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18  Abstract

19  Droplet phase change is the key phenomenon for high heat transfer rates in spray or drop-wise
20 cooling applications. Despite high cooling efficiency of the spray cooling technology,
21 conventional fluids, such as water, cannot be used for thermal management of modern high heat
22 flux devices due to their immense power density, resulting in early device failures. To address this
23 issue, in this research, we experimentally study the evaporation performance for various volumes
24 of the copper-alumina hybrid nanofluid (CAHF) droplet on a plain copper substrate and compare
25 it with water (H»O) droplet in sub-boiling and boiling regimes (i.e., for substrate temperatures of
26 25-170 °C). We also numerically investigate and compare the internal velocity and thermal fields
27  of CAHF and H>O droplets on a heated plain copper substrate. Besides the plain copper surface,
28  we examine the phase change behaviour of the subsequent CAHF droplet over a heated residue
29  surface that was obtained from the phase transition of the first CAHF droplet on a heated plain
30  copper substrate. Our results demonstrate that the evaporation rate of CAHF droplets on a plain

31  copper surface is up to 24% and an order of magnitude higher than water droplets in sub-boiling
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and nucleate boiling regimes, respectively. Moreover, the evaporation rate of the CAHF droplet
on a residue surface increases up to 141% and 800% compared to that on a plain copper surface in
sub-boiling and nucleate boiling regimes, respectively. Furthermore, the latent heat flux up to 10
times can be achieved using the CAHF droplet compared to H>O droplet on a plain copper substrate
in the nucleate boiling region, making the CAHF a potential fluid for high heat flux cooling

applications.

Keywords: Hybrid nanofluid, droplet phase change, heated residue, latent heat flux, Marangoni

convection.

1. Introduction

Cooling technologies based on droplet evaporation, for instance spray cooling, offer much higher
heat rejection rates than single-phase heat transfer processes. However, in recent years, heat
generation in high heat flux devices has reached unprecedented levels (>100 W/cm?) that cannot
be thermally managed by existing thermal fluids due to their lower heat rejection capacity. This
not only resulted in early device failures, but also inhibited the future growth of high heat
dissipating devices, prompting a need to investigate advanced heat transfer fluids with high heat
rejection capability. Such advanced fluids when used in efficient cooling technologies, for example
spray cooling, may resolve thermal management issues in high heat flux applications.
Conventional fluids, for instance water, can be transformed into highly efficient heat transfer fluids

by adding a small fraction of nanometer-sized particles, known as nanofluids.

Nanofluids show a higher thermal conductivity than their respective base fluids due to the
dispersed nanoparticles [1-5]. The nanofluid thermal characteristics depends on several factors,
such as temperature, dispersion stability, base fluid and nanoparticle type, size, shape and
concentration [6—8]. Although nanofluids possess advanced thermal characteristics due to high
thermal conductivity, they do not exhibit all the necessary (rheological and thermal) properties
needed in heat transfer applications [9]. For example, metal-oxide nanofluids exhibit higher
dispersion stability but lower thermal conductivity than metal nanofluids. Conversely, metal

nanofluids possess high thermal conductivity and exhibit poor dispersion stability. As nanofluids
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do not possess all essential characteristics needed in heat transfer fluids, they cannot be used in

their current form for effective cooling of high heat flux devices [10].

More recently, an advanced form of nanofluid was investigated with much better dispersion
stability and thermal conductivity than single particle nanofluid and was named hybrid nanofluid
[11-13]. Hybrid nanofluid is prepared by dispersing any two types of nanoparticles (from metal,
non-metal or metal-oxide) in the base fluid. The advanced hydrodynamic and thermal properties
of hybrid nanofluids mainly depend on their inter-particle compatibility [14]. The thermo-
rheological characteristics of hybrid nanofluids comprising non-compatible nanoparticles are even
worse than for single particle nanofluids. Moreover, the synergy between two compatible
nanoparticle types leads to much higher thermal conductivity in hybrid nanofluids than single
particle nanofluids [15—17]. The advanced thermo-rheological properties as well as inter-particle
synergy in hybrid nanofluids are some of the desirable characteristics needed for high heat flux

device cooling.

The hybrid nanofluid, as an emerging heat transfer fluid, has not yet received sufficient attention
regarding its application in droplet evaporation or boiling based cooling processes. With inter-
particle synergy and advanced thermo-rheological properties, hybrid nanofluid droplets may
exhibit better heat removal rates compared to base fluid or single particle nanofluid droplets.
Although droplet phase change on un-heated substrates has been widely studied for single particle
nanofluids with a very limited focus on hybrid nanofluids [18-23], the hybrid nanofluid droplet
phase change on heated surfaces received no attention to date by the research community.
However, some researchers have studied the evaporation behaviour of single particle nanofluid
droplets on heated surfaces. Research indicates higher evaporation rates for single particle
nanofluid droplets compared to water droplets on heated substrates [24,25]. Al-Sharafi et al. [26]
concluded that Marangoni forces dominate buoyancy forces in the CNT based nanofluid droplet
on a heated substrate. In another study [27], they suggested that both Marangoni and buoyancy
forces contribute to circulating vortices inside the CNT nanofluid droplet during its evaporation

on a heated substrate.
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Like evaporation, the hybrid nanofluid droplet boiling over heated surfaces was not previously
investigated. However, some researchers have studied the boiling behaviour of single particle
nanofluid droplets. Okawa et al. [28] reported significant enhancements in critical heat flux of
TiO2 nanofluid droplets compared to water droplets. Duursma et al. [29] reported 10% increase in
heat flux of aluminium-dimethyl sulfoxide (DMSO) nanofluid droplet at 0.1% volume fraction
compared to the pure DMSO droplet. Paul et al. [30] showed that TiO2 nanofluid droplets exhibit
much reduced evaporation time compared to water droplets at a surface temperature of 300 °C.
They concluded that nanofluid droplets with high particle concentration do not show the
Leidenfrost effect, and that these droplets release small droplets due to thermal agitation, resulting
in higher evaporation rates than water droplets. The literature indicates that single particle
nanofluids show enhanced heat flux and better droplet evaporation rates than their respective base
fluids, however, they are not suitable for practical applications, as they do not exhibit overall
thermo-rheological characteristics. Therefore, the phase change behaviour of hybrid nanofluid
droplets should be investigated due to their better thermo-rheological properties than single

particle nanofluids.

We recently showed [9] that copper-alumina hybrid nanofluid (CAHF) possesses better thermo-
rheological properties (high dispersion stability and enhanced thermal conductivity) than
corresponding single particle nanofluids (i.e., copper and alumina nanofluids) and therefore,
CAHF may be a suitable candidate for droplet based cooling applications. As water is one of the
most commonly used heat transfer fluids in high heat flux cooling applications, the key objective
of this paper is to investigate and compare the evaporation and boiling performances of CAHF and
water droplets for various droplet volumes on a plain heated copper substrate. In this paper, as
higher evaporation rate is achieved for CAHF droplets compared to water droplets on a plain
heated copper substrate, we numerically investigated and compared the internal velocity and
temperature fields of evaporating CAHF and H>O droplets. Furthermore, as a novelty, we studied
the hybrid nanoparticle dynamics inside the CAHF droplet and compared its velocity field with
the flow field of surrounding fluid molecules in the CAHF droplet. We also demonstrated the
effects of the thermal Marangoni convection on internal velocity and thermal fields of the CAHF
droplet that eventually improves its evaporation rate compared to HoO droplet. Moreover, we

compared the boiling dynamics of CAHF and H>O droplets in the nucleate boiling region using a
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high speed imaging technique. We also determined the droplet latent heat flux to assess the heat
removal capability of CAHF droplets in comparison to H>O droplets for potential application of
the CAHF in high heat flux device cooling. We lately investigated the evaporation and boiling
behaviour for silver graphene hybrid nanofluid droplet with respect to mixing ratios [31], however,
our main focus in current study is to investigate the main differences and mechanisms involved in

higher evaporation rates of CAHF droplets compared to H,O droplets.

As the CAHF droplet phase change results in a porous residue formation over a heated copper
surface, the effect of the heated residue surface on phase change behaviour of the subsequent
CAHF droplet was also investigated. The residue effect is important to consider in hybrid
nanofluid spray or drop-wise cooling applications, where residues from hybrid nanofluid droplet
phase change over a heated substrate may affect the evaporation performance of subsequent
incoming hybrid nanofluid droplets residing over such heated residue surfaces. Droplet residues
were extensively studied in the past for different forms and patterns [32-35], however, the effect
of heated residues on evaporation rate of following droplets has not been previously investigated.
Although we recently investigated the residue effect on wetting and evaporation behaviour of
following incoming hybrid nanofluid droplets [22,36], these studies were based on un-heated
residue surfaces, where the hybrid nanofluid droplet evaporation was studied at room temperature.
However, in the current research, we investigate the heated residue effect on phase change
behaviour of the subsequent CAHF droplet. The main objectives of this research can be

summarized as:

e To investigate and compare the evaporation and boiling performances of CAHF and
water droplets for various droplet volumes on a heated copper substrate.

e To study and compare the internal velocity and temperature fields of CAHF and H>O
droplets for copper surface temperatures up to 75 = 100 °C.

e To examine the effect of a heated residue surface on phase change behaviour of the

subsequent CAHF droplet in comparison to a plain heated copper surface.



152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182

2. Experimental test facility

The copper-alumina hybrid nanofluid (CAHF) was prepared by dispersing copper (particle size of
25 nm) and alumina nanoparticles (particle size of 13 nm) in the de-ionized water followed by
ultrasonication using an ultrasonic bath (Model 2510, Branson, USA) for 0.5 hours [7]. As large
sized nanoparticles can sediment faster than small nanoparticles resulting in reduced dispersion
stability and low thermal conductivity, small sized copper and alumina nanoparticles were selected
in current research. The CAHF was prepared for a fixed mixing ratio of 0.5(Cu):0.5(Al203), as it
exhibits better hydro-thermal characteristics (improved dispersion stability and high thermal
conductivity) than other mixing ratios, as reported in our recent research [9]. Moreover, as hybrid
nanofluids show enhanced thermal properties at very low particle concentration, the CAHF was
synthesized at a low volume fraction of 0.1%. To investigate CAHF thermal conductivity
enhancement in comparison to de-ionized water, the thermal conductivity of CAHF and H>O
samples was measured at different temperatures using a thermal conductivity analyser setup (TPS
5008, Hot Disk, Sweden). The detailed experimental setup for CAHF thermal conductivity
measurements is demonstrated in our recent study [9]. The surface tension (used in numerical
modelling and to determine Marangoni and dynamic Bond numbers) at various temperatures was
subsequently measured by using 5 pl volume of H,O and CAHF pendant droplets at 1.4 frames
per second and time duration of 20 seconds in a contact angle meter (Theta, Biolin Scientific,
Finland). Each measurement was performed three times to reduce uncertainties in results. Later,
the surface tension gradient was obtained by processing measured surface tension data against
different temperatures. The surface tension gradient was implemented as an input parameter to

incorporate the effect of thermal Marangoni convection in our model.

Following the thermal conductivity and surface tension measurements, the droplet phase change
experiments were conducted in an environmental test chamber, where the relative humidity (RH)
and ambient temperature (7,) were fixed at RH = 0.3 = 0.03 and 7, = 25 £+ 0.3 °C, respectively.
The schematic of the experimental setup used to study the evaporation of CAHF and H>O droplets
on a heated copper substrate is illustrated in Fig. 1 (a). A 0.1 m x 0.15 m silicone heater mat (RS,
UK) with a power of 100 W was used to heat the base of a 0.05 m x 0.06 m copper plate, while
the copper plate surface temperature was measured using two T-type thermocouples (RS, UK).

Each thermocouple was placed near the opposite ends of a copper surface. A Teflon strip, screwed
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at both ends, was used to fix each thermocouple on a copper surface such that the thermocouple
was sandwiched between the Teflon strip and a copper surface, as illustrated in Fig. 1 (a). The air
gap between the Teflon strip and the copper surface was filled with silicone thermal grease (RS,
UK). To ensure better thermal contact, the thermal grease was also applied between the heater and
the copper base. The temperature of the copper surface was increased from room temperature (25
°C) up to 170 °C by connecting the heater to an adjustable AC power supply. The droplet
evaporation process was recorded at 30 frames per second (fps) using a video camera. In the
nucleate boiling region, the boiling dynamics of CAHF and H>O droplets was investigated using
a high speed camera (HG-100K, Redlake, USA) at frame rates ranging between 60 fps and 500
fps. Moreover, the droplet surface temperature during the evaporation process was measured using
an infrared camera (Ti25, Fluke, US). The infrared camera was calibrated using a T-type
thermocouple by measuring the surface temperature of water and CAHF samples in a 10 ml glass
beaker at every 5 °C increment in a temperature range of 30-50 °C. The maximum error between
the thermocouple and IR camera was 1.3 °C and 1.8 °C for the CAHF and water samples,

respectively, at an emissivity of 0.98. This error increased at other values of emissivity.

A micropipette was used to carefully dispense the first CAHF droplet of known droplet volumes
of Viz =3, 15, 30 and 60 pl over a plain copper substrate at a pre-set surface temperature. The
droplet evaporation time was determined from a video camera recording for entire droplet phase
change process. The droplet evaporation rate was obtained by dividing the known initial droplet
volume by net droplet evaporation time. As the first CAHF droplet evaporated (Vz= 3, 15, 30 and
60 ul), a residue surface was formed corresponding to each droplet volume from the first CAHF
droplet of V=3, 15, 30 and 60 pl. Subsequently, second CAHF droplet of fixed droplet volume
as Ve =3 ul was dispensed over each residue surface obtained from first droplet volumes of V=
3, 15, 30 and 60 pl. As a result, four different droplet volume ratios were obtained as Viu/Va =
3ul/3ul=1, 15ul/3ul=5, 30u1/3ul=10 and 60ul/3ul=20.

These experiments were conducted three times to reduce measurement uncertainties. Moreover,
as the evaporation rate of a 3 ul CAHF droplet on its residue surface for the droplet volume ratio
of Viu/Vsa= 1 was similar to that obtained on a plain copper surface, the results are only presented

for droplet volume ratios of Vy/Vsa =5, 10 and 20 in results and discussion section (Section 4).
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Furthermore, as the same copper surface is used for both CAHF and H>O droplets, the copper

surface characteristics may equally affect the evaporation rates for CAHF and H,O droplets.

3. CAHF droplet simulation

The internal velocity and thermal field distribution for heated CAHF and H>O droplets were
investigated by developing a numerical model using COMSOL Multiphysics. As the suspended
copper-alumina hybrid nanoparticles are difficult to visualize even using experimental techniques,
such as particle image velocimetry (PIV), we developed a numerical model to investigate the
hybrid nanoparticle trajectory and compare the internal velocity and temperature fields between
CAHF and H>O droplets. The droplet model was built using a non-isothermal flow interface that
couples the flow and heat transfer interfaces within the droplet. Due to the symmetry of considered
sessile droplets along the vertical axis, a two dimensional axisymmetric geometry was developed
from an original droplet image at different time instants during the droplet evaporation using
Imagel software. Furthermore, a laminar flow condition was used inside the droplet domain due

to extremely low Rayleigh number (< 107) for studied substrate temperatures of 60-100 °C.

The CAHF thermophysical properties were defined using well-developed theoretical models for
hybrid nanofluids [9,11]. As the main objective of our model was to investigate the internal flow
and temperature fields at instantaneous steady-state points during droplet evaporation, the transient
evaporation effects were neglected at the droplet-air interface. Due to the high surface tension
gradient for CAHF and H>O droplets (as illustrated in Fig. 3 (a)), the thermal Marangoni effect
along with buoyancy effect were also considered in our model. The surface tension gradient was
used as an input parameter to solve thermal Marangoni convection in our model. The Marangoni
effect was implemented in our model using the Marangoni Effect Mutiphysics coupling. This
coupling considers the Marangoni induced flow along the droplet-air interface that results from
the temperature difference between the droplet three phase contact line and droplet apex. On the
other hand, the buoyancy effect was implemented in our model by considering the Boussinesq
approximation in the Navier-Stokes equation. The Boussinesq approximation accounts for
buoyancy induced flow that results due to the fluid density difference between the droplet-solid
interface (due to the heated surface) and droplet apex. Moreover, in our model, the Navier-Stokes

equation was solved using the laminar flow interface given as:
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p(V.VV) = —Vp + V. (u(vv +(VV)T) =2 u(. V)) +pg (1)

where p is the pressure and u is the dynamic viscosity of the SGHF. Moreover, the energy equation

in our model was solved using the heat transfer in fluids interface, as given by following equation:
pC,V.VT =V.(KVT) + Q + Qp + Qpq (2)

where C,, is the specific heat capacity, k is the thermal conductivity of the considered SGHF, Q,, =

19 ] . . . C )
—;ﬁT (£ +V. Vp) is the pressure term and Q,4 = t: VV is the viscous dissipation term. Q is
the user-defined energy generation term that involves additional heat sources other than pressure
and viscous dissipation terms. The viscosity of hybrid nanofluids depends on nanoparticle

concentration and can be estimated as [37]:

tnng = (14 2.5¢ + 6.20?) s 3)

Where ¢ is the volume fraction of hybrid nanoparticles and py ¢ is the dynamic viscosity of base
fluid (water). We used equation (3) to set viscosity of hybrid nanofluids as an input parameter in
our model. As increased concentration (or volume fraction,¢) of hybrid nanoparticles during
CAHF droplet evaporation increases its viscosity, the viscosity variation for different time instants
of CAHF droplet evaporation was considered in our model. Moreover, the variation in hybrid
nanoparticle concentration (¢) was determined from the variation in droplet volume (using IR
imaging data) during evaporation that was used in equation (3) to determine the CAHF droplet

viscosity.

The dynamics of suspended hybrid nanoparticles inside the CAHF droplet was simulated using
the particle-tracing module. The drag (Fa), lift (¥7), gravity (Fy) and thermophoretic (Fy) forces
that affect the hybrid nanoparticle trajectory were all included in our model. These forces were

determined as [38—40]:

Fd = —67TﬂbfTAV (4)
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Fl = K‘lefrzAV\/% (5)
— Pnp—Pbf
F:g mnpg( Pnp ) (6)

12anSVT(knp/kbf)ﬂbf2
T[2(knp/kbs)+1]pby

th = - (7)

where 7 is the nanoparticle radius, AV is the relative velocity between the fluid and the
nanoparticle, K is a constant and is equal to 81.2, y is the shear rate, v is the kinematic viscosity,
myp 1s the mass of nanoparticle, g is the acceleration due to gravity, p,, and psr are densities of
nanoparticle and base fluid, respectively, Cs is a constant equal to 1.17, T is temperature, and kxp
and ks are thermal conductivities for nanoparticle and base fluid, respectively. These forces were
not incorporated in the Navier-Stokes equation, as hybrid nanofluid was treated as a continuum
fluid in equation (1). However, these forces were considered in the particle-tracing module of
COMSOL Multiphysics, where hybrid nanoparticle trajectories were investigated inside the
CAHF droplet. Moreover, the Brownian force was neglected in our study, as it had a negligible
effect on studied hybrid nanoparticle velocity field. This is because thermophoretic forces may
have a more dominant effect on studied hybrid nanoparticle dynamics due to temperature gradient
effects inside the CAHF droplet compared to Brownian forces. Some other researchers also
reported the significant effect of thermophoresis up to two orders of magnitude compared to the
Brownian diffusion in heated systems [40,41]. Moreover, the Brownian force significantly

increased the computational time of our numerical modelling.

The free triangular mesh was used due to simple two-dimensional axisymmetric geometry of
considered droplets. In order to develop a computationally inexpensive model, the mesh
independence study was conducted for a droplet volume of 3pul, as shown in Fig. 1 (b). It is noticed
that increasing the mesh elements from 881 to 6139 considerably affects the internal velocity
magnitude along the normalized droplet height. However, further increasing the mesh elements

does not considerably affect the velocity profile. Therefore, we used 6139 mesh elements
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comprising extra-fine mesh at droplet boundaries and finer mesh in other areas of the droplet

domain.

3.1. Boundary Conditions
The realistic boundary conditions were considered in the model by using our experimental data at
different time instants during the droplet evaporation process. The temperature at the droplet-solid
interface boundary was obtained from the measured copper surface temperature, while the
temperature at the droplet-air interface boundary was obtained using the infrared imaging
temperature data (as discussed in the supplementary material). In this way, the variation in droplet
shape as well as boundary conditions at the droplet-air interface boundary for different time
instants during the droplet evaporation process were reproduced in our model. Furthermore, the
slip and no-slip boundary conditions were used at droplet-air and droplet-solid interfaces,
respectively. Although no-slip boundary condition at droplet-solid interface does not much affect
the internal convection in a heated CAHF droplet (as illustrated in Fig. 2 (a) and Fig. 2 (b)), it was
still considered in our model since the flow velocity at droplet-solid interface must be equal to
zero. At droplet-air interface, the slip boundary condition was considered by setting a no
penetration condition (V.n = 0) and non-viscous effects resulting in no boundary layer at droplet-

air interface.

3.2. Model Validation
We validated our water droplet numerical model using the particle image velocimetry (PIV) data
for heated water droplets presented by Karlsson et al. [42], as demonstrated in Fig. 1 (c¢). From
contact radius and droplet height data [42], the two dimensional droplet model was developed
using spherical cap equations. The spherical cap assumption was used for a reason that the contact
radius did not exceed the capillary length for the water droplet examined by Karlsson et al. [42].
During the model validation, both Marangoni and buoyancy effects were considered. The no-slip
and slip boundary conditions were used at droplet base and the droplet-air interface, respectively.
In Fig. 1 (c), it is noticeable that our model satisfactorily estimates the velocity profile along the
droplet height for droplet evaporation time of # = 1-15 s at surface temperatures of 313.15 K and

323. 15 K. However, small differences between the estimated and PIV results may be due to the
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simplified assumptions in our model, such as neglecting convection currents around the droplet-

air interface or ignoring mass diffusion from droplet surface into the air.

4. Results and discussion

4.1. Evaporation performance of CAHF droplets compared to H20 droplets
The evaporation rate for different substrate temperatures and droplet volumes of CAHF and H>O
droplets is shown in Fig. 2 (c). A significant increase in droplet evaporation rate can be observed
with increasing droplet volume and copper surface temperature. The CAHF droplet evaporation
rate increases up to 235% on a heated copper surface with increasing droplet volume in a range
between 3 pl and 60 pl. This is for a reason that the droplet-solid and droplet-air interfacial areas
increase with increasing droplet volume. Large droplet contact area results in high heat transfer
rates between the droplet and the substrate, while large droplet-air interface area increases the mass
transfer from droplet surface into the surrounding air. Due to this reason, the net evaporation rate
tremendously increases with increasing droplet volume. Furthermore, the CAHF droplet
evaporation rate increases up to 24% compared to H>O droplet on a heated copper surface for
temperatures between 25 °C and 100 °C, as shown in Fig. 2 (¢). The higher evaporation rate for
the CAHF droplet over a heated copper surface is possibly due to its higher thermal conductivity
than H>O droplet (discussed in Section 4.1.1). Moreover, the suspended hybrid nanoparticles in
the CAHF droplet may also modify the internal flow and temperature fields (discussed in Section
4.1.1), thus resulting in higher evaporation rates than H>O droplets. The evaporation rate for both
CAHF and H>O droplets on copper substrate can be estimated from the following empirical

equation:

£ = ak, (%)’ ®)

where T} is the droplet temperature at its boiling point (75 = 100 °C), E, is the evaporation rate of
smallest considered droplet volume (¥, = 3 ul) over a copper substrate at room temperature of 25
°C, the coefficient a = C;(V /V,) 2and constant b = 3. V is any droplet volume in a range of 3-60
ul, constants C; and C> are equal to 67.318 and 0.386 for CAHF droplets while these are equal to
65.907 and 0.377 for H>O droplets, respectively. The values of these constants may depend on



363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387

388
389
390
391
392
393

fluid thermal properties and are obtained from the experimental data of Fig. 2 (¢). It was also
observed in our experiments that both CAHF and H»>O droplets were pinned throughout
evaporation thus exhibiting constant contact diameter (CCD) mode of evaporation. For CAHF
droplets, this may be due to the hybrid nanoparticle migration towards the droplet three-phase
contact line (driven by internal convection currents) that pinned the CAHF droplet resulting in
CCD mode of evaporation. This also suggests that hybrid nanoparticles driven by internal
convection currents deposit near the droplet three-phase contact line resulting in a pinning effect
for CAHF droplet. For water droplets, the CCD mode of evaporation is possibly due to the natural
convection and Marangoni forces that might have pinned the droplet on a heated surface.
Moreover, the evaporation rate for CAHF droplets obtained in this study is almost similar to that
reported by Xu et al. [43] for gold nanofluid droplets at similar droplet volumes and substrate
temperatures. This is because hybrid nanofluid droplets do not exhibit significantly high
evaporation rates at low substrate temperatures (i.e., 75 < 60 °C) possibly due to reduced internal
convection effects. In another study by Yan et al. [44], the top heating of gold nanofluid droplets
using solar energy resulted in similar evaporation rates as that obtained for CAHF droplets in
current study. However, they showed that side heating of gold nanofluid droplets reduced
evaporation rates up to 20% than that obtained in current study for similar droplet volumes and
droplet surface temperatures, respectively. Furthermore, the evaporation rate of CAHF droplet at
substrate temperature of 7s = 105 °C is 13% higher than that reported by Kim [25] for CuO
nanofluid droplet for similar droplet volumes. However, they used nanoparticle concentration of
0.5% volume fraction in comparison to just 0.1% volume used in current study. Besides different
experimental conditions used in these studies, higher evaporation rates for hybrid nanofluid
droplets may be due to better heat transfer properties compared to mono nanofluids, as already
discussed in introduction section of this study. Furthermore, the main mechanisms involved for

improved evaporation rates of CAHF droplets are discussed in Section 4.1.1.

Fig. 2 (d) shows the evaporation rate of a 3 ul CAHF droplet resting over plain copper and porous
residue surfaces for various residue sizes and surface temperatures. It is noticeable that the
evaporation rate of the following CAHF droplet on its heated residue surface for Vi/Via = 5
significantly increases up to 112% compared to a heated plain copper surface for surface

temperatures of 7sx = 25 - 100 °C. Further increasing the droplet volume ratio above Vi/Vea = 5
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increases the evaporation rate of the CAHF droplet up to 141% compared to a copper surface. This
is for a reason that the CAHF droplet spreads on its partially wetting residue surface, exhibiting
large droplet-solid and droplet-air interfacial areas, which subsequently results in its high droplet
evaporation rate. On the other hand, the CAHF droplet resting on a non-wetted copper surface
exhibits a low droplet contact area, resulting in relatively lower evaporation rates compared to the
CAHEF droplet residing over its partially wetted residue surface. The wettability effect of un-heated
droplet residue on subsequent droplet evaporation rate is demonstrated in our previous study [36].
Furthermore, the enhanced evaporation rate of the CAHF droplet over a heated plain copper
surface as compared to H>O droplet (as illustrated in Fig. 2 (¢)) is mainly attributed to suspended
hybrid nanoparticles, which may modify the internal velocity and thermal field distribution of the

CAHF droplet, as further discussed in Section 4.1.1.

4.1.1. Mechanistic behavior of improved evaporation performance for CAHF droplets

4.1.1.1. Thermal conductivity and surface tension effects
Fig. 3 (a) illustrates the CAHF thermal conductivity enhancement with respect to water (base fluid)

at different temperatures. It can be noticed that the CAHF thermal conductivity considerably
increases with increasing temperatures, exhibiting enhancement up to 15.5% at 7= 70 °C. This is
due to enhanced thermal properties of suspended copper-alumina hybrid nanoparticles that
increase the overall CAHF thermal conductivity. The CAHF thermal conductivity enhancement

can be estimated using the following non-dimensional empirical equation:

on = ac”(70) ©)

where T, = 20 °C is the reference (minimum) temperature for measured thermal conductivity in
this study while coefficients a = 0.0482 and b = 1.6218 are obtained from measured thermal

conductivity data points (shown by red markers in Fig. 3 (a)).

4.1.1.2. Droplet internal convection effects
The convection effects inside the CAHF and H>O droplets are investigated using the dynamic
Bond number [Boa= pgfh’/(-dy»/dT)], where h is the droplet height, dy,/dT is the surface tension
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gradient (obtained from Fig. 3 (a)), p and f are the density and volumetric thermal expansion
coefficient, respectively, obtained as p = 0.5¢pc. + 0.5@p.205 + (1-¢)pu20 and p = -1/p(dp/dT) at
[T(y = 0)+T(y = h)]/2. The dynamic Bond number shows the relative strength of buoyancy and
Marangoni forces within a heated droplet. Fig. 3 illustrates the dynamic Bond number variation in
CAHF and H>O droplets with normalized droplet evaporation time (#/2,), where #, is the net droplet
evaporation time. As Bos < 1 during the droplet evaporation, the Marangoni forces dominate
buoyancy forces in both CAHF and H>O droplets. Moreover, increasing droplet volume increases
the dynamic Bond number suggesting a rise in buoyancy forces. However, as Bos < 1, the
buoyancy forces are still not strong enough to overcome thermal Marangoni forces within the
evaporating CAHF and H>O droplets. It is also noticeable that the dynamic Bond number decreases
during the course of droplet evaporation indicating further weakening of the buoyancy forces.
Moreover, the dynamic Bond number is slightly higher for CAHF droplets than for H>O droplets.
This suggests that buoyancy forces are marginally stronger in CAHF droplets possibly due to
higher density and volumetric expansion coefficient than that of H>O droplets. These results also
indicate that the thermal Marangoni forces may affect the internal velocity and thermal field
distribution of CAHF and H>O evaporating droplets. Therefore, both Marangoni and buoyancy

effects were considered in our droplet numerical model.

Fig. 4 shows the variation of the Marangoni number with respect to normalized droplet evaporation
time (#/,). The Marangoni number is determined as Ma = hAT(-dyn/dT)/ua, where h is the droplet
height, AT is the temperature difference between the droplet apex and three-phase contact line
obtained using an infrared imaging (discussed in supplementary material), dy,/dT is the
temperature dependent surface tension gradient obtained from Fig. 3 (a), a is the thermal
diffusivity and u is the dynamic viscosity (both a and x4 were obtained at [7(y = 0)+T(y = h)]/2).
It is observed in Fig. 4 that the Marangoni number decreases with increasing droplet evaporation
time suggesting a reduction in thermal Marangoni convection for both CAHF and H>O droplets,
as illustrated in Fig. 4. Furthermore, the Marangoni number considerably increases with increasing
droplet volume and substrate surface temperature. It is also noticeable that the Marangoni number
in the CAHF droplet mostly remains higher than H>O droplet during the droplet evaporation
process. This suggests that enhanced thermal Marangoni convection, besides high thermal

conductivity, contribute towards higher evaporation rate in CAHF droplets compared to H.O
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droplets on a plain heated copper surface, as demonstrated in Fig. 2 (¢). However, it is pertinent to
also compare the internal velocity and temperature fields of CAHF and H>O droplets, as

demonstrated in Fig. 5 and Fig. 6.

4.1.1.3. Internal velocity and thermal field distribution of CAHF and H>O droplets
Fig. 5 (a) and (b) show the comparison of internal velocity and thermal field distribution between
the CAHF droplet (droplet left half) and H>O droplet (droplet right half) on a plain heated copper
surface for 7; = 60 °C at the beginning of droplet evaporation process (¢ = 1s). Although both
CAHF and H>O droplets exhibit similar vortices in Fig. 5 (a), high velocity magnitude (shown by
red colour) can be observed near the three-phase contact line of the CAHF droplet. This may be
due to higher Marangoni convection in the CAHF droplet as compared to H>O droplet, as
demonstrated in Fig. 4. A well-mixed internal flow is developed due to high velocity magnitude
inside the CAHF droplet resulting in relatively lower average internal temperature (light yellow
colour in droplet left half of Fig. 5 (b)) than that of water droplet (dark yellow colour in droplet
right half of Fig. 5 (b)). Moreover, Fig. 5 (a) shows that the flow direction is the same (from the
droplet three-phase contact line towards the droplet apex) for both CAHF and H>O droplets. This
flow direction also indicates that high Marangoni stresses (as discussed in Fig. 4) move the fluid
along the thermal gradient on droplet surface. i.e., from a low surface tension region (droplet three-
phase contact line) towards a high surface tension region (droplet apex). Moreover, the suspended
copper (pink particles) and alumina (blue particles) nanoparticles follow the same flow direction
as surrounding fluid molecules, as illustrated in droplet left half of Fig. 5 (a). Furthermore, the
alumina nanoparticles exhibit higher velocity than copper nanoparticles, as shown by long blue
particle tails compared to short pink particle tails in Fig. 5 (a) inset. This is because of the low

density and small diameter of an alumina nanoparticle compared to a copper nanoparticle.

Fig. 5 (c¢) and (d) show fluid internal velocity and thermal field for CAHF and H»O droplets at time
t = 20 s of the droplet evaporation process, respectively. The higher velocity magnitude can be
observed for the CAHF droplet near the droplet-air interface and vertical axis of symmetry
compared to H>O droplet. Although Marangoni forces decrease with increasing droplet
evaporation time (as illustrated in Fig. 4), these are still stronger in the CAHF droplet, resulting in

higher velocity magnitude compared to H,O droplet. A well-mixed internal flow due to high
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velocity magnitude in the CAHF droplet develops a low temperature region near the vertical axis
of symmetry, as demonstrated by a light-yellow region in droplet left half of Fig. 5 (d). It is
noticeable that hybrid nanoparticles move away from the high temperature zone near the droplet-
solid interface (red region in Fig. 5 (d)) due to high wall shear stress and enhanced thermophoretic
forces. This results in a concentration gradient with higher concentration of hybrid nanoparticles
in the vortex region compared to droplet vertical axis of symmetry and interfacial (droplet-solid
and droplet-air) regions, as illustrated in Fig. 5 (c). Conversely, hybrid nanoparticles are uniformly

distributed inside the CAHF droplet at the beginning of its evaporation (¢ = 1s), as observed in Fig.
5 (a).

The fluid flow and temperature fields for CAHF and H>O droplets at time ¢ = 40 s of droplet
evaporation is demonstrated in Fig. 5 (e) and (f). It can be observed that the peak velocity
magnitude in the CAHF droplet decreases during its evaporation (low at t =20 s and t =40 s as
compared to # = 1 s). This may be due to increased nanoparticle concentration that increases the
viscosity of the CAHF droplet (as shown in equation (3)) during its evaporation. However, due to
high thermal Marangoni stress, the velocity magnitude near the droplet three-phase contact line is
still higher in the CAHF droplet compared to H>O droplet, as demonstrated in Fig. 5 (e). Like
temperature distribution observed at time ¢=1sand =20 s, a low temperature zone in the CAHF
droplet near the droplet vertical axis of symmetry is noticed at time ¢ = 40 s, as shown in Fig. 5 ().
Moreover, in the CAHF droplet, the concentration gradient of suspended hybrid nanoparticles
further increases at time # = 40 s compared to time =1 s and # = 20 s. At time ¢ = 40 s, a higher
concentration of hybrid nanoparticles near the flow vortex compared to droplet interfacial regions
and vertical axis of symmetry can be observed, as demonstrated in Fig. 5 (e). This high
concentration gradient at time ¢ = 40 s creates a shear viscous flow regime resulting in reduced
flow velocity near the vortex region. On the other hand, high flow velocities are observed in
relatively low viscosity regions near droplet vertical symmetrical axis and droplet-air interface.
Fig. 5 corresponds to 3 pl droplet volume at substrate temperature of 75 = 60 °C for which there
exists a negligible difference in evaporation rates between CAHF droplet and H>O droplet, as
demonstrated in Fig. 2 (c). For this reason, the CAHF and H>O droplets seem identical in Fig. 5.
Moreover, Fig. 5 shows droplet evaporation only up to # = 40 s while CAHF and H>O droplets

show some difference in droplet height near the end of evaporation.
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As all investigated droplet volumes (3 - 60 pul) show similar velocity and temperature profiles over
a plain heated copper substrate, these results are only discussed for a 3 pul droplet volume in Fig.
6. Fig. 6 (a) and (b) show fluid velocity and temperature profiles, respectively, along the droplet
height (4, as shown in Fig. 1 (a)) for 3 pl volume of CAHF and H>O droplets on a plain copper
surface at 75 = 60 °C. It is noticeable that the peak velocity magnitude in the CAHF droplet exceeds
the H>O droplet peak velocity by 45% and 8% at droplet evaporation time of # =20 s and r =40 s,
respectively. The high velocity magnitude is due to stronger Marangoni forces in the CAHF droplet
compared to H>O droplet, as shown in Fig. 4. This results in a well-mixed flow thus lowering the

mean internal temperature of the CAHF droplet compared to H>O droplet, as shown in Fig. 6 (b).

Fig. 6 (c, d) illustrates similar velocity and temperature plots for 75 = 80 °C as obtained for 7 = 60
°C in Fig. 6 (a, b), where the CAHF droplet exhibits higher velocity magnitude and lower
temperature compared to H>O droplet. Moreover, the velocity magnitude increases in both CAHF
and H>O droplets due to the higher thermal Marangoni convection at 75 = 80 °C, compared to that
observed at 7, = 60 °C. In Fig. 6 (e), the CAHF droplet exhibits higher mean velocity than H,O
droplet at 75 = 100 °C. This results in a lower mean temperature for the CAHF droplet compared
to the H20O droplet at time # = 1 s. However, at time ¢ =5 s, this behavior is reversed where H,0O
droplet shows lower mean droplet temperature than the CAHF droplet, as demonstrated in Fig. 6
(f). This may be due to strong thermal Marangoni convection currents in both H,O and CAHF
droplets at a high substrate temperature of 75 = 100 °C. The results of Fig. 5 and Fig. 6 suggest that
enhanced evaporation rate in CAHF droplets is due to higher velocity magnitude and lower mean
internal temperature than that of H,O droplets. Moreover, large thermal Marangoni forces and
suspended hybrid nanoparticles facilitate heat transfer between the droplet-substrate and droplet-
air interfaces, resulting in reduced mean internal temperature and augmented evaporation rates in

CAHF droplets compared to H2O droplets.

Fig. 7 (a-c) shows the comparison of fluid velocity and hybrid (copper and alumina) nanoparticle
velocity profiles for different time instants during evaporation of a 3 ul CAHF droplet at 7y = 60

°C. In Fig. 7, the hybrid nanofluid droplet was treated as a non-homogenous two-phase droplet,
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where the velocities of dispersed phase Cu and Al,O3 nanoparticles inside the CAHF droplet were
separately investigated and compared with the continuum liquid phase that surrounds the dispersed
hybrid nanoparticles within the CAHF droplet. As the concentration of suspended hybrid
nanoparticles is very low due to high shear stresses along the droplet vertical axis of symmetry (4,
as shown in Fig. 1 (a)), the fluid and hybrid nanoparticle velocity profiles are compared at a slight
offset from the droplet vertical axis of symmetry % (i.e., at » = 0.03 R). It can be observed that both
copper and alumina nanoparticles exhibit a slip velocity, where their velocity magnitude is
different from surrounding fluid molecules. The hybrid nanoparticle slip may be due to
hydrodynamic forces (such as drag and lift forces) from surrounding fluid molecules. It is also
noticeable that copper nanoparticles exhibit lower average velocity with high fluctuations along
the droplet height than alumina nanoparticles. This may be due to the large diameter and high
density of copper nanoparticles compared to alumina nanoparticles. The slip in hybrid nanoparticle
velocity is also observed for different time instants during the CAHF droplet evaporation at 7 =
80 °C, as demonstrated in Fig. 7 (d-f). Due to enhanced thermophoretic forces at elevated
temperatures, the hybrid nanoparticles exhibit higher velocity magnitude at 7y = 80 °C compared
to that at 75 = 60 °C. Furthermore, the copper nanoparticles show a similar behavior of high
fluctuations with lower mean velocity than alumina nanoparticles, as observed for 7, = 60 °C.
However, at Ty = 100 °C, both copper and alumina nanoparticles exhibit large fluctuations with
similar mean velocity, as illustrated in Fig. 7 (g, h). This may be due to strong internal convection
that affects the dynamics of copper and alumina nanoparticles in a similar way at 75 = 100 °C.
Although Cu and Al>O3 nanoparticles move at different velocities within a heated CAHF droplet
owing to their different densities, shape and size, their composition remains the same as initial
composition of 50% each. This is because only liquid part evaporates from an evaporating CAHF
droplet whjle the dispersed hybrid nanoparticles remain within the droplet and finally form a
residue at the end of the CAHF droplet evaporation.

4.2. Boiling performance of CAHF droplets compared to H20 droplets
Fig. 8 (a) shows the evaporation rate of H O and CAHF droplets over a plain copper surface for
nucleate, transition and film boiling regimes. It is noticed that the CAHF droplet evaporation rate
is up to 10 times that of H>O droplets in the nucleate boiling region. This is because the droplet

boiling is more vigorous and agitated due to the presence of hybrid nanoparticles in CAHF droplets
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compared to H>O droplets. In the nucleate boiling region, the droplet evaporation rate
tremendously increases at increasing substrate temperature. For considered droplet volumes, the
evaporation rate enhancement is up to 62 times for CAHF droplets compared to 16 times for H.O
droplets on a plain copper surface with increasing surface temperature from 103 °C to 125 °C. This
suggests a tremendous amount of heat can be removed using CAHF droplets due to their
significantly high evaporation rates, making them more suitable for effective cooling of high flux
devices compared to water droplets. In droplet boiling experiments, the highest droplet evaporation
rate was obtained at the critical point (Cy), as illustrated in Fig. 8 (a). However, two critical points
(Cp,1 and Cp,2) are observed depending on CAHF and H>O droplet volumes. The 3 pl and 15 pl
volume droplets enter transition boiling regime at relatively lower surface temperatures (Cp,;) than
30 pl and 60 pl volume droplets (Cp2). This is because small droplets have reduced effective
contact area with the heated surface than large droplets due to the presence of bubbles at the
droplet-solid interface. Increasing substrate temperature beyond the critical point further decreases
the droplet contact area until a Leidenfrost point (L,) is reached, where droplet rolls over the vapour
cushion on a copper surface (Leidenfrost effect) resulting in low evaporation rates, as illustrated
in Fig. 8 (a). The CAHF and H>O droplets exhibit almost the same evaporation rates in the film-

boiling region as they both experience the Leidenfrost effect.

Fig. 8 (b) shows evaporation rate of a 3 ul CAHF droplet over plain copper and porous residue
surfaces for nucleate boiling region. As droplets move over a heated surface in transition boiling
and film boiling regions, the residue effect on the following droplet evaporation rate is only studied
in the nucleate boiling regime. It is noticeable that the CAHF droplet evaporation rate is enhanced
up to 9 times on a porous residue surface compared to a plain copper surface. This is mainly due
to higher droplet spreading over a partially wetted residue surface compared to a non-wetted
copper surface. However, the effect of droplet residue size (Viu/Vsa = 5, 10 and 20) on the
subsequent droplet evaporation rate is not very clear due to a non-uniform residue surface obtained

in the nucleate boiling region.
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4.2.1. Mechanistic behaviour of improved boiling performance for CAHF droplets
4.2.1.1. Latent heat flux
Fig. 9 demonstrates the latent heat flux for various volumes of H>O droplets over a plain copper
surface and CAHF droplets over plain copper and porous residue surfaces (Vu/Vsa = 20) in the
nucleate boiling region. The droplet latent heat flux is only studied in the nucleate boiling region
as higher evaporation rates are achieved in this region compared to transition or film boiling
regimes. The droplet latent heat flux is obtained as Q = pEhy/Ac, where hy, is the latent heat of
vaporization (A, canr =2330.1148.3 kl/kg and Ay, 20 =2259+25.8 kl/kg), A 1s the droplet-
substrate interfacial area, E is the evaporation rate of the boiling droplet and p is the water density
(since only water from CAHF droplet evaporates leaving behind a residue of hybrid nanoparticles).
It can be observed in Fig. 9 that the latent heat flux increases with increasing substrate temperature
for both CAHF and H>O droplets, exhibiting the maximum heat flux at 7y = 125 °C. Moreover,
increasing droplet volume leads to decreasing latent heat flux for both CAHF and H>O droplets
due to the increase in droplet-solid contact area. Despite such similarities between CAHF and H>O
droplets, CAHF droplets exhibit substantially higher latent heat flux than H>O droplets for similar
droplet volumes in the nucleate boiling region, as demonstrated in Fig. 9. It is noticeable that the
latent heat flux up to 10 times can be achieved using the CAHF droplet compared to H>O droplet
on a plain heated copper surface. This is due to high latent heat of vaporization along with
enhanced evaporation rate resulting in augmented heat flux in CAHF droplets compared to H.O
droplets. This shows enhanced heat removal capability of CAHF droplets at even low particle
concentration of 0.1% volume fraction compared to H>O droplets. These results also suggest that
the CAHF can be a better candidate than existing fluids (for instance water) for droplet-based
(spray or hotspot) cooling in high heat flux applications. Furthermore, despite higher evaporation
rate of the CAHF droplet on its porous residue surface than on a plain copper surface (as illustrated
in Fig. 8 (b)), the latent heat flux of a 3 ul CAHF droplet over a residue surface is less than that on
a plain copper surface, as shown in Fig. 9. This is because the subsequent CAHF droplet spreads
more on its partially wetting residue surface than on a non-wetted copper surface, as shown in Fig.
9 insets. This increases the droplet-solid contact area of the CAHF droplet over the residue surface

resulting in reduced latent heat flux.
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4.2.1.2. Boiling dynamics
Fig. 10 demonstrates the comparison between boiling dynamics of the CAHF droplet and H>O

droplet over a heated copper surface in the nucleate boiling regime. For a water droplet at 75 = 105
°C, it can be observed that bubble nucleation starts at # = 0.16s. At # = 1.44s, multiple bubbles can
be observed suggesting several nucleation sites at the droplet-solid interface inside the water
droplet. At ¢t = 2.4s, the bubbles merge into a big bubble that eventually bursts and escapes the
water droplet surface. However, the water droplet still maintains its spherical shape despite
multiple events of bubble formation and collapse during the droplet boiling process. Conversely,
the CAHF droplet experiences shape variations during droplet boiling at 75 = 105 °C. This is due
to the suspension of thermally conductive copper-alumina hybrid nanoparticles within the CAHF
droplet transferring their high thermal energy to surrounding water molecules that disrupt the
CAHEF droplet shape. Consequently, the CAHF droplet ejects a few small droplets as observed at
t =2.52s and ¢ = 4.36s, which is not the case with the H>O droplet at 75, = 105 °C. At Ty, = 115 °C,
the bubbles are observed inside the water droplet at # = 0.63s that eventually grow and occupy the
water droplet surface, as observed at 1 = 10.32s. As bubbles reach the water droplet surface, the
nucleation sites are available at droplet-solid interface for new bubbles to form and grow, as
demonstrated at = 10.32s. The bubbles at water droplet surface eventually burst and more bubbles
from nucleation sites grow and occupy the water droplet surface, as noticed at ¢ = 14.6s. This
process continues until the water droplet completely evaporates. The high density of bubbles inside
the water droplet offers thermal resistance that slows down the droplet boiling process. Unlike
water droplet at 75 = 115 °C, the CAHF droplet exhibits early shape variations and eject multiple
small droplets due to the agitation induced by suspended copper-alumina hybrid nanoparticles, as
observed at t = 0.33s and ¢ = 1.18s. The increasing hybrid nanoparticle concentration with
progressive evaporation of the CAHF droplet induces further agitation that erupts numerous tiny
droplets resulting in rapid droplet evaporation, as demonstrated at = 2s and ¢ = 2.06s. At T, = 125
°C, the highly agitated H>O and CAHF droplets release multiple small droplets resulting in high
droplet evaporation rate. However, early initiation of multiple droplet ejection process due to
suspended hybrid nanoparticles evaporates the CAHF droplet long before the water droplet.
Moreover, part of the CAHF droplet instantaneously lifts-off the heated copper surface releasing
energy from thermally conductive hybrid nanoparticles, as observed at t = 0.06s. Upon subsequent

re-contact of droplet lift-off part with the heated copper surface, several tiny droplets are released,
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as demonstrated at # = 0.1s. The instantaneous lift-off and re-contact process continue until the end
of the CAHF droplet boiling. Conversely, at 75 = 125 °C, the water droplet does not exhibit the
lift-off mechanism, suggesting relatively low agitation that delays its evaporation time compared

to the CAHF droplet.

5. Conclusions

In this research, the phase change dynamics of the CAHF droplet over heated plain copper and
porous residue (formed by the evaporation of the first CAHF droplet on a plain copper surface)
surfaces was investigated. It was demonstrated that the evaporation rate for CAHF droplets resting
on their partially wetting residue surfaces substantially improved compared to that on a non-wetted
plain copper surface in sub-boiling and nucleate boiling regimes. As a benchmark in this study,
water droplets were used to compare enhanced evaporation and boiling performance of CAHF
droplets. This study also revealed that improved thermal Marangoni convection effects, besides
enhanced thermal conductivity, resulted in higher evaporation rates in CAHF droplets compared
to water droplets. Moreover, increased agitation due to suspended hybrid nanoparticles in CAHF
droplets resulted in their improved boiling performance as compared to water droplets on a heated

plain copper surface. Based on the results, following are the key outcomes of this research:

e The evaporation rate of CAHF droplets is enhanced up to 24% that of water droplets over
a plain copper substrate for 75 = 25-100 °C.

¢ In the nucleate boiling region, the CAHF droplet evaporation rate is enhanced up to 13
times that of water droplets.

e The latent heat flux up to 10 times can be achieved using the CAHF droplets compared to
H>O droplets on a plain copper surface in the nucleate boiling regime.

e The evaporation rate of the following CAHF droplet on a residue surface rises up to 141%
and 800% that on a plain copper surface in sub-boiling and nucleate boiling regimes,
respectively.

e The high thermal Marangoni convection in CAHF droplets results in higher internal

velocity and lower internal mean temperature than H>O droplets.
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879 Fig. 9 Latent heat flux of water droplets (black markers) over a copper surface and CAHF
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