 and 0.77. The
coefficient B for turbulence damping in the k-@
SST model has been set equal to 0.1, 0.25 and
1 respectively for the three different vapor
qualities (0.39, 0.58, 0.77) here considered
(thus assuming that the turbulence damping is
reduced at high liquid Reynolds numbers). The
time average LFT has been evaluated in
correspondence to a fixed axial position, close
to the channel outlet (28R). As reported in Fig.
3, the numerical results show a good agreement
with experimental data measured by coupling
shadowgraph technique with measurements
performed by a chromatic confocal sensor.

compared

400
g 350 8 Experimental
—300 @ Numerical
P
o
c 250
=
0
£ 200
et
E 150
ic
°
‘5 100
g
-1 50

0

0.77 0.58 0.39
Vapour quality [-]

Figure 3. Comparison between calculated and measured

values of the mean liquid film thickness.
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Abstract: This study presents the application of surrogate modelling approaches for wetting hydrodynamics,
leveraging data-driven multi-fidelity modelling to enable an accurate inference of wetting dynamics. More
specifically, datasets are derived from droplet trajectories moving on chemically heterogeneous surfaces, as
obtained by the evolution of their contact lines. These datasets are then used to train and evaluate data-driven
models based on the Fourier neural operator, in predicting the motion of droplets on different surfaces. The
findings of this study can pave the way towards efficient surface design in applications.

Keywords: Contact lines, machine learning, wetting, capillary phenomena

1. Introduction

The study of the motion of droplets on
heterogeneous surfaces is a topic of active
interest due to the wide applicability of contact
line phenomena in a broad spectrum of areas,
including microfabrication, biomedicine, smart
materials, pharmaceutics, printing, as well as
energy conversion and water harvesting in
environmental applications, to name a few [1].
Nevertheless, resolving the dynamics via
direct numerical simulation (DNS)
remains a challenge due to the presence of
interfaces. The advent of data-driven
methodologies and their application in the
solution of partial differential equations
emerges as a promising alternative to mitigate
the computing costs required for DNS. The
Fourier neural operator (FNO) was recently
proposed for accurately and efficiently
learning resolution-invariant solution operators
for families of partial differential equations
[2]. In this study, we utilize FNO-based
models to capture contact line dynamics and
predict droplet trajectories on chemically
heterogeneous surfaces. Ground-truth data for
training and validation are generated using
both low and high-fidelity data. Our
assessment of the FNO architecture is based
on two distinct approaches, one of which

deploys the FNO as an iterative architecture
as originally proposed in Ref. [2] (iterative
approach), whereas the other augments a low-
order approximation to the contact line velocity
[3,4] with a data-driven counterpart for the
higher-order corrections, which is then
evolved in time by standard discretization
techniques (blended approach).

2. Al model training and testing

Firstly, a proof-of-concept is established
via cheaply generated datasets from long-wave
equations [1]. This best performing candidate is
then applied to datasets obtained from direct
numerical simulations with the Basilisk open-
source software [5].

2.1 Low fidelity data

Asymptotic models that are applicable in
the long-wave limit (low capillary number,
Stokes limit and small contact angles) were
used to generate a dataset of droplets traveling
on chemically heterogeneous surfaces. The
dataset was then used to train the FNO-based
model following both the iterative and the
blended approach, both of which were able to
reach testing errors in the region of 1%. Fig. 1
shows a visual comparison between the
predicted contact line and the reference results
for the two approaches,
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for an out-of-distribution sample. As evidenced
in Fig. 1, the blended approach outperforms
the iterative approach, yielding an Al model
that generalizes well to unseen heterogeneity
profiles.

Fig. 1. Comparison between the Al-predicted contact
lines (orange curves) and reference droplet position
(blue region), using low fidelity data. (top) Iterative
approach, and (bottom) blended approach. Darker
shaded regions in background correspond to more
hydrophobic regions on the surface.

2.2 High fidelity data

The blended approach is then followed to
train FNO-based models using DNS
simulations (a sample is shown in Fig. 2), to
allow the modelling of more realistic scenarios
with larger contact angles. After overcoming a
set of new challenges, in terms of the
appropriate base analytical approximation and
contact angle calculation, an accurate Al model
is trained that can successfully capture the
contact line position, achieving a speedup of
three orders of magnitude compared to
carrying out a DNS.
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Fig. 2. DNS sample of a droplet traveling on a
heterogeneous surface. The contact line is shown in
red colour. Darker shaded regions in background
correspond to more hydrophobic regions on the
surface.
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Abstract: Developments in modern applications are encountered with escalation in heat dissipation. These
developments have triggered an interest in replacing single-phase cooling systems with phase-change
technologies. There are various computational methods to model single-phase systems. However, their
effectiveness with phase-change systems is limited to simple configurations. Due to the complexity of phase-
change applications, there is an urgent need to enhance the capability of computational tools to tackle such
scenarios. To study boiling heat-transfer, models like the Volume of Fluid (VOF) and the Diffuse Interface
(DI) are adopted. The VOF methodology is prevalent for macro-scale while the DI is more suited for
mesoscale simulations. To develop a multi-scale modelling approach for the future, there is scope to test the
applicability of both methodologies exploring their spatial scale limits. Here, using an enhanced VOF-based
method within the OpenFOAM CFD framework, cases of single bubble growth and detachment from a
superheated plate in saturated pool boiling conditions as well as analytical benchmark cases of a vapour
bubble growing within a superheated liquid domain are simulated using progressively lower sub-micron
scales. The results conclude that the proposed VOF method is indeed applicable for sub-micron scales,
paving the way for its integration with mesoscale approaches.

Keywords: VOF, Boiling, Multi-Scale Modelling
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Abstract: Solid-liquid friction plays a key role in nanofluidic systems. Following the pioneering work
of Bocquet and Barrat, who proposed to extract the friction coefficient (FC) from the plateau of the Green—
Kubo (GK) integral of the solid-liquid shear force autocorrelation, the so-called plateau problem has been
identified when applying the method to finite-sized molecular dynamics simulations. A variety of
approaches have been developed to overcome this problem. Here, we propose another method that is easy to
implement, makes no assumptions about the time dependence of the friction kernel, does not require the
hydrodynamic system width as an input, and is applicable to a wide range of interfaces. In this method, the
FC is evaluated by fitting the GK integral for the timescale range where it slowly decays with time. The
fitting function was derived based on an analytical solution of the hydrodynamics equations [Oga et al.,
Phys. Rev. Res. 3, L032019 (2021)]. By comparing the results with those of other GK-based methods and
non-equilibrium molecular dynamics, we show that the FC is extracted with excellent accuracy by the
present method, even in wettability regimes where other GK-based methods suffer from the plateau problem.

Keywords: solid-liquid, slip, friction Green-Kubo, molecular dynamics

1. Introduction

Solid-liquid (S-L) slip particularly affects
the fluid transport, and the Navier boundary
condition (BC) was proposed as the slip

model:*

Tw = Aouslip: (1)
where 1, is the S-L friction force per area, A,
is the S-L friction coefficient (FC) and ug;j, is

the slip velocity. The FC can be directly
calculated by using non-equilibrium molecular
dynamics (NEMD) simulations of Poiseuille or
Couette flow; however, this requires a high
shear rate, typically above 10° s~1, to reduce
the statistical error due to thermal fluctuation.
On the other hand, several methods for
calculating the FC from equilibrium molecular
dynamics (EMD) with zero shear rate have
been proposed. In their pioneering work,
Bocquet and Barrat (BB)? introduced a Green-
Kubo (GK) integral defined by

1 t
MO = gz [ (OB, @

where S, kg, T and (E,(t)F, (0)) denote the
surface area, Boltzmann constant, absolute
temperature and equilibrium autocorrelation
function of instantaneous shear force F,, on the
solid as function of time ¢, respectively, for the
calculation of FC. However, unlike the bulk GK,
the GK given by Eq. (2) does not converge to
the transport coefficient A,. In this study*, we
propose a new measurement method of the FC
based on time separation in the GK integral
A(t), and we show the advantages of this
method by comparing its results with NEMD
results as well as existing EMD-based results.

2. Measurement Method

Let us consider a system where a liquid is
confined between two fixed planar solid walls
like Fig. 1. The author derived a theoretical
expression® of the GK integral for that system
by coupling the Stokes equation for the liquid
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e
- Z
L, =627 nm <,

Fig. 1. MD simulation system of LJ liquid between flat
fcc walls.

motion and a Langevin equation for the motion
of one of the walls in direction parallel to the
interface. We simplified the theoretical
expression of GK integral:

Apmiq(t) = Ag exp <tsip> erfc ( ’t/tslip ) (3)

with tgp = pn /A% by introducing two limits
te = +0 and tgys — 0, where tg is decay
time constant of friction kernel and tgys =
ph?/n is time constant related to the system
size.

We compared four measurement methods of
FC A, by using EMD and NEMD: A,,;q denote
the FC obtained by our new method of fitting
the GK integral with Eq. (3) from EMD, A,,,.«
denote maximum value of A(t) from EMD, A,
denote the FC obtained from A(o) from EMD
and Aygmp denote the FC obtained from
NEMD directly.

3. Results and Discussion

Figure 2 shows GK integral from EMD and
illustrates the three EMD calculation methods
of the FC from the GK integrals. We fitted the
GK integral with Eq. (3) in the red region of the
Fig. 2 and obtained A,,;q as one of the fitting
parameters. Figure 3 shows the FCs obtained
for various wettabilities —controlled through
solid-liquid interaction.  Regarding the
comparison with the reference NEMD value
ANEMD » Amia —Proposed in this study—
reproduced Axgmp the best in comparison with
Amax and A, . We also performed a similar
analysis on non-flat solid surfaces and showed
that present method extracts the FC with
excellent accuracy for various system.
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Abstract: Flow visualization is crucial for understanding of microfluidic processes. Here, Ghost Particle
Velocimetry (GPV), a novel technique which enables quantification of flow fields not just in the middle plane,
but in different cross-sections of microfluidic devices is discussed with emphasis on application in drop
microfluidics. The main advantages of GPV in comparison to p-PIV are usage of common optical microscopy
(no need for a laser and synchronization with a camera) and possibility to follow processes in the real time.
Examples of flow fields during drop formation, movement within a microfluidic channel and drop coalescence
are provided. Questions of image preprocessing (ImagelJ), analysis using free software PIVIlab for Matlab as
well as possible problems during the measurements and analysis and their mitigation are addressed. A new
type of seeding particles allowing simultaneous flow visualization in both oil and aqueous phase is presented.

Keywords: Microfluidics, Multiphase flow visualization, Optical microscopy, Seeding particles

1. Introduction

Visualization of flow fields is crucial for
better understanding of microfluidic processes.
For example, flow fields determine mixing
within microfluidic reactors and therefore
reactor performance, completion time and
yield. In microfluidic synthesis of nano-
particles mixing is detrimental for particle size
and size distribution.

Microscale Particle Image Velocimetry, pu-PIV,
is the most used technique for quantification of
microflows. It requires sophisticated and
expensive equipment and cannot follow events
in real time. The latter is especially important
for drop microfluidics, where flow evolution
during drop formation or coalescence is of
interest, in particular for process optimization.
Ghost Particle Velocimetry [1], GPV, is anovel
technique which uses a white light from a
standard bright-field microscope and high-
speed camera to record the movement of
speckle patterns of light scattered by particles
whose size is smaller than the diffraction limit.
The light coherence is tuned by changing the
numerical aperture of the microscope
condenser. The recorded videos can be

preprocessed with ImagelJ [2] to reduce noise
and then analyzed with PIVlab for Matlab [3].
GPV is proven to be an easy and reliable tool
for analysis of continuous flows [4], but its
application to segmented flows or drop
microfluidic is not so straightforward.

Here a general GPV approach and its
application to drop microfluidics is discussed.

2. Materials and methods

Experiments were performed in various
microfluidic  devices made of PDMS
(SYLGARD 184, Dow Corning) using standard
soft lithography.

Both oil-in-water and water-in-oil emulsions
were considered. A series of silicone oils of
varying viscosity, sunflower oil, water and
water/glycerol mixtures were used as working
liquids.

200 nm polystyrene particles (dispersion of
10% solid, Sigma Aldrich, diluted 1:50 (v:v))
were used for GPV in aqueous phase. Newly
developed lignin nano-particles, also 200 nm in
diameter, were used for flow visualization in
both aqueous and oil phase.

Flow was recorded by a high-speed video
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camera (Photron SA-5) connected to an
inverted microscope (Nikon Eclipse Ti2-U) at
2-10 kfps depending on flow velocity.
Exposure time was set at 0.05 ms. Spatial
resolution was in the range 0.5 — 2 pm/pixel.

3. Results and discussion

While using GPV for visualization of
stationary continuous flow, the noise inevitable
in each processed pair of images, hereafter
called frame, can be easily eliminated by
averaging the flow field over a number of
frames. This procedure provides a smooth and
consistent flow field such as shown in Fig. 1.

Figure 1. Stationary flow field in a branched channel.

Such approach is not possible for drop
microfluidics where drops are growing,
moving, or coalesce and therefore all frames are
different and averaging is impossible. Three
different approaches are possible in this case.
First, one can attempt to remove maximum
noise for each individual frame. If good quality
flow fields are obtained, comparison of the
results for several different drops or the same
drop in different positions enables calculation
of the average flow characteristics and standard
deviations.

In the case when the results for single frames
are too noisy, results for several drops at the
same stage of the process can be averaged in the
case of drop formation or coalescence, whereas
frames can be shifted to the same position and
then averaged for the drop moving in the
channel. The averaged flow field for a drop
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moving in a channel, resolved in both water
(dispersed) and oil (continuous) phase, while
using lignin particles for creating speckle
patterns is shown in Fig. 2

Figure 2. Flow field for a drop of water moving in
continuous phase of sunflower oil. Co- ordinate system
is moving with the drop.

4. Conclusion

GPV can be successfully used in drop
microfluidics. Suitable choice of tracers
enables simultaneous flow visualization in both
oil and aqueous phase.
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Abstract: Self-propelled microparticles have been widely studied for their ability to propel themselves
in liquids, often without moving parts. We explore the effects of self-propelled particle shape, size, material,
and volume fraction on heat transfer in liquids, as quantified by convective heat transfer coefficient or the
altered temperature distribution in the liquid. Preliminary results show that significant enhancements may be
possible, especially when the self-propelled particles are concentrated in (and therefore disrupt) thermal
boundary layers. This work lays the foundation for a new class of high-performance coolants, which we
term “active heat transfer fluids” (AHTF), and which have potential applications including particle-based

solar collectors, heat exchangers, and more.

Keywords: Mixing, Self-propelled particles, Heat transfer enhancement, Active matter

1. Introduction

Liquid coolants containing nanoparticles
(nanofluids) have been widely studied since the
1990s [1] for various applications, including
electronics cooling, desalination, and others.
Although nanoparticles lead to an overall
increase in the suspension’s thermal
conductivity, this increase is known to be
limited [2] and entails additional complications
such as increased viscosity. One limitation of
conventional  nanofluids is that the
nanoparticles cannot move on their own and
undergo only Brownian motion, and the fluid
“stirring” resulting solely from Brownian
motion exerts a negligible effect on heat
transfer [3].

In the last two decades, a new field of
research has emerged focusing on self-
propelled particles (SPPs). SPPs typically
range from 0.1 to 10 micrometers (um) in size
and move autonomously through liquids,
usually without moving parts. SPPs use a
variety of energy sources, including chemical
fuels (e.g., hydrogen peroxide), magnetic or
electric fields, or light. As they move, SPPs
agitate the fluid around them, inducing mixing
of mass, momentum, and  energy.

In dense suspensions, SPPs  can  exhibit
“active turbulence,” in which hydrodynamic
interactions among SPPs induce chaotic flows
and efficient mixing at the macroscale [4], [5].
Similar phenomena have been observed in
nature: bacteria in a Swiss lake can induce
mixing of salt and thermal energy on length
scales four orders of magnitude larger than an
individual organism [6] by virtue of their
continuous upward and downward motions.

In this study, we aim to quantify the extent
to which artificial SPPs induce thermal mixing
as a function of their size, speed, material, and
volume fraction. These insights can inform our
understanding of the transport of thermal
energy in oceans, rivers, and lakes induced by
small animals and could be exploited for next-
generation coolants in a variety of applications.

2. Methods

The experimental setup consists of a
thermoelectric heater positioned vertically in a
Petri dish containing a thin film (~4 mm deep)
of deionized water. The temperature
distribution in the water is approximately two-
dimensional and natural convection is
negligible. A constant voltage (2.4 V) and
current (0.5 A) are supplied to the heater,
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resulting in a constant heating power in all
experiments.

Two SPP designs are investigated. In the
preliminary experiments, the SPPs are camphor
particles (~1 mm in size) sprinkled onto the free
surface. Camphor dissolves in water and lowers
its surface tension in the process; therefore, an
asymmetric camphor particle can self-propel by
dissolving unevenly around its edges,
producing a surface tension gradient that
propels the particle towards increasing surface
tension. We also employ magnesium (Mg)
microparticles (~10-50 pm) partially coated in
gold that self-propel in water via asymmetric
growth and ejection of hydrogen bubbles on the
exposed Mg surface due to a chemical reaction.

3. Results and Discussion

Figure 1 shows two infrared snapshots of the
temperature distribution in water in the absence
and presence of SPPs. In water without SPPs
(left), heat transfer occurs almost entirely by
conduction. When SPPs are present (right),
they induce convective mixing in the fluid,
visibly altering the temperature distribution
compared to the control case.

21.0 QFLIR

Figure 1: Preliminary results. Infrared images of
temperature distribution in pure water (left) and water
containing self-propelled camphor particles (right).
Both images were captured 4 minutes after power was
first supplied to the heater (bottom of both images). The
heater power and water film depth are the same in both
cases. The temperature in the center of the dish (shown
at upper left) fluctuates in time in the SPP case due to
convective mixing.

Figure 1 shows that the maximum heater
temperature is almost 3°C lower in the presence
of SPPs (35.7°C) than in the control case
(38.3°C). Since the heater power (and therefore
the steady-state heat transfer rate to the fluid) is
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the same in both cases, these results suggest that
the presence of SPPs nontrivially reduces the
temperature gradient in the fluid and thus
increases the heat transfer coefficient.

These results lay the foundation for

characterizing the effect of SPP properties on
thermal transport in liquids. Future work will
exploit SPPs’ wunique capabilities, e.g.,
externally guided motion, to produce desired
results (e.g., enhancing/suppressing natural
convection), and will investigate the effects of
SPPs on the suspension viscosity. Because of
their desirable thermal properties, these “active
heat transfer fluids” (AHTF) could have many
applications in particle-based solar collectors,
heat exchangers, desalination, and more.
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Abstract: Nanobubbles at solid-liquid interfaces have been studied for more than two decades but still
remain unclear, especially about the response to temperature changes. In this study, we conducted in-situ
three- dimensional measurements of nanobubbles attached to a graphite surface before and after heating
using an amplitude-modulation atomic force microscope. It was found that the nanobubbles do not sit on the
bare graphite surface but always on micropancakes, which is a gas phase with a thickness of a few nanometer
and a horizontal spread of several hundred nanometers. Upon heating, nucleation, growth and dissolution of
the nanobubbles were observed simultaneously on the same graphite surface. This behavior was explained by
taking into consideration the underlying micropancakes. Specifically, the nucleation site of nanobubbles was
depending on the positions of the micropancakes. Their growth and dissolution were determined by the relative
size of the underlying micropancakes. Our findings extend fundamental knowledge of gas molecular dynamics

at solid-liquid interfaces.
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1. Introduction

Nanoscale gas bubbles existing at solid-
liquid interfaces are called surface nanobubbles
and have attracted increasing attention because
of their unique properties, such as extremely
high contact angles, a long-lifetime that cannot
be explained by the Epstein-Plesset model, co-
existence with micropancakes that spreads
laterally for hundreds nanometer with several
nanometer thicknesses, and superstability
against disturbances(Lohse and Zhang, 2015).
Especially, the responses of the nanobubbles to
temperature changes are still under debate. For
example, one reports that nanobubbles
spontaneously form during heating and do not
disappear(Shangjiong et al., 2007), but other
reports that some nanobubbles grew as the
temperature dropped while others
shrank(Berkelaar et al., 2012). Furthermore,
though a study indicates that surface
nanobubbles can be the nuclei of the onset of
nucleate boiling(Nam and Ju, 2008), one

proposes that they do not grow into large
bubbles even when the water reaches
temperatures close to the boiling point(Zhang et
al., 2014). To resolve these discrepancies, we
conducted simultaneous measurements of
surface  nanobubbles and  underlying
micropancakes before and after heating using
atomic force microscopy (AFM).

2. Experiments

A highly ordered pyrolytic graphite (SPI-1
grade, Alliance Biosystems, Japan) was used as
a substrate. The amplitude modulation mode of
AFM (SPM-8100FM, Shimadzu Corp., Japan)
was used for the measurements. The interfacial
gas layers were first generated through the
protocol of the solvent exchange method, which
has been widely used for the nucleation of the
nanobubbles(Kimura et al., 2021). After the
solvent exchange method, the pure
water/graphite interface was measured at room
temperature. Then, the interface was heated up
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to 45°C and 60°C using a ceramic heating unit.
After stabilizing at the high temperatures, the
heater was turned off and thus returned to room
temperature. We note that all AFM
measurements were performed at room
temperature.

3. Results and Discussion

Fig. 1. AFM images of a water/HOPG interface
measured (a) before heating and after heating to (b)
45°C and (c) 60°C. White and red arrows indicate the
micropancakes and nanobubbles, respectively.

(d) disappeared and (e) generated nanobubbles upon
heating, which correspond to the area indicated by the
white solid and dashed frames, respectively.

Fig. 1(a) shows a few nanobubbles and
micropancakes formed by the solvent exchange
method. As indicated by the red arrows in Fig.
I(b) and (c), many nanobubbles were newly
nucleated after heating. It was found that their
nucleation sites are always on the pre-existed
micropancakes. Moreover, new micropancakes
and nanobubbles did not appear on the bare
HOPG surface. This may be because it is
thermodynamically preferable for dissolved gas
molecules to gather on the pre-existing gas
phases rather than for nucleation on the bare
surface.
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Fig. 1(d) and (e) show the enlarged images
of the disappeared and nucleated nanobubbles
on the micropancakes, respectively. In the cases
of nucleation, the initial ratio of the
nanobubbles dividled by the area of
micropancakes was 1.7 % and 2.2 % but
increased to 11 % and 28 % after heating. On
the other hand, in the case of the disappearance,
the initial ratio was already high (43 %). From
these, we suppose that the relative size of the
underlying micropancakes to the nanobubble
determines their response to heating(Kimura et
al., 2021).

4. Conclusions

We observed the responses of the
nanobubbles and micropancakes to heating. It
was found that the micropancake is a key to
determining the nanobubble nucleation, growth
and dissolution. Our findings expand
knowledge of the behavior of gas molecules at
solid-liquid interfaces and contributes to
resolving the discrepancies previously reported.
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Abstract: It has been long argued that the interfacial thermal conductance at a solid/liquid interface exhibits
two distinct regimes: exponential dependence on wettability for weakly-bonded, or nonwetting liquids, and
linear dependence for strongly-bonded, or wetting liquids. The transition between these regimes has been
attributed to the relative importance of interfacial interactions, i.e., the switch occurs once the magnitude of
solid/liquid interactions exceeds liquid/liquid interactions. In this work, we show that this explanation is
contingent on the system pressure. We use non-equilibrium molecular dynamics simulations to apply a
temperature gradient at a Lennard-Jones solid/liquid interface and use this setup to determine the interfacial
conductance for a wide range of surface wettabilities. By spectrally decomposing the heat flux within both the
interfacial solid and liquid, we instead show for the first time that the regime transition occurs due to changes
in the structural and thermal properties of the interfacial layers. These results have application to design of
systems where manipulating interfacial conductance is important, such as liquid-based cooling solutions for

electronic devices.
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1. Introduction

Increasing transistor densities and on-chip
clock speeds have resulted in higher thermal
loads on modern integrated circuits (ICs),
leading to a severe degradation in their
performance. These higher thermal loads have
spurred interest in two-phase cooling devices,
which exploit the latent heat of vaporization of
the working fluid. Compared to conventional
single-phase cooling systems, these devices can
extract a significantly greater amount of heat
from ICs!. The performance of such devices is
dictated by how efficiently heat can be
transported across the solid/liquid interface?.
The interfacial thermal conductance (G)
determines how much heat is transferred at such
interfaces and is therefore the key to optimising
the performance of these devices. It is well
established that the solid/liquid interaction
strength (quantified by surface wettability &)
directly correlates to G. Xue et al® were the first
to characterise this and to observe that a single
functional form did not fit all the wettabilities.
However, dividing the data into two regimes
based on relative values of €5, and liquid/liquid
interaction parameter £, (i.e., wetting if g, >
€1, and non-wetting if £g;, < g, respectively)

allowed for excellent functional fits. They
found that for wetting cases, a linear fit
(Gx gg1) holds, while for non-wetting cases an
exponential fit (Gx el9sL ) is more
appropriate. This regime transition has since
been reproduced in other works*>. However, as
we show here, this explanation is at best
contingent on the choice of system parameters,
and at worst, simplistic.

2. Methodology

As shown in Fig. 1(a), we study a Lennard-
Jones (LJ) fluid positioned between two LIJ
face-center cubic (FCC) solids with the [100]
crystallographic plane oriented along the x-
axis. The domain boundaries are periodic
except in the x direction, and the solid layers at
either end of the domain are rigid. The domain
is equilibrated at 100 K and 50 MPa in the NVE
ensemble for 2.5 ns. The pressure is controlled
by iteratively adjusting the number of liquid
atoms such that the bulk density of the liquid is
equal for all values of &g;. Following this, heat
0 1is continuously injected and extracted at a
fixed rate of 80 meV/ps for 10 ns from portions
of the left and right walls respectively.
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Fig. 1(a) Schematic of the non-equilibrium molecular
dynamics (NEMD) system. (b) Temperature

distribution yielded by steady-state NEMD simulation
showing the temperature jumps (AT) at both
liquid/solid interfaces.

Once a steady-state is achieved, the temperature
distribution of the system is determined (see
Fig. 1(b)). From this, the interfacial
temperature discontinuity (or ‘jump’) AT can be
obtained and used to compute G using
G=Q/(AAT), where A is the cross-sectional
area.

3. Results

In Figure 2, we plot the variation of G with
wettability for a broader range of values than
previously studied. We observe an exponential
regime within 0 < &g; < 40 meV and a linear
regime afterwards. However, crucially, our
observed crossover point £g;= 40 meV is well
beyond the previously reported crossover point
(es,~¢€r, at 10 meV) studied under identical
conditions, except for the system pressure,
which is kept at 50 MPa here compared to 0
MPa in the literature®>. This indicates that the
previously reported regime transition is not
independent of system pressure. Existing
literature attributes G to the mismatch in the
vibrational spectra of the materials forming the
interface, quantified by the overlap of the
vibrational density of states (VDOS) of the
interfacial solid and liquid layers. To verify
whether this correlates to the observed regime
transition, we compute the VDOS of the
interfacial solid and liquid layers and show that
the VDOS overlap does not show any regime
transition. Instead, we find that the spectral
decomposition of the heat flux in the interfacial
layers is necessary to understand their
contribution to G, evaluate the role of
wettability on the heat transport, and
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understand the transition between the two
regimes of G vs &5.. We also present new
spectral overlap measurements that better
predict this regime transition.
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Fig. 2: Interfacial thermal conductance (G) and
interfacial vibrational density of states (VDOS) overlap,
plotted against the solid-liquid interaction strength (esz ).
MD results generated by this study are validated against
results by Saiskilahti et al®. The dashed line indicates the
transition in G vs &, from regime 1 to regime 2. No
transition is seen in VDOS overlap vs &si.
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Abstract: Multilayer droplet, due to each layer with different functions, is widely used in biomedicine,
energy and other fields. Other than microchip based methods which requires complicated fabrication process
and expensive facilities, we propose a one-step approach of generating multilayer droplet via impingement of
a core droplet drops through a deep pool with multi-layer liquids. By adjusting the diameter of core droplet,
falling height, the surface tension of each layer and the thickness of liquid films, we systematically investigated
the role of viscous force, inertial force and interfacial tension in the formation process. By coordinating the
action of three forces, we successfully generate different sizes of stable triple-layered droplet. With our method,
triple-layered droplet can be generated readily and cheaply. And by adding different substances into different
layers, triple-layered droplet can be programmed into different functions to meet different needs.

Keywords: Triple-layered droplet, Droplet impact, Interfacial action

1. Introduction

Figure 1 shows the dynamic process of
triple-layered droplet formation by using a
high-speed camera. The core droplet is made
by 70wt% glycerol and 30wt% DI water,
and the multilayer liquid in the pool from
top to bottom is silicon oil, 1, 6-hexanediol
Diacrylate and ethylene glycol. According to
the characteristics of core droplet
deformation, the process can be divided into
three stages. In the first stage, from 0 to
9.3ms, the core droplet with initial velocity
slows down because of surface tension and
viscous force. At the same time, the core
droplet changes from a ball to a pancake,
transforming kinetic energy into surface
energy. In the second stage, from 9.3ms to
18.2ms, the core droplet recovers from a
pancake into a droplet, releasing the
accumulated surface energy. In the third
stage from 18.2ms to 78ms, with the
interaction of viscous force and interfacial
tension, the neck of core droplet shrinks,
which drives two layers of liquid film to
separate from the original system and
generates a triple-layered droplet finally.

=3.9ms

1=32.0ms t=41.4 ms =78.0ms

Figure. 1. triple-layered droplet dynamic formation
process.
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Abstract: We present the results of a numerical study of flow boiling in a micro-pin evaporator. The
evaporator has a heated area of 1 cm? and contains 66 rows of cylindrical micro-pin fins with an in-line
configuration and diameter, height and pitch of respectively 50 pm, 100 pm and 91.7 pm. The fluid tested is
refrigerant R236fa, with operating pressure leading to saturation temperatures of about 30 °C. Inlet
restrictions consisting of an extra line of pin fins of larger diameter of 100 um are considered. The
evaporator is heated from below, with heat fluxes on the order of 10 W/cm?2. Mass fluxes in the range 500-
2500 kg/m?s are considered. The numerical setup is first validated in terms of single-phase friction factor and
Nusselt number versus literature data, with excellent agreement. The two-phase simulations are started by
seeding a small vapour bubble at the contact point between pin fin and base wall. As time elapses, the bubbles
grow channeled by the pin fins and elongate in the flow direction. As the contact line sweeps the heated walls,

the temperature locally reduced as expected due to the latent heat dissipated by the evaporation process.

Keywords: Boiling, Simulation, Micro-evaporators.

1. Introduction

Micro-pin fin evaporators are a viable
alternative to multi-microchannel heat sinks for
the thermal management of power electronics.
The presence of the pin fins enhances mixing
and potentially improves flow stability [1].
While the literature for flow boiling in
microchannels is rather vast, pin fin heat
exchangers have received far less attention. A
few studies have investigated the influence of
the pin shape, varying from circular to
triangular, square and diamond [1, 2, 3]. Other
studies [4] performed parametric analyses on
the effect of different geometrical dimensions
including diameter, spacing and height of the
fins. Falsetti et al. [5] characterised the heat
transfer performance of a micro-evaporator for
different refrigerant fluids. Vapour bubbles
were observed to nucleate over the surface of
the pin fins and grow along the gaps in between
the pin fins arrays. All the aforementioned
works were focused on the heat transfer
performance, and no detailed studies of the
liquid film evolution or bubble dynamics
around the obstacle walls were performed. The

objective of this work is to investigate the
fundamental aspects of bubble dynamics, liquid
film formation, and their impact on pressure
drop and heat transfer by employing numerical
simulations. We emulate the evaporator
geometry and experimental setup of Falsetti et
al. [5].

2. Methods

We employ a numerical solver for two-
phase boiling flows that we have developed in
OpenFOAM v2106 [6]. The solver uses a
Volume-Of-Fluid method to track the two
phases and calculates the phase change rate
based on the model of Schrage [7]. The details
of the solver were published by Municchi et al.
[6] and for the sake of brevity are not repeated
here. The simulation domain is depicted in
Fig.1 and consists of the portion of a micro-
evaporator that incorporates two arrays of
cylindrical pin fins, each of diameter of D,=50
um, height H=100 um, cross-stream pitch
dy=150 um and streamwise pitch of dx=91.7
pum. The geometry and simulation setup
emulates the experiments of Falsetti et al. [5].
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Figure 1: [left] Sketch of the geometry simulated showing two arrays of in-line pin fins; all walls are coloured with the
single-phase steady-state temperature field. [right] Evolution of a vapour bubble nucleated at the feet of pin #12 and
growing towards the exit. Conditions are heat flux 5 W/cm? and mass flux 1000 kg/m?s.

The geometry is heated from the bottom surface
with a constant heat flux of 5-10 W/cm?. The
operating fluid is R236fa. At the inlet, the fluid
enters in saturated conditions at the temperature
of 30 °C. Mass fluxes in the range 500-2500
kg/m’s are considered. Hydrophilic walls are
set for the two-phase simulations, with contact
angles of 5 degrees.

3. Results

Single-phase simulations are first run until
steady-state to obtain developed temperature
and velocity profiles. Figure 1 shows examples
of the steady temperature field, which presents
local peaks in the wake of the cylinders where
the fluid stagnates. These locations are potential
nucleation points due to the high temperatures
achieved. A two-phase simulation starts by
seeding a small vapour bubble at the feet of
cylinder #12, see Fig. 1 [right]. The superheated
liquid causes a quick growth of the vapour
bubble, which quickly fills the entire cross-
section of the channels and grows downstream.
As the channels are not separate, fractions of
vapour may enter neighbour channels. The
evaporation process cools down the walls over
which the contact line is passing, resulting in
efficient cooling of the surfaces. Additional
simulations are run for different heat fluxes,
flow rates and levels of subcooling also
allowing for condensation where the local fluid
temperature falls below saturation and will be
presented at the conference.
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Abstract: Thermal design of electronic devices necessitates dissipating significant heat fluxes from small
areas. This can be achieved through two-phase flow boiling in small-to-micro channels. Design of such
compact heat exchangers requires accurate prediction of the two-phase heat transfer coefficient (HTC), based
on geometry and operating conditions. Approaches to predict the HTC consist of empirical and semi-empirical
correlations, and machine learning models, all of which involve performing complex nonlinear regressions on
experimental data. In all cases, identifying optimal dimensionless groups for regressions is challenging due to
intricate phase-changing flow interactions. To tackle this, we first parametrize the input using an arbitrary set
of dimensionless groups. Second, we train a Gaussian process regression (GPR) model with experimental data
from the Brunel Two-Phase Flow database. This provides a readily differentiable surrogate model of the HTC
which is used to perform sensitivity-based data-driven dimensional analysis (DDDA), as proposed by
Constantine et al. [1]. Via DDDA, we show (i) the most relevant dimensionless groups with respect to their
impact on the HTC; (ii) that the predictive performance of the model does not depend on the choice of the
dimensionless groups. Finally, we also demonstrate how GPR models handle noisy data while providing
realistic estimates of the measurement noise.
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Abstract: Organic Phase Change Materials (PCMs) such as paraffins, fatty acids, and esters present good
properties to be used as Thermal Management System (TMS) for Li-lon Batteries (LIB). The temperature
of LIB cells should be ideally kept in the range of 25-35°C to maximise performances and minimise
degradation. This represents a good opportunity to exploit the quasi-isothermal solid-liquid phase-change
process of PCMs. Thanks to their high thermal energy densities, the use of PCMs limits the increment of
TMS volume. Thus, by using PCMs in LIB TMS, it is possible to keep the LIB cells’ temperature nearly
constant (when the PCM is changing phase) both during charging and discharging cycles. In this study, a
numerical model based on the enthalpy-porosity method implemented in Ansys Fluent was developed to
investigate the PCM behaviour in a LIB pouch cell TMS. The model was validated against experimental
data.

Keywords: Phase Change Material, Thermal Management System, Li-lon Batteries, Thermal Storage,

Cooling Device

1. Introduction

Compared to other energy storage systems,

Li- Ion Batteries (LIB) present high energy
densities, high peak power, and moderate
ageing effect [1]. Nevertheless, these systems
are highly sensitive to their operating
temperature. The operating temperature of a
LIB should be in the range of 25°C-35°C to
avoid ageing and thermal runaway [1]. This
results in the need to develop efficient,
compact, and cost-effective LIB thermal
management systems (TMS). One of the
emerging technologies for LIB TMS is based
on phase change materials (PCMs). In
particular, Landini et al. [1] experimentally
analysed the performances of four different LIB
passive TMS based PCM.
This paper considers the model proposed in
Guarda et al. [2]. Here, the validation of the
aforementioned model based on measured
PCM temperature is considered. The novelty
and importance of this work are directly linked
to the many complex parameters involved in the
management of a PCM TMS for a LIB cell.

2. Model definition

Detailed information and a rigorous description
of the model can be found in Guarda et al. [2].
For space constraint reasons, here it is reported
a brief summary of the model. The
computational fluid dynamics (CFD) software
used is Ansys Fluent, where conservation of
mass, momentum and energy equations are
solved. The PCM considered is octadecane, an
organic paraffin, melting at around 29°C with a
latent heat of fusion 0of 217.8 kJ kg™!. The solid-
liquid phase change is modelled using the
enthalpy porosity method [3]. The domain is
assimilated to a porous media where the
porosity is the liquid fraction, defined as a
function of time. The simulations are transient
with a time step of 0.1 s. The domain reported
in Figure 1 represents a 2D section of the
system analysed by Landini et al. [1]. It features
an additive manufactured enclosure made in
aluminium with three pockets. The PCM is
located inside the external pockets while the
LIB is located in the central pocket. The initial
temperature of the system is considered to be a
generic  room  temperature  of  20°C.
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The LIB heat generation rate, originally
measured with a heat flux sensor [1], is
assigned as time variant boundary condition.
A natural convection boundary condition is
assigned to the other walls of the domain (heat
transfer coefficient of 10 W m? K™! and a free
stream temperature of 20°C).

3.00
300 7.00

38.06

38.50

T e 1 .50

Figure 1. System modelled in the analysis: LIB pouch
cell and its case (dimensions in mm) containing
octadecane [1]. The 2D model considers the PCM
section in red for symmetry reasons.

3. Results

The results of the transient simulations are
reported with the depth of discharge (DOD) in
the x-axis. DOD is defined as the ratio between
the capacity discharged and the nominal
capacity. It can be viewed as an dimensionless
time to compare experiment with different time
scale. For further details, please refer to [1].
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Figure 2. PCM temperature profiles for single discharge
cycle with discharge rates of DR=3C.

In the present study, validation for single
discharges cycles at discharge rates DR=3C,
5C, [1]) are presented in Figure 2 and 3. The
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root mean squared error is 0.22°C for the DR3
case and 0.30°C for the DRS5 one.
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Figure 3. PCM temperature profiles for single discharge
cycle with discharge rates of DR=3C.

3. Conclusions

A numerical model for the assessment of a
PCM based TMS was successfully validated
against experimental temperature data. In the
future, it will be used to analyse and optimise
the PCM TMS during battery cycling.
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Abstract: Alkaline water electrolysis (AWE) is a widely-utilized method for producing green hydrogen
through water electrolysis. Overcoming the performance bottleneck of OER is crucial for improving the
system's efficiency. Bubble behavior can increase electrode resistance, transport resistance and reduce the
electric active surface area. Currently, most industrial AWE systems utilize foamed metal electrodes, which
have disordered pores leading to bubble plugging and negatively impact performance. To address this issue,
we have fabricated nickel-based electrodes with ordered square cone hole (OSCH-Ni) by electrical discharge
machining (EDM). Our experiments have shown that the disordered pores of traditional nickel foam electrodes
are often blocked by gas bubbles. However, the OSCH-NIi significantly improves gas discharge by reducing
the confinement of bubbles. The OSCH-Ni has shown excellent performance in AWE OER (1 M KOH
electrolyte), with a current density of 34.4 mA cm-2 at a high potential of 0.77 V vs. Hg/Hg O, nearly three
times the current density of 11.8 mA ¢m-2 of common industrial nickel foam electrodes. This work provides
insight into the behavior of gas bubbles inside electrodes in alkaline electrolysis systems and how OSCH-Ni
can improve electrolysis performance. It also supports a feasible solution for the industry's design of
electrolytic water electrodes.

Keywords: Bubble behavior, Ordered porous electrodes, Alkaline water electrolysis

machining (EDM) as Fig.1. Our experiments

Alkaline water electrolysis (AWE) is a widely-
utilized method for producing green hydrogen
through the electrolysis of water. Overcoming
the performance bottleneck of OER is crucial
for improving the overall efficiency of the
system. The behavior of bubbles during the
OER process can significantly increase the
resistance of the electrode in the electrolysis
water reaction, resulting in increased transport
resistance and reduced electrochemically active
surface area of the electrode. This is particularly
pronounced at high current densities, where the
mass transfer and load transfer resistance of
bubbles to the gas evolution reaction is greatly
increased, ultimately affecting the overall
electrochemical efficiency of the system.
Currently, most industrial AWE systems utilize
foamed metals as electrodes. While these
materials have high specific surface areas, the
disordered pore structure of metal foam can
lead to bubble behavior such as bubble
plugging, = which  negatively = impacts
electrochemical performance. To address this
issue, we have fabricated a nickel-based
electrode with ordered square cone holes
(OSCH-Ni) using electrical  discharge

have shown that the disordered pores of
traditional nickel foam electrodes are often
blocked, hindering gas discharge. However, the
processed electrode with ordered square cone
holes significantly improves gas discharge by
reducing the confinement of bubbles during
adhesion and expulsion.

Fig.1 Nickel-based electrodes with ordered square cone
holes

In addition, the structure electrode has shown
excellent performance in alkaline water


mailto:hetsroni@tx.technion.ac.il

electrolysis oxygen evolution (I M KOH
electrolyte), with a current density of 34.4 mA
cm-2 at a high potential of 0.77 V vs. Hg/Hg O,
nearly three times the current density of 11.8
mA cm-2 of common industrial nickel foam
electrodes, as Fig.2. This work provides insight
into the behavior of gas bubbles inside
electrodes in alkaline electrolysis systems and
how nickel-based ordered square cone
electrodes can improve electrolysis
performance. It also supports the bubble
behavior model predicted by existing scientific
research and provides an efficient and feasible
solution for the design of electrolytic water
electrodes in the industry.

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



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

Critical Heat Flux Conditions in Flow Boiling in Microchannels

Ali H. AL-ZAIDI', Mohamed M. MAHMOUD?, Atanas IVANOV?, Tassos G. KARAYIANNIS**

1: University of Misan, Al-Amarah, Iraq
2: Faculty of Engineering, Zagazig University, Zagazig, Egypt
3: Department of Mechanical and Aerospace Engineering, Brunel University London, UK

*Corresponding author: Tel.: +44 (0) 1895 267132; Email: tassos.karayiannis@brunel.ac.uk

Abstract: An experimental study was carried out on flow boiling in a horizontal metallic microchannel heat
exchanger that included assessment of critical heat flux conditions. The working fluid was HFE-7100. The
critical heat flux results compared well with past correlations.
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1. Introduction

Critical heat flux (CHF) is the maximum
thermal limit that should be avoided in any
thermal management system. A sudden jump in
wall temperature and a reduction in heat
transfer coefficient are the main consequences
that can be catastrophic for the heat exchangers
involved and the overall thermal process. Two-
phase CHF in microchannels could occur due to
flow reversal/instability, choking flow and
dryout of the liquid film in annular flow [1].
Different models and correlations were
proposed to identify this maximum limit. Some
of these correlations were evaluated in the
present study.

2. Experimental Facility

Fig. 1 shows the experimental rig that was used
in the present study. HFE-7100 as a dielectric
and eco-friendly refrigerant was examined at
different operating conditions. The supplied
heat to the test section was increased step-by-
step until the critical heat flux was reached. The
CHF was identified when the reading of the
thermocouples  inserted underneath  the
channels increased suddenly. A Phantom high-
speed, high-resolution camera was used to
capture the flow patterns. The test section was
manufactured using a high precision micro-
milling machine, see Fig. 2. It consisted of
cover plate, housing, bottom plate, cartridge
heaters, heating block and the heat sink. An
oxygen free-copper heat sink including thirteen
rectangular microchannels was fabricated. A

set of thermocouples was used to measure the
temperature variation along the flow direction.
The present experiments were carried out at
pressure 1 bar, inlet sub-cooling 5 K, mass flux
range 100-300 kg/m?s and wall heat flux up to
308 kW/m?.

High-speed I

Camera IE
-
© Microscope —
HFE-7100 - Computer
i
Test s
Section B4 =
Variac Q
’— TH=F

=

Coriolis Flow Meter

Figure 1: Schematic diagram of the experimental rig

[2].

(a) (b)
Figure 2: Test section: (a) Exploded drawing (b) Heat
sink (dimensions in mm).

The wall heat flux was calculated from the
vertical temperature gradient in the heating
block and the channel wall heat transfer area. It


mailto:hetsroni@tx.technion.ac.il

can also be calculated based on the heat sink
base area (20 mm X 25 mm), see [2].

3. Results and Discussion

CHF was identified when there was a sudden
unsteady increase in the channels bottom
surface temperature. This was attributed to the
dryout areas appearing during annular flow.
Fig. 3 depicts that the wall heat flux increased
with wall superheat before the occurrence of
complete or mostly complete dryout of the
liquid film in annular flow. After that, a sudden
jump in the wall superheat occurred. The CHF
was found to vary from 126 to 308 kW/m? for
the current operating conditions.
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<— Mass flux=200 [kg/m?s]
=== Mass flux=300 [kg/m?s]

300

20| cHF

200

150
Dryout

region
100 ¢

Wall heat flux [kW/m?]

50

Pressure= 1 [bar]
0

0 10 20 30 40
Local wall superheat [K]

Figure 3: Boiling curve of HFE-7100 at heat sink
middle.

Fig. 4 shows that the average two-phase heat
transfer coefficient which increases with
increasing heat flux and demonstrated a sudden
decrease at the CHF conditions. The effect of
mass flux is clear, i.e. the CHF depends
strongly on the mass flux through the
microchannel heat exchanger.
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Figure 4: Two-phase heat transfer coefficient.

All the experimental data were compared with
existing correlations, see Fig. 5. It can be seen
in the figure that the correlations by Wojtan et
al. [3] and Ong and Thome [4] predicted better
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the present CHF data. The correlation proposed
in [3] was based on data for R134a and R245fa
and micro-tubes of internal diameter 0.5 and 0.8
mm and heated lengths varying between 20 and
70 mm. The mass flux ranged covered was
400-1600 kg/m?s. The correlation in [4] was
developed based on data for flow boiling of
R134a, R236fa and R245fa, for rectangular
multi-channels and single tubes, hydraulic
diameter 0.35-3 mm and mass flux 84-3736
kg/m’s. The correlation proposed by [5]
included data for water and R113 in rectangular
multi-channels and single tubes with a diameter
range of 0.34-2.5 mm at mass flux of 30476
kg/m’s.
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Figure 5: Design safe region.

4. Conclusions

The CHF of HFE-7100 in multi microchannels
as a function of mass flux is reported in this
study. It was found that CHF occurred due to
dryout in annular flow. The -correlations
proposed by [3,4] demonstrated reasonable
agreement with the present data. Further work
is recommended to include different fluids,
channel number and sizes, material of the heat
exchanger and operating ranges to conclude on
final recommendations for correlations
predicting flow boiling CHF and safe operation
in microchannels.
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Abstract: The phenomena of mixed convection is widely employed in a variety of engineering processes
such as the operation of solar collectors, heat exchangers, drying technologies, home ventilation, high-
performance building insulation and lubrication technologies. Mixed convection is more difficult than
other types of convection because of the interaction between the buoyancy force which caused by
temperature difference and the shear force which caused by wall movement. Due to their low thermal
conductivity, conventional heat-transfer fluids adopted in cooling systems such as water, oil, and silicone
have limitations in their efficacy. There has been investigation on the possibility of using nanofluids in
heat-transfer systems as a replacement for conventional fluids. In this work, a nanofluid was used to explore
the heat transfer in an enclosed cavity. The nanofluid was water as the base fluid and aluminum oxide
nanoparticles dispersed in it. This work considers the flow in a single lid-driven cavity. The impact of
different viscosity models on the mixed convection heat transfer is examined in this numerical
investigation. Numerical methods were used to obtain the solutions in parameter ranges where others have

had difficulties, such as very large Rayleigh numbers.

Keywords: Nanofluid, Heat transfer, Viscosity, lid-driven cavity.

1. Introduction

The phenomena of mixed convection is widely
employed in a variety of engineering processes
such as the operation of solar collectors, heat
exchangers, drying technologies, home
ventilation, high-performance building
insulation and lubrication technologies [3], [5]
and [1]. Mixed convection is more difficult than
other types of convection because of the
interaction between the buoyancy force which
is caused by temperature differences and the
shear force which is caused by wall movement.

We investigate the steady Navier-Stokes
equations for flow in a lid-driven cavity with
two different dynamic viscosity formulas. Our
aim is the investigation of the effect of
nanofluid and dynamic viscosity in heat
transfer enhancement.

2. Description and Formulation

This work considers two cases for the flow in
the lid-driven square cavity with a width of W
and a height of H. The first case, the top wall of
the enclosure operates at an elevated
temperature and the bottom wall of enclosure
remains at lower constant temperature. The
right and left of the enclosure wall are
maintained at adiabatic condition.

The second case, the left wall of enclosure
operates at elevated temperature and the right
wall of enclosure remains at lower constant
temperature the top and bottom of the enclosure
wall are kept constant, with an adiabatic
condition.

For the both, the nanofluid in the enclosed
space is shown as a dilute solid-liquid fluid with
uniform nanoparticles, such as water aluminum
oxide, scattered inside a base fluid, such as


mailto:hetsroni@tx.technion.ac.il

water.

3. Numerical Simulation

The Chebychev collocation method combined
with Newton linearization have been used to
discretize governing equations in the x and y-
direction.

4. Conclusions

Two cases for mixed convective of nanofluid
with different boundary conditions in double lid
cavities were investigated. For the first case, the
cavity's top and bottom walls were kept at fixed
temperatures and the cavity's left and right
walls were maintained insulated. The second
case was designed so that the left and right
walls were kept at fixed temperatures and the
top and bottom walls were maintained
insulated. In the double-lid cavity design, the
top moved to the right as the bottom make a
movement to the left at the same fixed speed.
The Brinkman model [2] and the Pak
correlation [4] are two viscosity models that are
used to estimate the viscosity of nanofluids. A
numerical investigation was done, and a group
of results were presented and discussed to
demonstrate the effect of nanoparticle presence
and the Richardson number on flow and heat
transfer behavior. The addition of nanoparticles
was shown to significantly increase heat
transfer, and this was considerably enhanced by
raising the nanoparticle volume fractions for
large Richardson numbers Ri > .01. In the first
case, Nusselt numbers increases and the
enhancement in Nusselt number was much
greater when applying the Pak and Cho
correlation than those referring to the Brinkman
formula. However, the Pak and Cho correlation
showed that the existence of nanoparticles
would result in decreases in the Nusselt
numbers for small Richardson number Ri < .01
in second case. In addition, the first case has a
higher Nusselt numbers than that corresponding
to the second case.
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Abstract: This work analyzes the plane pressure-driven Poiseuille flow problem in a two-dimensional
isothermal gaseous flow in a long microchannel, employing the extended set of second-order accurate
OBurnett equations. The newly proposed equations are closed by evaluating constitutive relationships for
the stress tensor and the heat flux vector using a generalized additive-invariance-compliant and second-order
accurate representation of the extended single-particle distribution function. Linear stability of the proposed
macroscopic equations is found to be unconditionally stable for two-dimensional flows at all wave numbers.
Closed-form solutions of both the pressure and velocity field have been presented for the first time using the
proposed equations. The obtained results have been compared with the existing direct simulation Monte
Carlo (DSMC) results and demonstrate good agreement, suggesting that the proposed equations may better
describe flow physics for large Knudsen number. The significance of the present work lies in its ability to
solve benchmark problems that have been hindered by the complexity of higher-order transport equations.
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Abstract: Many organisms in nature exploit the dynamics of condensing dew droplets to passively clean
their bodies from different contaminants, such as pollen, atmospheric dust particles, and micro-organisms.
For example, cicada wings have self-cleaning cababilities as the superhydophobicity of their surfaces
enables neighbouring condensate water droplets to coalesce, jump away and take contaminants with
them. However, the exact mechanism of this self-cleanning process, where nano-to-micrometre sized
contaminants in the vicinity of a superhydrophobic surface interact with moving water droplets, is still
elusive. Using molecular simulations, here we rationalise and theoretically explain this process and show, for
the first time, that droplets can only remove certain types of contaminants from superhydrophobic surfaces.
Those particles which are not removed during droplet coalescence are laterally relocated. Recent
experiments conducted at micro-millimetre scales are also shown to fit well within our theory. This work
signals the potential of droplet coalescence in enabling low-cost regulated transport of nanoparticles on
superhydrophobic surfaces or in the design of miniature electronic devices and bio-sensors, where a

nanoparticle’s accurate placement is crucial.

Keywords: Cicada, Nanoparticle, Coalescence, Superhydrophobic surfaces, Self-cleaning

1. Introduction

Cicada wings and lotus leaves have a
common feature that makes them excellent self-
cleaning surfaces in nature. It is their ability to
repel water — or their ‘superhydrophobicity’.
Dew condenses at nucleation sites on these
surfaces, where water droplets will adopt a
near-spherical shape with contact angle well
above 150°. When two such neighbouring
droplets coalesce on  superhydrophobic
surfaces, a part of their surface free energy that
is released in the process is converted into the
merged droplet’s translational kinetic energy,
and it will jump away from the underlying
surface [1]. Cicadas utilize this droplet jJumping
mode of self-cleaning to remove individual
contaminants at a time from their wings [2].

Alternatively, if the condensation occurs for
longer periods on superhydrophobic surfaces so
that the radii of the droplets become
comparable to the liquid’s capillary length (~1
mm for water), droplets can roll off inclined
surfaces owing to the gravitational pull. This

droplet rolling mode of self-cleaning is
observed on lotus leaves, where many
contaminants are removed at a time by droplets
rolling down the leaves [3].

While these ubiquitous self-cleaning
processes have substantial industrial promise —
for example, in the design of automobile wind
shields and solar panels [4], experiments have
so far been unable to comprehend the
underlying physics. This is primarily due to the
challenge in exploring the nanoscale physics
involved in these fast dynamic processes.

Here, the jumping mode of self-cleaning is
studied in detail to reveal under what conditions
water droplets are able to remove different
nanoparticles on superhydrophobic surfaces.

2. Methodology

With the aid of molecular dynamics (MD)
simulations, here we rationalise and
theoretically explain different mechanisms of
surface self-cleaning. Two spherical droplets
are equilibrated on a superhydrophobic wall.
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Figure 1: (a) Floating removal of a nanoparticle from a superhydrophobic surface, where the particle gets dislodged even before the
droplets coalesce. (b) Lifting removal of a nanoparticle from a superhydrophobic surface. Here, the system assumes a hot-air balloon
configuration (see the third panel) post-coalescence for the particle to get dislodged from the surface. In (a) and (b), the frontal half
of both spherical droplets are not shown to enable better visualisation of the nanoparticle. (c) Phase diagram showing nanoparticle
removal obtained from our MD simulations and their comparison with the new theory. Excellent agreement is observed between
the theory and results of our MD simulations, as well as with previous experiments (not shown here). Here, A = 2.

Underneath one of the droplets, a nanoparticle
is kept to mimic a scenario where water vapour
has condensed to form a droplet near a foreign
particle that acts as a condensation nucleation
site (see the first panels of Figs. 1(a,b)). After
equilibration, one of the droplets is pushed
towards the other with speed v, = 1m/s so
that they will come in contact, coalesce, and
jump off the superhydrophobic surface carrying
the nanoparticle away from it.

3. Results

Two different types of particle removal
mechanisms are exhibited by the droplet
jumping mode of self-cleaning:

1. Floating removal occurs for relatively
hydrophilic ~ nanoparticles, = where  the
intermolecular attraction from the enclosing
droplet alone is enough to overcome its
adhesion on the surface. Hence, the particle gets
dislodged from the surface even before
coalescence begins (see the second panel of Fig.
1(a)). It can be shown that, theoretically, this
occurs when

cos 6, > Q, (¢D)]
where 6, is the contact angle between the
condensing liquid and the nanoparticle, and Q
Is the force of adhesion, F,;5,, normalised with
the surface tension force, yP. Here, y is the

condensing liquid’s surface tension and P is the
nanoparticle’s nominal perimeter. Notably, if
condition (1) is satisfied, floating removal can
occur on any surface irrespective of its
interaction with the condensing liquid.

2. Lifting removal occurs for a relatively
less hydrophilic nanoparticle, where its
intermolecular attraction from the enclosing
droplet alone is not large enough to overcome
F,;,. However, only on superhydrophobic
surfaces, when the merged droplet attains a hot-
air balloon configuration after coalescence (see
the third panel of Fig. 1(b)), an additional
dislodging force appears in the system that aids
the particle’s removal from the surface.
Theoretically, lifting removal occurs when:

cos 6, + A > Q, 2
where A is the additional dislodging force
normalized with yP. From Fig. 1(c), we note
excellent agreement between the new theory
and MD simulation results. Our results clearly
indicate the potential of droplet dynamics in
low-cost regulated transport of nanoparticles on
various surfaces.
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Abstract: This study investigates the flow and heat transfer characteristics of square
curved microchannel heat sinks with wall cavities of various shapes and sizes. Two cavity shapes
(rectangular and triangular) and two structural parameters (aspect ratio and incidence angle)
were considered under Reynolds number (Re) = 0~800 conditions. The flow (Poiseuille number,
Po), heat transfer (Nusselt number, Nu), and comprehensive heat transfer (Thermal
Performance number, TP) characteristics were used to evaluate the microchannel. The results
showed that the use of cavities reduced the flow resistance and improved the thermal performance
of the microchannel within the investigated range. The study also found that the cavity shape has a
significant impact on flow and heat transfer, with the triangular cavity outperforming the
rectangular cavity. This difference is due to the more similar contour of the triangular cavity to the
flow linear, which made it easier for the fluid to flow into its cavity. The thermal performance of
triangular cavities increased by 86%, and rectangular cavities increased by 65%, without
significant economic losses such as pressure drop.

Keywords: microchannel; microstructure; cavity; flow; heat transfer; curved

1. Introduction

Convective heat transfer in laminar flow is
strongly affected by fluid mixing. In curved
channels, centrifugal forces create pressure and
velocity gradients that generate vortices and
secondary flows, which promote fluid mixing.
However, curved channels exhibit different
heat transfer characteristics than straight
channels, which makes it challenging to predict
curved channel heat transfer based on straight
channel data.

Cavities have emerged as an effective way to
improve heat exchange by disrupting the flow
and promoting mixing. Compared to other
structures like fins, cavities do not necessarily
increase flow resistance and their performance
depends on specific working conditions and
structures Therefore, optimizing cavity designs
for different flow conditions and applications is
important. However, existing studies have
mostly focused on single structure size
optimization or simple shape comparisons,
lacking quantitative analysis and systematic
research on cavity optimization.

This paper quantitatively analyzes the effects of
cavity shape and size on flow and heat transfer
characteristics in curved microchannels to
improve heat transfer, reduce pressure drop,
and fill the research blank of the coupling effect
of these factors.

2. Methods

The microchannels with various cavities were
designed as shown in Fig.1. The microchannel
had closed top surfaces and adiabatic side
surfaces, except for the solid-liquid contact and
bottom heating surfaces. Silicon was used as the
microchannel material, while deionized water
was used as the fluid. A constant heat flux
density was applied to the heating surface to
raise the fluid's average temperature by 20 K.
The Re range was set at 0-800.

The study was conducted under the following
assumptions [1]: (1) laminar flow, (2)
continuous medium hypothesis, (3) steady and
incompressible flow, (4) constant solid
thermophysical properties, and (5) ignored
body force and radiation heat transfer.

The flow and heat transfer characteristics were



evaluated based on the Po and Nu, respectively,
while the comprehensive thermal performance
was assessed by the TP, which considers both
flow and heat transfer. [1-2]

To ensure accuracy, the study's results were
compared with those of previous studies. [3]
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Fig.1 The schematic of the microchannel with cavities.

3. Results

The triangular cavity is taken as an example.
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Fig.2 The flow and heat transfer characteristics of
microchannels with triangular cavities, (a) Po versus Re,
(b) Nu versus Re, (¢) TP versus Re.

Fig.2 shows that the triangle cavity can
simultaneously reduce flow resistance and
improve thermal performance compared to the
unstructured microchannel, regardless of the
incidence angles. The TP of each microchannel
gradually rises with increasing Re and then
tends to stabilize. The optimal choice is the #9
microchannel with an incidence angle of 18°,
which has a TP of up to 1.86.

To further explain these phenomena, flow
diagrams and temperature cloud maps at Re =
20 and Re = 800 were examined. Slip occurs at
the liquid-liquid interface between the main
stream and the fluid in the cavity, and its
resistance is less than that of the non-slip liquid-
solid interface between the main stream and the
solid wall, which reduces the flow resistance.
This is independent of the incidence angle,
leading to similar Po in each group. At low Re,
there is little fluid entering the cavity, resulting
in no significant difference in Nu among
microchannels. At high Re, the main stream hits
the cavity located outside the curved micro-
channel and generates an impact vortex. The #9
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microchannel with an incidence angle of 18°
has no contraction section, causing the main
stream to hit the cavity wall almost vertically.
This leads to the destruction and re-
development of the boundary layer, improving
heat exchange. It can be seen that areas with a
large vortex exhibit significantly lower

temperatures than the surrounding areas.
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Fig.3 The flow diagrams and temperature cloud maps
of microchannels with triangular cavities.

The triangular cavity has a more significant
effect on the flow and heat transfer of
microchannels than the rectangular cavity.
This is due to the contour of the triangular
cavity being more similar to the flow linear,
allowing the fluid to flow more easily into the
cavity.

4. Conclusion

This study investigated the influence of cavity
shapes on flow and heat transfer characteristics
of curved microchannels. Our findings show
that the cavity shape has a significant impact
on flow and heat transfer, with the triangular
cavity outperforming the rectangular
cavity. Specifically, the thermal performance
of the microchannel with triangular cavities
increased by 86%, and by 65% for rectangular
cavities.
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Abstract: We examine the dynamics and microstructure evolution of a strongly confined suspension
of deformable drops subject to a combination of Poiseuille and Couette flows. Using both direct
numerical simulations as well as an accurate quasi-2D numerical model, we show that sheared drop
suspensions exhibit both stable and unstable diffusive dynamics which result from the symmetry of the
leading order hydrodynamic interactions. When combined with the wave propagation behavior associated
with pressure-driven flows, drop monolayers subject to simultaneous shear and pressure-driven flows
exhibit a rich behavior, which includes the formation of a solitary propagation wave (soliton) that

stabilizes any subsequent perturbation in drop particle number density.

Keywords: suspension microstructure, hydrodynamic interactions, confinement, collective particle

dynamics

1. Introduction

Particle suspensions driven by external
flows show complex collective behavior and
can spontaneously self-assemble to form
ordered structures. The underlying interparticle
hydrodynamic coupling becomes especially
pronounced for confined and deformable

particle suspensions. Particle arrays in
suspensions undergoing a Poiseuille flow
exhibit  wave-like  dynamics, including

longitudinal and transverse wave propagation,
as well as development of shock-wave fronts.
Monolayers of sheared and strongly confined
drops self-organize into ordered, chain-like
structures, aligned in the flow direction. Similar
observations have been reported for red blood
cells.

These behaviors can be explained using
additive pairwise approximations to the
velocity induced in each particle by the leading
order contributions of the flow scattered by the
remaining particles in the suspension. Scattered
flow under confinement tends exponentially

with distance to the form of a Hele-Shaw
parabolic flow driven by a pressure gradient
that can be expressed in terms of a 2D
multipolar expansion.

In Poiseuille flow, collective dynamics of
spherical particles are driven by the leading
order dipolar term in the expansion. The
antisymmetry of dipolar perturbations explains
the wave-like dynamics of drop arrays. For
deformable particles, quadrupolar terms for
small but finite capillary numbers may also
need to be considered to obtain correct
collective dynamics [1].

On the other hand, we have shown [2] that the
spontaneous self-assembly of sheared drop
suspensions into arrays aligned with the flow
direction is a result of two symmetric
contributions: an attractive far-field behavior
due to quadrupolar hydrodynamic interactions,
and a near-field repulsive term due to
interactions with the flow reflected by the walls
(a transverse swapping contribution).

In this work we discuss the collective dynamics
of strongly confined linear droplet arrays



subjected to an external flow with simultaneous
symmetric  (dipoles) and antisymmetric
(quadrupoles and swapping) hydrodynamic
interactions. Such a system could be physically
observed in the Poiseuille flow of deformable
drops, or for combined Poiseuille and Couette
flows.

2. Discussion

Our direct numerical simulations based on the
front-tracking method show that monolayers of
unequally spaced droplet chains aligned in the
flow direction exhibit either wave propagation
dynamics, when subjected to Poiseuille flow, or
diffusive behavior under simple shear.

Using a phenomenological continuum equation
and a quasi-2D model, we show that this
strikingly different behavior stems from the
antisymmetry (pressure-driven suspensions) or
symmetry (sheared suspensions) of
hydrodynamic interactions in the system. In our
quasi-2D model droplet i velocity, v;, is
obtained at each time step in a pairwise additive
manner from the contributions v;; due to

interactions with remaining j particles as

v; = Zvij = avii+ (1 —a)vy¥
j

where superscripts d and gs denote leading
order antisymmetric (dipoles) and symmetric
(quadrupoles and swapping) contributions, and
«a 1is a parameter representing the relative
strength between antisymmetric and symmetric
terms.

Fig. 1 shows numerical results of the evolution
of drop suspension microstructure for either
symmetric ~ (left  bottom  panels) or
antisymmetric  interactions (right bottom
panels). The initial drop positions are given by
the top panel, where the inset provides a
corresponding inverse droplet number density
(a small harmonic perturbation of an
equispaced uncompressed chain). Middle
panels show instantaneous drop positions at
increasing times, while bottom panels depict
the evolution of the inverse number density
(drop-to-drop distance). As seen,
antisymmetric terms lead to wave propagation
(right bottom panels), while symmetric terms
(left bottom panels) lead to a diffusive
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instability and drop fragmentation.

Fig. 1. Evolution of drop configuration in a linear
array. Symmetric interactions (left panels) show
unstable diffusive behavior, while antisymmetric
interactions (right panels) show wave dynamics.

A combination of symmetric and antisymmetric
contributions in the same system leads to a
novel intriguing behavior. For example, Fig. 2
shows the development of a solitary
propagating wave (soliton). Furthermore, our
simulations show that solitons stabilize any
subsequent perturbations in the drop particle
number density.

Fig. 2. Instantaneous drop positions for increasing
times (top to bottom) of a system with combined
symmetric and antisymmetric interactions. As
shown, an initial equispaced and unstable drop array can
develop a solitary propagation wave (soliton).
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Abstract: The removal of contaminants from engineered surfaces is an important issue, with applications to a
range of areas such as semiconductor fabrication, single-molecule biophysics and bio-sensing. Due to the
predominance of intermolecular forces, it is particularly challenging to remove nanoscale-sized contaminants,
i.e., nanoparticles. Depending on the application, nanoparticles may need to be removed or relocated with
extreme precision. Ultrasonic surface vibration at a high frequency could be an effective way to remove
nanoparticles from surfaces, but the underlying mechanism is still unexplored. In this work, we employ
Molecular Dynamics simulations to study the viability of surface vibrations to dislodge a nanoparticle that is
attached to a surface. We find that the optimum energy requirement for particle detachment can be
characterized by the maximum velocity of the surface during vibration. Furthermore, the study also reveals
that the optimum energy needed for particle detachment follows a scaling law, which can conveniently be used
for larger-sized nanoparticles (i.e., ~50-500 nm) that are beyond the computational limitations of molecular
simulations. This work unravels the decisive factors to better design a process of decontamination of surfaces
with nanoscale precision.

Keywords: Surface acoustic wave, Nanoparticle, Vibration, Surface contamination, Molecular Dynamics

1. Introduction

Surface contamination is an important
problem in several engineering and clinical
applications. Surface cleaning and
decontamination, like oxides removal from
steel surfaces [1], cleaning of particle-fouled
ceramic membranes [2], and particle removal
from semiconductors [3], are routinely used in
industry. However, recent nanotechnology-
based applications, such as electronic chip
manufacturing [4], and biosensor development
[5], require precise and smaller-scale
decontamination techniques as to deal with
nanoscale  features and  nanoparticles.
Nanoparticle decontamination is technically
challenging compared to its larger-scale
counterparts due to the predominance of
intermolecular forces. Therefore, an approach
that exploits intermolecular forces for removing
nanoparticles could be a practical way to deal
with such size-dependent physics. Nanoscale
surface vibrations produced by state-of-the-art
surface acoustic wave devices (SAW) can
produce localised mechanical work by
harnessing intermolecular forces. This could

provide an effective, energy-efficient, and less
damaging method for nanoparticle removal
compared to existing techniques. However, a
deeper understanding of the underpinning
physics of vibration-driven nanoparticle
removal is yet to be unraveled. This is the first
work to investigate nanoparticle removal using
high-frequency surface vibrations.

2. Result and discussion

We perform Molecular Dynamics (MD)
simulations to understand how SAWSs can
remove nano-sized particle from solid surfaces.
The simulation domain consists of a cuboid-
shaped nanoparticle resting on a solid substrate
(Figure 1). The surface represents a small
spanwise portion of a SAW device, therefore its
motion is approximated by a sinusoidal vertical
motion. Both the substrate and particle are
composed of a face-centered cubic lattice with
a lattice constant of 3.92 A, and interactions
between them are modelled by the Lennard-
Jones (LJ) potential. We vary the SAW
amplitude and frequency, and the LJ
interactions potential (&) to analyze their effect



on the vibration-driven particle removal.
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Fig. 1. Regimes of nanoparticle liftoff; A(i)-(iv) liftoff,
B(i)-(iv) borderline liftoff, C(i)-(iv) non-liftoff.
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When subjected to vibration, the particle-
substrate system behaves in three different
modes: 1) Liftoff, where the particle moves
away from the substrate with high velocity
overcoming the work of adhesion due to the
excess energy supplied upon vibration (see
Figs. 1A(1)-(iv)); 2) Borderline liftoff, where
the vibration energy is sufficient to overcome
the work of adhesion, but the particle does not
possess considerable kinetic energy (see
Figs. 1B(i)-(iv)); and 3) Non-liftoff where the
vibrational energy does not suffice to remove
the particle from the surface (see Figs. 1C(i)-
(iv)). In this study we are interested in the
borderline liftoff cases as these demarcate
between liftoff and non-liftoff regimes,
denoting the minimum energy requirement for
particle removal.
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Figure 2 depicts the variation of the time-period
of the oscillation for the borderline liftoff cases
as a function of the vibrational amplitude,
showing a strong linear correlation, such that

a

?=aw =Vmax

= Constant, (1)

where ¢is the amplitude, 7'is the time period of
the surface oscillation, and @ is the angular
frequency of vibration. Equation (1) implies
that the optimum liftoff of a particle depends on
the maximum velocity (Vmax) of the vibrating
surface (note that frequency and amplitude are
not independent parameters). This finding is
significant since, given a material and particle
size, the magnitude of the constant obtained
from these MD simulations can be utilized to
determine the acoustic parameters for optimum
liftoff of a vast range of SAW devices. These
devices can have operational frequency and
amplitude limit far beyond the nanoscale.
Moreover, analysis of the nanoparticle energy
reveals that vibration-driven removal follows a
scaling law, determined by the kinetic energy of
the particle and intermolecular forces.
Therefore, the result obtained from this study
can readily be used to design the procedures of
this new avenue of nanoparticle removal for an
extensive spectrum of particle sizes that are
commonly encountered in different engineering
and biomedical applications at diverse
operating conditions.

References

[1] Goode, B. 1., Jones, R. D., Howells, J.N.H., 1998.
Ultrasonic pickling of steel strip. Ultrasonics, 36 (1-5),
79-88.

[2] Lamminen, M.O., Walker, H.W., Weavers, L.K.,
2004. Mechanisms and factors influencing the ultrasonic
cleaning of particle-fouled ceramic membranes. J.
Membr. Sci., 237 (1-2), 213-223.

[3] Kuehn, T.H., Kittelson, D.B., Wu, Y., Gouk, R.,
1996. Particle removal from semiconductor wafers by
megasonic cleaning. J. Aerosol Sci., 27(Suppl 1), S427-
S428.

[4] Hoefflinger, B. ed., 2012. Chips 2020: a guide to the
future of nanoelectronics. Berlin: Springer.

[5] Kang, H., Wang, L., O'Donoghue, M., Cao, Y.C.,
Tan, W., 2008. Nanoparticles for biosensors. In Optical
Biosensors (583-621). Elsevier.



SESSION 8c
Fluid Flow in Micro and Nano systems
Chair: F. Coletti

S.Anand (IIT Ropar, Rupnagar, INAi@).........cccceciriiniiiieeeeeeee et 246
EFFECT OF CORNER ROUNDEDNESS IN BIOMIMETIC MICROPILLARS FOR THIN-
FILM EVAPORATION

Anand S', Chander Shekhar SHARMA'
1: Thermofluidics Research Lab, Department of Mechanical Engineering, IIT Ropar, Rupnagar-140001, India

P.Skaltsounis (NCSR "Demokritos", Aghia Paraskevi, Greece) ..........cccccvvvviiiiiiiiiiiiinnnnen. 248
CAVITY-BASED INERTIAL MICROFLUIDIC DEVICE FOR THE SEPARATION OF RARE
CELLS WITH DIFFERENT SIZE: A COMPUTATIONAL STUDY

Panagiotis SKALTSOUNIS'"2, George KOKKORIS?, Angeliki TSEREP!'

1: Institute of Nanoscience and Nanotechnology, NCSR “Demokritos”, Aghia Paraskevi, GR

2: School of Medicine, National and Kapodistrian University of Athens, Athens, GR

3: School of Chemical Engineering, National Technical University of Athens, Zografou, 157 80 Athens, GR

C.Pal (Thermofluidics Research Lab IIT Ropar, Rupnagar, India).............ccccevvemeemimrrenennnnns 250
METHODOLOGY FOR MEASUREMENT OF FORCE DURING COALESCENCE
INDUCED DROPLET JUMPING ON SUPERHYDROPHOBIC SURFACE

Gopal Chandra PAL', Siddhartha SS', Manish AGRAWAL', Chander Shekhar SHARMA'
1: Thermofluidics Research Lab, Department of Mechanical Engineering, IIT Ropar, Rupnagar-140001, India

S.Tomasi Masoni (Universita di Pisa, Pisa, Italy) .........ccoooveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 252
MIXING AND REACTION EFFICIENCY IN T-, X-, AND ARROW-SHAPED
MICROREACTORS

Sara TOMASI MASONI', Alessandro MARIOTTI', Elisabetta BRUNAZZI', Maria Vittoria
SALVETTI', Chiara GALLETTI"

1: Dipartimento di Ingegneria Civile ed Industriale, Universita di Pisa, Pisa, IT

A.Abdelghany (Tokyo University of Science, Tokyo, Japan)..........cccccooviiriiini 254
HIGH-FREQUENCY AC ELECTROKINETIC TRAPPING OF NANOPARTICLES IN A
MICROCHANNEL

Ahmed ABDELGHANY", Yoshiyasu ICHIKAWA"2, Masahiro MOTOSUKE'2

1: Department of Mechanical Engineering, Tokyo University of Science, 6-3-1 Niijuku, Katsushika, Tokyo
125-8585, Japan.

2: Water Frontier Research Center, Research Institute for Science and Technology, Tokyo University of
Science, Kagurazaka, Shinjuku, Tokyo 162-8601, Japan



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

Effect of Corner Roundedness in Biomimetic Micropillars for Thin-Film
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Abstract: Microprocessor development is a rapidly evolving technology that is accompanied by thermal
management challenges. Heat transfer devices working on the principle of thin-film evaporation have shown
tremendous potential in terms of thermal performance. Enhanced performance of such devices can be achieved
by the diligent design of the wick microstructure. The biomimetic micropillar wick known as wedged
micropillars inspired from the peristome of Nepenthes alata has the potential to show significant enhancement
in the dryout heat flux due to high capillary pumping and permeability of flow due to their inherent sharp
corners. Since the standard microfabrication techniques are limited by the resolution of the optical system it
can lead to rounding off the sharp corners of the wedged micropillars. In this work, we explore the effect of
rounded corners in the dryout heat flux prediction of the wedged micropillars. The model predicts that rounding
off the corners can decrease the dryout heat flux significantly compared to wedged micropillars with sharp

corners.

Keywords: thermal management, thin-film evaporation, capillarity

1. Introduction

The advancement of microprocessor
technology accentuates the need for improved
cooling options. Thin-film evaporation is a
liquid-vapour phase change method that when
aided by capillary pumping can promote
significant heat dissipation frugally as
demonstrated in the past. The thermal
performance of the wick can be enhanced
through the meticulous design and optimization
of the wick microstructures[1,2]. Among the
various kinds of wick micropillars, a nature-
inspired design of the micropillar, as shown in
Fig la, demonstrates significant enhancement
in the dryout heat flux as reported by Anand and
Sharma[3]. This is attributed to the high
capillary pumping and permeability of flow of
the wedge micropillars due to the inherent sharp
corners. Due to the constraints in the
lithography-based deep reactive ion etching
process, the sharp corners can get rounded off
with a finite radius of curvature as shown in Fig.
1b.

So, the objective of the present work is to
understand the effect of corner roundedness on
the dryout heat flux using a validated numerical
model.

(a) (b)

Fig.1. Schematic representation of biomimetic wedged
micropillar with (a) sharp corner and (b) rounded corner
of 2um radius of curvature showing the geometrical
parameters such as nominal diameter d, height /4, and
wedge corner angle o.

2. Numerical Model
The dryout heat flux is predicted using a 1D
finite volume method of unit cell and device
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level model[3,4]. The moment of dryout is
captured by the receding contact angle
criterion, where the meniscus curvature tends to
maximum corresponding to minimum Laplace
pressure. The modeling involves (a) generation
of equilibrium meniscus shape for any given
unit cell using the energy minimization
algorithm of Surface Evolver, (b) fluid flow
simulation to obtain the velocity field
corresponding to the applied pressure gradient
for the unit cell, and (c) linking unit cells based
on the mass, and enthalpy conservation (Eq.
(1)) to predict the dryout heat flux.

p(Ai-1Ui-1 — AiU)hsg = q'l2 (D
Here p, Ai, Ui, hrg, and q" are the density,
midplane area and average velocity of the unit
cell, latent heat of vaporization, and input heat
flux respectively.

3. Results and Discussion

Thermal performance in terms of dryout heat
flux of the biomimetic wedge micropillar with
sharp corner and rounded corner is compared
for a particular geometry of micropillar array
with d=20pm, 1=50pum, h=50pm, and L=5mm.
The numerical model predicts the dryout at a
maximum heat flux value of 218.7 W/cm? for
the rounded corner wedge micropillar whereas
the sharp corner wedge micropillar dissipates
688.2 W/cm?. The rounded corner of the wedge
micropillar has resulted in a reduction of the
dryout heat flux by ~ 68%. This is due to the
reduced Laplace pressure gradient as shown in
Fig. 2, which results in less capillary pumping
of liquid within the micropillar array.

0
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Fig.2. Variation of Laplace pressure along the flow
direction for sharp and rounded corner wedge
micropillar
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4. Conclusions

This study highlights the effect of the
rounded corner of the wedge micropillar which
is an after-effect of the microfabrication
technique involving lithography and deep
reactive ion etching. We infer from the
numerical modeling results that the rounded
corner of the wedge leads to lower capillary
pumping pressure which results in the reduced
dryout heat flux for the given geometry of the
micropillar array.
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Abstract: There are two main categories of microfluidic devices for the separation of rare cells. Active
devices use external forces, while passive separation devices exploit the geometric and/or physical
characteristics of cells. The focus of this study is on the passive cavity-based inertial microfluidic devices
which have recently gained attention for their ability to separate rare cells from billions of blood cells and
concentrate them in a small volume. In particular, a parametric computational study is conducted to
investigate the effect of the geometric characteristics of both the microchannel and the cavity, and the
Reynolds number on particle trapping efficiency in rounded cavities. The modeling framework consists of
continuity and Navier-Stokes equations and a particle tracing model. Three-dimensional simulations are
performed to study the generation of vortices in the cavities for different flow rates and the effect of these
vortices on particles of various sizes. The optimum geometry and flow rate for particles of different size is
extracted. This study provides insights into the design and optimization of rounded cavity-based
microdevices for cell separation applications.

Keywords: Particle trapping, Cell separation, Sample preparation, Vortices, Round Cavities, Computational
Study, Lab on Chip

1. Introduction separate rare cells from billions of blood cells
and concentrate them in a very small volume.
Compared to other separation methods, this
approach has several advantages, such as
simple structure, ease of fabrication and
operation, and possibility to use several cavities
in parallel or in series, thus enhancing the
throughput or the separation efficiency,
respectively. Several studies have addressed the
design and improvement of, usually square
shaped, cavities [2—5]. Shen et al. however,
tried to use circularly shaped cavities which
they found to show better results [1].

In the present work, a parametric computational
study on rare cell separation in microchannels
with rounded (not necessarily circular) cavities
is performed. The aim is the optimization of the
cell separation efficiency by changing the
geometric characteristics of the rounded
cavities, as well as the operating conditions
; ) , L .. (fluid flow). A variety of cell diameters is
cavity expansions, i.e., periodic cavities at the examined to cover different scenarios of cell

sides of the main microchannel. They were separation, from bacteria to circulating tumor
introduced in 2011 by Hur et al. [2] and can cells (CTCs)

A critical operation in sample preparation
modules of Lab on Chip (LoC) systems serving
molecular diagnostics is the separation of
usually rare (less than 1000 in a one milliliter
sample) cells from the sample, e.g., cancer or
bacteria cells from blood. There are two main
categories of microdevices used for this
purpose. The first is active microdevices,
which, although usually showing good results,
often use external components, which can
significantly increase their complexity [1]. The
second category is passive separation
microdevices, which achieve separation by
exploiting the geometric and/or physical
characteristics of the particles.

Cavity-based inertial microfluidic devices
are passive separation devices that have been
developed considerably over the past decade.
They consist of microchannels with periodic
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2. Results and Discussion

2.1 Vortices generation

Initially, the relationship between the
volumetric flow rate and the creation of vortices
in the cavities is investigated; a relation
between the extent of vortices and the cell
trapping was pointed in previous studies [1]. To
this end, a three-dimensional computational
study is performed. In particular, the continuity
and Navier-Stokes equations are numerically
solved at steady state with a commercial code
(Comsol Multiphysics 5.0).

Figure 1 shows the creation of vortices for
volumetric flow rates corresponding to
Reynolds numbers (Re) of 10, 100, and 300.
Both the position and the extent of vortices
changes with Re. It appears that Re = 10 (left)
is not sufficient for the creation of vortices that
can lead to efficient particle trapping. For Re =
100 (middle) and Re = 300 (right), vortices are
formed in the center of the cavities. The study
will be extended by examining the effect of
different geometries on the formation of
vortices.

Flow N 4 4
direction

a n N 0

Fig. 1. Vortices generation (white colored lines) inside
the rounded cavities, at a slice at the middle of the
microchannel, for flow rates corresponding to Reynolds
numbers of 10 (left), 100 (middle), and 300 (right). The
colored contours show the velocity magnitude in m/s.
The width, height, and length of the microchannel are 80
pm, 110 pm, and 1.6 mm respectively, while the
cavities are circular with a radius equal to 240 pm.

2.2 Particle tracing

The effect of the aforementioned vortices on
particles of different sizes was subsequently
studied, so as to check whether and under what
conditions the trapping of particles in the
cavities 1s maximized. This method is used to
evaluate the particle trapping mechanism and
comes as a continuation of the method applied
by Shen et al. [1] where the trapping efficiency
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was examined through the volume of the
vortices formed. For this part of the
computational study, Newton equations for
particles of different diameters, resembling
cells, are numerically solved with a commercial
code (Comsol Multiphysics 5.0). The force
field depends on the flow field and the size of
the particle.

Figure 2 shows the percentage of the
particles that are trapped inside a single
rounded cavity in relation to Re of the flow
inside the microchannel. Stokes and Schiller-
Naumann force models were used to calculate
the force exerted on the particles. Particles of
different size, covering the whole size range
from the small bacteria to big CTCs, are
examined to investigate when the trapping
efficiency is optimized. It seems that there is a
maximum for each diameter. The location of
this maximum (Re) depends on the diameter of
the particle. For small sized particles (2 to 10
um), the maximum trapping takes place at Re =
300. On the other side, larger particles (30 and
40 um) get maximum trapping at Re = 100.
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Fig. 2. Percentage of trapped particles vs Reynolds
number of the flow inside the microchannel, for
different sized particles.
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Abstract: Coalescence induced droplet jumping on superhydrophobic surfaces is a promising way to renew
the surface rapidly during condensation due to its gravity-independent nature. Coalescing droplets jump from
superhydrophobic surfaces when the reaction from the substrate can overcome the minimal capillary adhesion
with the substrate. In order to study the droplet dynamics during coalescence, force analysis can therefore be
an alternate approach to energy analysis. In the present work, we report a new method for measuring the
transient force that the substrate exerts on the droplet during coalescence.

Keywords: superhydrophobic surface, Displacement, Force

1. Introduction

Coalescence-induced  droplet  jumping
phenomena is one of the mechanisms by which
droplets are removed from superhydrophobic
surfaces during condensation [1]. However, the
low efficiency of the process, which is
measured as the ratio of upward kinetic energy
at the time of droplet detachment to the excess
surface energy during coalescence, draws a lot
of researchers to study fluid dynamics involved
in the process. When the reaction from the
substrate can outweigh the weak capillary
adhesion with the substrate, coalescing droplets
detach from superhydrophobic surfaces. This
force exerted by the coalescing droplets can be
measurd as shown by Moutrade et al. [2]. In the
current work, we develop a method to measure
this force by using a flexible substrate. The
force is determined based on the transient
displacement profile of substrate which is
obtained optically using a high-speed imaging.

2. Methodology

For the experiment, we prepare super-
hydrophobic nanotextured surfaces on thin
copper film (dimension = 40 x 4 x 0.01 mm?)
by spray coating commercially available
silanized silica nanoparticles (Glaco). The
apparent average advancing contact angle and
contact angle hysteresis for the surface is
163 + 1.2° and is 3.8 + 1.3% respectively.
After placing two droplets, coalescence is
triggered by carefully moving one drop toward

the other. Using a high-speed camera, the
images are recorded at 10000 frames per
second. As shown in the schematic diagram in
the figure, we are able to determine the
displacement beneath the droplet with respect
to time through image analysis.

1yl
Support Support
b
Support ? yl(t) Support

Fig.1. Schematic representation coalescence induced
droplet jumping on flexible superhydrophobic at the
(a) initial time with y(0) as static deflection (b) time t
with displacement, y(t).

The initial point y(0) represents the substrate's
position right before coalescence (the substrate
initially deforms as a result of the weight of the
droplets), and the point y(t) represents the point
at which the coalesced droplet detaches from
the substrate as a result of the reaction force
exerted on the droplet by the substrate. The
force is obtained using transient displacement
data from the experiment with the help of
numerical analysis using ANSYS Mechanical
software. The substrate is modeled with 1d
beam elements and a fixed-fixed boundary
condition as shown in Figure 2(3D figure is
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shown for the representation). To determine the
force, we solve the equation (1) taking transient
displacement data as input at the center. The
probe is positioned in ANSYS at the center to
capture the coalescence force as the output.
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Fig.2. Boundary condition for the modeled geometry.
Inset figures show the mode shape obtained from
modal analysis

IMI{y} + [Cl{y} + [KIy} = { f(®) } (1)
Here, [M] is the mass matrix, [C] is the
damping matrix, and [K]is the stiffness matrix
of substrate. y, y, y represent the displacement,
velocity and acceleration of the substarte
respectively, and f(t) is the coalescence
force. We have performed a linear transient
analysis. In the analysis the intial static
deflection shown as y(0) in Figure 1 is
considered to be zero. We have performed a
grid independence study and based on it 100
um element size has been chosen to descretize
the substrate. For choosing an efficient time
step we have performed a modal analysis. The
time step of the simulation is taken as one-
twentieth of the time period corresponding to
the natural frequency of the highest mode(19™
mode) considered in the analysis. For verifying
our model we performed a reverse analysis,
where we have considered f(t) from the
transient analysis as input and displacement as
output. The displacement obtained from the
analysis is validated with the measured
displacement data from experiment. For
validation of transient analysis, the stiffness and
mass value is taken from the modal analysis.

Mode7

3. Results and Discussion

We have shown a qualitative comparison of
force obtained from the transient structural
analysis and force obtained by Mouterde et al.
is shown in figure 3. The details of the setup is
given in the methodology section. From the
figure, it is clear that there is a good qualitative
agreement between the two forces. However,
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there is significant noise in the obtained force
profile. In future work, we will endevaour to
improve this force measurement by improving
the optical resolution for measuring the
substarte (Iiisplace‘ment.

200 4— Present Study =
Mouterde et al. » )
150 4

100 4 %

| w o JoMy . [
50 jﬂﬁ g L RN

04

Force (uN)

-50 4

-100 4
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200 - . T .
0 1 2 3 4
Time (ms)
Fig.3. Comparison of transient force between the present
study and Mouterde et al. [2]

4. Conclusions

A method to measure the force exerted by
coalescing drops on a superhydrophobic
surface has been developed. It involves droplet
coalescence on a flexible substrate and optical
measurement its dispalcement profile. The
force derived from the current methodology
displays good qualitative agreement with the
literature[1].  However,  higher  optical
resolution is required to reduce the noise in the
measured force profile.
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Mixing and reaction efficiency in T-, X-, and arrow-shaped microreactors
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Abstract: Numerical simulations of liquid reactive flows are carried out to investigate the mixing behavior
and reaction efficiency in T-, X-, and arrow-shaped microreactors operating in steady regimes. The
microdevices are compared for the same inlet flow rates. The most promising flow pattern is the one with a
single vortex in the center of the mixing channel that occurs in both the X- and arrow-shaped devices. At low
flow rates, the X-device shows a higher mixing degree and reaction yield since it exhibits a single stronger
central vortex in the mixing channels. Conversely, at higher Reynolds numbers, mixing and reaction
efficiency becomes better for the arrow-reactor because this geometry presents a higher cross-section
compared to the X-reactor. The worst performance is achieved by T-reactor, which shows two co-rotating

vortices in the engulfment regime.

Keywords: Microfluidics, microreactors, CFD simulations, reaction yield, mixing efficiency

1. Introduction

Micromixers and microreactors are widely
studied as they ensure continuous operation and
a high surface-to-volume ratio [1]. It is well
known that the flow inside these devices is
laminar, thus is necessary to provide geometries
that increase mixing. Among the passive
devices, T-, X-, and arrow-shaped devices have
been largely studied when fed with water-water
[2-4]. The flow regimes inside T- and X-
microreactors in presence of a test reaction are
characterized in [5, 6]. Instead, no investigation
is reported so far on the reactive flow regimes
in an arrow-shaped device. Hence, this work
aims to characterize steady flow regimes in an
arrow-shaped device fed with reactive streams
and then compare the performance of the three
geometries in terms of mixing efficiency and
reaction yield.

2. Test cases and numerical method

The T- and arrow-microdevices consist of
two identical inlet channels with a square cross-
section (Imm x 1mm) and the mixing channel
with 2:1 aspect ratio. The X-microdevice has
four channels, two inlets and two outlets, with

a square cross-section (Imm x Imm).

The test reaction is the reduction of methylene
blue (MB") to the colorless leucomethylene
blue (LMB") using ascorbic acid (AsA); such
reaction is catalyzed by hydrogen chloride
(HCI) and presents a pseudo-first-order kinetic.
The reaction also produces dehydroascorbic
acid (DA). An aqueous solution with [MB"] =
5.31-10” mol/L and [HCI] = 2.19 mol/L is fed
into one inlet channel, while an aqueous
solution with [AsA] = 1.7 mol/L is fed into the
other. The kinetic constant is k= 21.43 s™ [6].
Regarding the numerical model, steady Navier-
Stokes equations, and transport/reaction
equations for MB*, LMB", AsA, HCI, and DA
are solved in isothermal conditions using the
finite volume code ANSY'S Fluent v.19. More
details on the computational grid (and its
adaption to capture the mixing of reactants),
fluid properties and numerical parameters are
provided in Mariotti et al. [4, 5] and Tomasi
Masoni et al. [6].

3. Results

The steady flow regimes inside the arrow-
shaped microreactor, in presence of a reaction,
indicated: a stratified pattern for Reynolds
number Re<100 due to the higher density of the


mailto:chiara.galletti@unipi.it

AsA solution; an engulfment regime for
100<Re<200 presenting two co-rotating
vortices in the mixing channel; an engulfment
regime with one single vortex for Re>200.

The three geometries are compared in terms of
mixing degree and the reaction yield for the
same inlet flow rates, thus for the same
Reynolds number evaluated at the inlet, Re;. In
the stratified regime, the three geometries
present a low mixing and reaction yield. At
Rei=50, the X-microreactor exhibits a single
central vortex that enhances both the mixing
and the yield.

X- and arrow-geometries achieve similar
mixing performance in the engulfment regime
as they both have a single vortical structure.
However, the arrow-microdevice exhibits a
higher reaction yield compared to X-geometry.
The two smaller vortical structures exhibited by
the T-reactor in the engulfment regime, do not
allow the achievement of high values of mixing
and reaction yield.

4. Conclusions

Comparing to the well-known T-shaped
microreactor, X- and arrow-shaped devices are
found to provide superior mixing and reaction
yield, in steady flow regimes, thanks to their
ability to promote a single strong vortex that
occupies all the mixing channel.
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Figure 1: Mixing degree (a) and reaction yield (b) of the T-, X-, and arrow-shaped microreactors evaluated

at the Y=25 cross-section as a function of the inlet Reynolds number.
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High-frequency AC electrokinetic trapping of nanoparticles in a microchannel
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Abstract: Trapping of nanoparticles in a microfluidic device is a promising technique for preconcentrating
low-concentration species in a sample. In this study, we demonstrate an effective method for trapping
polystyrene nanoparticles (PsNPs) in a microchannel using coplanar electrodes with a gap under an AC electric
field oscillating at a high frequency range of 50-150 kHz. We systematically study the concentration
performance by varying the applied voltage and find that increasing the field strength leads to an enhanced
concentration factor, exceeding ten times the initial concentration of the sample. We present a concentration
map that shows the local concentration distribution of the trapped nanoparticles. Our results indicated that the
concentration enhancement is field strength-dependent, with the maximum concentration occurring in the
electrode gap. We also observed that the accumulation position and performance differ from those seen at low
frequencies in previous studies (Abdelghany et al., 2022), where particles are accumulated at two separated
positions far from the gap of the electrodes. Our study highlights the potential of high-frequency AC
electrokinetic trapping as a powerful tool for preconcentrating low-concentration species in a sample, with a
field strength-dependent concentration enhancement and a high concentration factor.

Keywords: Nanoparticles, AC electrokinetic, Microfluidics, Particle Trapping

for preconcentrating low-concentration species
in a sample, with a field strength-dependent
concentration enhancement and a high
concentration factor.

1. Introduction

Microfluidic-based analytical techniques
have gained significant interest in recent years
due to their advantages such as rapid reaction,
cost-effectiveness, portability, and multi-
functional integration. However, the analyze of
low-concentration species in a sample with
microfluidics can be challenging, and a
preconcentration step is often required to
achieve high sensitivity. Various particle
trapping techniques have been investigated,
including electric forces (Oh et al., 2009). In
this study, we focus on high-frequency AC
electrokinetic trapping of nanoparticles in a

2. Microfluidic Device

Figure 1. shows an example of rotational fluid
motion and trapping position under the AC
electric field in a cross-sectional view of the
microchannel. The microfluidic device used for
trapping  nanoparticles  consists of a
microchannel and a glass substrate with
coplanar  symmetric electrodes. The
microchannel is fabricated from PDMS and is

microfluidic device using single-gap coplanar
electrodes. We demonstrate an effective
method for preconcentrating polystyrene
nanoparticles and study the concentration
performance systematically. Our results
highlight the potential of the high-frequency
AC electrokinetic trapping as a powerful tool

bonded onto a glass substrate with a thickness
of 0.7 mm and coated with a 150 nm-thick
transparent ITO film, which serves as an
electrode. The electrode consists of two parallel
ITO strips separated by a 40-um gap. The
working fluid is an aqueous solution of
fluorescent polystyrene nanoparticles (PsNPs)
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with a diameter of 100 nm. The electrical
conductivity of the solution was adjusted to 10°
4 S/m, and the particles were dispersed in
ultrapure water at a volume percentage of
0.02% to avoid particle-particle interaction.

PDMS

e
F(\/\M
LU

/ <
ITO Accumulation Glass

Fig. 1. Cross-sectional view of microchannel indicates
electrokinetic flow pattern (orange arrows) and particle
trapping position.

3. Results

Figure 2 presents the concentration factor
(CF) distribution of PsNPs in the device under
several electric field strengths at 50 kHz.
Increasing the electric field strength (E) by
increasing the applied voltage led to an
improvement in the CF, with a maximum value
of 16.3 at 3.5 x 10° V/m. The peak of
accumulation was observed to be inside the gap
between the electrodes for all (E) values. This
suggests that increasing the voltage leads to an
increase in the CF under the same frequency.
To gain further insights into the particle
trapping performance in the microfluidic
device, a mapping of the local CF values was
performed. Color map of the accumulation
performance at 150 kHz is shown in Figure 3.
It was observed that a single high CF spot
formed inside the gap between the electrodes,
with a CF value that reached up to 30 times the
initial concentration. The low CF region, where
particles move away from this region, expanded
to about 200 um on each side of the electrode
surface, as well as in the bulk with a height of
around 150 pum. Additionally, the formation of
AC electrokinetic vortices in this regime was
observed, which transport particles toward the
gap region, leading to the accumulation of
particles in the center of the gap.
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Fig. 2. Concentration factor distribution of 100 nm
PsNPs in the device at different electric field strengths
(E) oscillating at 50 kHz.

These results suggest that increasing the
electric field strength can enhance the particle
accumulation performance in the microfluidic
device. Furthermore, the formation of AC
electrokinetic  vortices at high-frequency
operation leads to the accumulation of particles
in the center of the gap.

-
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Fig. 3. Color map indicates the local
concentration factor.
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