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Abstract

Thermal management of many high heat flux devices depends on droplet based cooling, such as
the spray cooling or electro-wetting for hotspot cooling. Recently, heat dissipation in these devices
increased to unprecedented levels, pressing a need for advanced thermal fluids in droplet based
cooling systems. In this paper, we address this challenge by investigating the evaporation and
boiling performance of the silver-graphene hybrid nanofluid (SGHF) droplet for its various mixing
ratios and droplet sizes on a heated copper and a residue surface, obtained from the evaporation of
the first SGHF droplet. The results show that low mixing ratio (MR < 0.1) SGHF droplets exhibit
highest evaporation rates for substrate temperature (7%) in a range of 25 °C < 7, < 100 °C. However,
this trend is reversed in the nucleate boiling regime, where high mixing ratio (MR > 0.9) droplets
give highest evaporation rates. Moreover, all SGHF droplets, irrespective of their mixing ratio,
exhibit similar evaporation rates in the film-boiling regime. Furthermore, the SGHF droplet
evaporation rate on its porous residue surface increases up to 173% for 25°C < 7, < 100 °C and by
an order of magnitude in the nucleate boiling regime as compared to a plain copper surface. We
also show that besides the synergistic thermal effect, the thermal Marangoni convection also
affects the SGHF droplet evaporation rate. Moreover, we develop a diffusion-convection

evaporation model that can predict the evaporation rate for different mixing ratios of the SGHF
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droplet on heated copper and residue surfaces. Moreover, we demonstrate that the latent heat flux

up to 890 W/cm? and 850 W/cm? can be achieved using a SGHF droplet on heated copper and

residue surfaces, respectively, suggesting its potential application in high heat flux device cooling.

Finally, we discuss the effects of spray hydrodynamic parameters on critical heat flux of the SGHF

spray cooling.

Keywords: Hybrid nanofluid; droplet residue; evaporation; boiling; Marangoni effect.

Nomenclature

Ae

Eyc

GNP

P sat

Ra

Droplet-solid contact area, m?
Dynamic bond number

Molar concentration, mol.m™
Specific heat capacity, J.kg! K!
Mass diffusivity, m?.s™!

Net evaporation rate, pl.s™!
Evaporation rate due to mass
diffusion, pl.s™

Evaporation rate due to Marangoni
convection, pl.s™!

Graphene nanoplatelets

Latent heat of vaporization, J.kg!
Evaporation constant

Thermal conductivity, W.m™.K!
Leidenfrost point

Marangoni number

Mixing ratio

Ambient pressure, Pa

Saturation pressure, Pa

Latent heat flux, W.cm™

Rayleigh number

R Droplet contact radius, m

RH Relative humidity

SGHF  Silver-graphene hybrid nanofluid
T, Ambient temperature, °C

T Surface temperature, °C

T, Reference temperature, °C

t Time, s

Via Volume of the first droplet, pl
Via Volume of the second droplet, pl
Vi Initial droplet volume, pl

Xy Vapor mole fraction

Greek Symbols

a Thermal diffusivity, m?.s’!

S Volumetric expansion coefficient, K™!
1) Volume fraction

p Density, kg.m™

u Dynamic viscosity, Pa.s

y Surface tension, N.m™!
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1. Introduction

Droplet based cooling systems are widely used in thermal management of high heat flux devices
due to several benefits, such as high heat transfer rates, low thermal contact resistance and large
area to volume ratio, to name a few. However, with progressive demand for improved system
performance and dense packaging, heat dissipation in these devices recently increased to alarming
levels, resulting in pre-mature device failures. This halted further growth of these devices due to
the limited cooling capacity of existing heat transfer fluids. This challenge can be addressed by
using advanced thermal fluids with high heat transfer rates, such as nanofluids, in droplet based

cooling systems.

Nanofluids exhibit much better thermal properties than conventional fluids (such as water) due to
high thermal conductivity of suspended nanoparticles [1-4]. The thermal conductivity of
nanofluids increases with increasing temperature and particle concentration [5—8]. However, as
the particle concentration increases, the nanofluid viscosity also increases that results in high
pressure drop and clogging issues in cooling applications [9—12]. Moreover, high nanoparticle
concentration increases particle-particle interactions resulting in rapid agglomeration and
sedimentation [13,14]. These issues make single particle nanofluids less favourable for thermal
cooling applications [15]. Another limitation is that single particle nanofluids lack overall hydro-
thermal characteristics, as some nanofluids are more stable but thermally less conductive (such as
metal-oxide nanofluids), while others are less stable but thermally more conductive (such as metal
based nanofluids) [16,17]. Considering these limitations for single particle nanofluids, researchers

recently proposed the next generation of nanofluid and termed it ‘hybrid nanofluid’ [18-20].

The hybrid nanofluid comprises two different nanoparticle types and outperforms the single
particle nanofluid due to its improved hydrothermal properties (enhanced stability and high
thermal conductivity). A highly stable nanoparticle type (such as metal-oxide nanoparticles) when
dispersed with a highly conductive nanoparticle type (such as metal nanoparticles) in a base fluid
forms a hybrid nanofluid exhibiting better overall hydrothermal properties than single particle
nanofluids [16]. Besides improved hydrothermal properties, hybrid nanofluids are also preferred
over single particle nanofluids due to their synergistic thermal effects [21-23]. In single particle

nanofluids, there exists thermal contact resistance among suspended nanoparticles. Adding another
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nanoparticle type creates a thermal pathway that rapidly transports heat and reduces thermal
contact resistance leading to synergistic thermal effects in hybrid nanofluids [24]. Due to
synergistic thermal conductivity, hybrid nanofluids exhibit much better thermal properties than
single particle nanofluids and can be used at low particle concentration in cooling applications
[19,20,25-27]. The synergistic thermal conductivity and improved hydrothermal properties make
hybrid nanofluids better candidates for droplet based cooling of high heat flux devices than single

particle nanofluids.

Although hybrid nanofluids received much attention in recent past, the hybrid nanofluid based
droplet evaporation on heated surfaces has not been investigated by research community.
However, a few researchers reported the droplet evaporation of single particle nanofluids over
heated surfaces. Sefiane and Bennacer [28] showed that droplet evaporation rate of single particle
nanofluid and base fluid is almost the same for small droplet contact radius (< 0.7 mm) on a heated
PTFE surface. However, the nanofluid droplet exhibits higher evaporation rate than base fluid
droplet for large droplet contact radius on a heated surface. Kim [29] also reported higher
evaporation rate for copper-oxide (CuO) nanofluid droplet as compared to water droplet on a
heated copper surface. He suggested high thermal conductivity of CuO nanofluid as the main
reason for its enhanced droplet evaporation rate. Al-Sharafi et al. [30] studied the internal flow in
an evaporating CNT nanofluid droplet on a heated surface and showed that Marangoni forces have
a predominant effect on droplet internal flow field as compared to buoyancy forces. However, in
another research on an evaporating CNT nanofluid droplet over a heated hydrophobic surface, they

concluded that both Marangoni and natural convection affect the droplet internal flow field [31].

While a few researchers reported the droplet boiling of single particle nanofluids, there is still no
research to date on the hybrid nanofluid droplet boiling. Research suggests that single particle
nanofluid droplets give higher heat flux and boiling heat transfer rates than their base fluid droplets
[32-34]. Despite enhanced evaporation and boiling performance, as already discussed, single
particle nanofluids are not suitable candidates for thermal cooling systems mainly due to their poor
hydrothermal characteristics. Therefore, the evaporation and boiling performance of hybrid
nanofluid droplets must be thoroughly investigated, as they are better alternatives to single particle

nanofluids and may address heat dissipation issues in high heat flux devices.
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In this research, several nanoparticle combinations were initially considered to obtain hybrid
nanofluids exhibiting synergistic thermal conductivity, such as, Ag-GNP, Ag-CNT, Cu-Al,O3, Cu-
GNP, Zn-CNT and Zn-GNP. Among all these combinations, only silver-graphene hybrid
nanofluid (SGHF) exhibited synergistic thermal conductivity, as it depends on inter-particle
compatibility, size and shape of dispersed nanoparticles in hybrid nanofluids [35]. Han et al. [24]
used different nanoparticles (hybrid sphere and CNT ) than that used in current study and reported
the effective thermal conductivity enhancement by 21%, where they attributed these synergistic
effects to thermal pathway between several CNT’s attached to the hybrid sphere surface.
Moreover, to our best knowledge, composite nanofluids with three or more different nanoparticles
have not been investigated to date possibly due to more complexities and variables (such as high

mixing ratio combinations) involved than single particle nanofluids or hybrid nanofluids.

Considering immense heat dissipation in high heat flux devices, the main aim of this study is to
investigate the synergistic thermal potential of the silver-graphene hybrid nanofluid (SGHF) for
droplet based cooling systems. Therefore, as a novelty of this research, we initially investigate the
effect of SGHF mixing ratio on its synergistic thermal behaviour. Subsequently, we study effects
of mixing ratio and droplet volume on the SGHF droplet evaporation performance in a sub-boiling
regime and three distinct boiling regimes, i.e., nucleate boiling, transition boiling and film boiling.
In this research, we investigate the SGHF droplet evaporation and boiling processes on two
different heated surfaces, that is, a plain copper surface and a porous residue of different sizes,
obtained from the evaporation of the first SGHF droplet. The main motivation of this research is
to investigate the SGHF mixing ratio that gives the highest evaporation and boiling performance
over plain copper and its respective residue surface. Another motivation is to investigate the
residue size effect on evaporation and boiling performance of the subsequent SGHF droplet. This
is because in any hybrid nanofluid droplet based cooling system (such as the spray cooling), droplet
residues of different sizes may form on substrate (due to poly-disperse spray droplets or due to
droplet coalesce or break-up before impaction on the substrate). Such residues of different sizes
may have different effect on evaporation and boiling performance of subsequent hybrid nanofluid
droplets. To test this hypothesis, we recently studied the residue size and wetting effects on

evaporation performance of the subsequent hybrid nanofluid droplet [17,36]. However, these
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studies were performed at room temperature for un-heated surfaces, where the residue effect was

different from that observed in the current study for heated residue surfaces.

In this paper, besides synergistic thermal effect, we also investigate the droplet internal convection
effects that may influence the SGHF droplet evaporation rate. Therefore, we develop a numerical
model to understand thermal Marangoni and natural convection effects on internal flow field and
temperature distribution within an evaporating SGHF droplet. Subsequently, we develop a
diffusion-convection evaporation model that considers the combined effect of mass diffusion,
synergistic thermal conductivity and droplet internal convection. Similar droplet evaporation
models were also proposed by some other researchers [37,38]. However, their proposed models
were based on single-phase droplets (without suspended solid particles), while our study involves
suspended hybrid nanoparticles in SGHF droplets that give different evaporation rates than single-
phase (water) droplets over heated surfaces, as further discussed in section 4 (Results and
discussion). Moreover, the existing droplet evaporation models [37,38] do not consider the droplet
internal effects due to suspended hybrid nanoparticles within the hybrid nanofluid droplet and
therefore cannot be used in this study. Due to these limitations, we develop a new diffusion-
convection evaporation model that incorporates the droplet surface effects (such as mass diffusion)
as well as the droplet internal effects (such as droplet internal convection). Our proposed model
can predict the SGHF droplet evaporation rate for its various mixing ratios up to the substrate

temperature of 100 °C.

As droplet boiling involves large heat flux removal rates because of the latent heat transfer, it is
imperative to study the hybrid nanofluid based droplet boiling performance. Therefore, the SGHF
droplet boiling performance for its various mixing ratios and droplet volumes is investigated as
another novelty of this research, which is not previously studied to our best knowledge. In this
research, as the motivation to investigate the SGHF droplet evaporation and boiling performance
is its spray cooling application, it is important to understand the effects of various hydrodynamic
parameters (such as, the mean volumetric flux, mean droplet diameter and mean droplet velocity)
on hybrid nanofluid spray cooling performance. Some researchers investigated the effects of these
hydrodynamic parameters on spray cooling performance of water and dielectric fluids and also

examined bubble and droplet dynamics during the spray cooling process [39—42]. However, the
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spray cooling using hybrid nanofluids has not been widely investigated to date and therefore, the
effects of some hydrodynamic parameters on critical heat flux (CHF) of the SGHF spray cooling

is also investigated in this research. The key objectives of this paper are as follows:

e To study the mixing ratio effect on the SGHF droplet evaporation performance over
heated copper and residue surfaces for sub-boiling and boiling temperatures.

e To investigate the main factors (such as the synergistic thermal conductivity and
droplet internal convection) affecting the SGHF droplet evaporation rate.

e To develop an evaporation model to predict the SGHF droplet evaporation rate on

heated copper and residue surfaces in a temperature range of 25°C < 7, < 100 °C.

2. Experimental setup and procedure

2.1. Hybrid nanofluid synthesis and thermal characterization
The SGHF was synthesized using a two-step method for various mixing ratios (by volume) as MR-
1 (0.1Ag:0.9GNP), MR-2 (0.3Ag:0.7GNP), MR-3 (0.5Ag:0.5GNP), MR-4 (0.7Ag:0.3GNP) and
MR-5 (0.9Ag:0.IGNP). In a two-step method, pre-weighted graphene nanoplatelets
(polycarboxylate functionalized) and silver nanoparticles (below 100 nm primary particle size,
polyvinylpyrroledone stabilized), purchased from Sigma-Aldrich (USA), were mixed in deionized
water and stirred using a glass rod to break large clusters. The mixture was then ultra-sonicated in
an ultra-sonication bath (Model 2510, Branson, USA) for 2 hours to obtain a high dispersion
stability [36,43]. The stability of the SGHF was analysed using the sedimentation technique in
which the prepared SGHF samples were left undisturbed in glass test tubes. As both GNP and Ag
nanoparticles were pre-stabilized using polycarboxylate functionalized groups and PVP surfactant,
respectively, no traces of sedimentation were found for several hours. As hybrid nanofluids exhibit
promising thermal characteristics at even low particle loading and that the main aim of this
research is to study the SGHF mixing ratio effect, the particle concentration was fixed at 0.1%
volume fraction. The SGHF thermal conductivity for its various mixing ratios and temperatures
was subsequently investigated using a thermal constants analyser (TPS 500S, Hot Disk, Sweden).
The thermal constants analyser comprises a double spiral sensor (made of Nickel) with four
electrical connections. The sensor measures the resistance variations during the sample transient

heating and this information is processed by the system to determine the sample thermal
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conductivity. The experimental setup and procedure for thermal conductivity measurements are
discussed in detail in our previous study [16]. Each measurement was performed ten times and the
standard deviation was used to determine measurement uncertainties. The SGHF samples were

then used in droplet evaporation and boiling experiments.

2.2. Hybrid nanofluid droplet evaporation and boiling experiments
The SGHF droplet evaporation and boiling experiments were performed in a control room at fixed
ambient temperature and relative humidity of 7, = 25 £ 0.3 °C and RH = 0.3 + 0.03, respectively.
The (5 cm x 6 cm) copper plate was placed over a (10 cm x 15 cm) silicone heater (Model 245-
629, RS PRO, UK) of 100 W power and a silicone thermal grease (Model 707-4736, RS PRO,
UK) was applied on the underside of the copper plate to improve a thermal contact between the
two surfaces, as illustrated in Fig. 1 (a). The T-type thermocouple was used at each end of the
copper surface to monitor the copper plate surface temperature. Each thermocouple was fixed
using a Teflon sheet with its each end screwed on a copper surface. The silicone heater was
connected to a variable AC power supply to adjust the copper surface temperature between 25 °C
and 175 °C for SGHF droplet evaporation and boiling experiments. A video camera was set up at
45° angle above the copper plate to record the SGHF droplet evaporation process at 25 frames per
second. For film boiling experiments, a copper ring was used to keep the rolling SGHF droplet on
a heated copper surface, as demonstrated in Fig. 1 (a). The video camera was positioned at 90°
(droplet overhead) during the film boiling experiments to avoid imaging obstruction from the
copper ring. Moreover, due to high evaporation dynamics in the nucleate boiling regime, a high-
speed camera (HG-100K, Redlake, USA) was horizontally positioned to capture droplet images at
a high frame rate in a range of 60-500 frames per second. An infrared camera (Ti25, Fluke, US)

was also horizontally positioned to measure the SGHF droplet surface temperature.

Once the experimental setup was ready, the SGHF droplet was gently dispensed on a copper plate
using a micropipette (F1 Finnpipette, Thermo Fisher Scientific, USA). The total evaporation time
for each mixing ratio of the SGHF droplet was recorded using a video camera for droplet volumes
of 3 ul, 15 pul, 30 pl, and 60 pl. Using the known droplet volume from micropipette and the total
evaporation time obtained from video camera, the net droplet evaporation rate was determined as

the ratio of the total droplet volume to total evaporation time. It must be noted that video camera

8
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was used to record the total droplet evaporation time and not to obtain the droplet volume at each
frame during evaporation. When the SGHF droplet completely evaporated, a residue comprising
the silver-graphene hybrid nanoparticles was formed on a copper surface. Subsequently, a 3 pl
volume for each mixing ratio of the SGHF droplet was gently dispensed on its respective residue
surface obtained from the evaporation or boiling of the first SGHF droplet. In this way, the droplet
evaporation and boiling processes for subsequent SGHF droplets were recorded for droplet volume
ratios of Vi/Vsa =1, 5, 10 and 20, where Vy; is the volume of the first SGHF droplet on a copper
surface and Vi (fixed at 3 pl) is the volume of the second SGHF droplet on a residue surface
obtained from the first evaporated SGHF droplet. Since the evaporation rate of the SGHF droplet
for Via/Vsa = 1 1s nearly the same as that for a copper surface, the subsequent droplet evaporation
rate is only discussed for Vu/Vsa = 5, 10 and 20 in Section 4 (Results and discussion). Each
experiment was performed three times and the standard deviation was used to determine

measurement uncertainties.

2.3. Instantaneous droplet evaporation and contact angle measurements
Besides the SGHF droplet evaporation and boiling experiments, more experiments were performed
to study the instantaneous evaporation rate during the lifetime of hybrid nanofluid droplets on a
heated copper substrate. These experiments were performed in an optical tensiometer (Theta,
Biolin Scientific, Finland) that was calibrated using a ball calibration method prior to experiments.
The copper plate (5 cm x 6 cm) was placed on an electrically heated base plate inside a small
environmental chamber. The dispenser was passed through the top slit of an environmental
chamber such that it reached near the heated copper surface. The target air temperature inside the
environmental chamber was set in a range of 55 — 70 °C to also study the temperature effects on
instantaneous droplet evaporation rate. Although the target droplet volume was set as 3 pl in the
software, it was dispensed more than a preset volume for most droplets on a heated copper
substrate. This may be due to high air temperature inside the environmental chamber that lowered
the fluid viscosity and surface tension resulting in higher than preset volume dispensed on a heated
copper plate. When the setup was ready, an automated dispenser dispensed the hybrid nanofluid
droplet on a heated copper surface. As the droplet touched the surface, the camera captured the
droplet images at 1.4 frames per second until the end of evaporation. In this way, the droplet

volume, contact angle, contact diameter and air temperature were measured at each frame during
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the droplet lifetime on a heated copper plate. The instantaneous droplet evaporation rate was
determined as a ratio of change in droplet volume to time between two consecutive image frames.
Moreover, the measurements were obtained for droplet contact angle up to 6° during evaporation,

as the tensiometer did not accurately measure the droplet volume at very low contact angles.

2.4. Hybrid nanofluid surface tension and latent heat measurements
The surface tension for each mixing ratio of the SGHF droplet was measured in a temperature
range of 20-100 °C using the same optical tensiometer as used for droplet evaporation rate and
contact angle measurements. The surface tension of a 4 pl volume of the SGHF pendant droplet
was measured at 1.4 frames per second for 40 seconds. The maximum mean standard deviation
for all measurements of temperature and surface tension was obtained as 0.79 °C and 0.00385 N/m,
respectively. The average surface tension value at different temperatures was used to determine
the temperature dependent surface tension gradient for each mixing ratio of the SGHF. Moreover,
the latent heat of vaporization for the SGHF was measured using a differential scanning
calorimetry (Q1000, TA Instruments, USA). The pre-weighted SGHF samples were heated in a
temperature range of 20 — 200 °C at a heating rate of 10 °C/min to determine the latent heat of
vaporization. Each experiment was performed three times and measurement uncertainties were

determined using the standard deviation of the mean value.

2.5. Hybrid nanofluid spray cooling experiments
The silver-graphene hybrid nanofluid (SGHF) spray cooling setup is demonstrated in Fig. 1 (b). A
cartridge heater was inserted in a copper heater block and four T-type thermocouples (77, 1>, T3
and T4) were used to measure the temperature along the heater head, as illustrated in Fig. 1 (b).
The heater block and heater head were insulated using a superwool insulation. The 0.1% volume
fraction of SGHF from the storage tank was pumped (Model: 083942, Xylem Flojet, UK) and
sprayed on a heater spray surface. The SGHF droplets upon impact with the heater spray surface
formed a hot stream that was cooled using the plate heat exchanger before it entered the storage
tank. The heater was instantly turned-off following the critical heat flux to prevent system failure
due to temperature overshoot. The heat flux (Q = kAAT/Ax) was determined using the temperature
data from two successive thermocouples. In this way, three heat fluxes (Q;, 0> and Q3) were

obtained using the temperature data from four thermocouples (77 7>, T3 and T4) that were averaged
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to obtain the mean heat flux. The Sauter mean droplet diameter (d32=YNid? /3 Nid?, where N; is
the number of spray droplets having diameter d;) and maximum droplet velocity (Vuax) were
obtained using interferometric Mie imaging (IMI) and particle image velocimetry (PIV)
techniques, respectively. The Sauter mean diameter (d32) was obtained from the spray droplet size
distribution that was developed by processing 90 images at 5 frames per second using an IMI setup.
Moreover, Vi Was obtained from the mean velocity field developed by processing 10 images at

5 frames per second using a PIV setup.

3. Numerical modelling
A numerical model to investigate the internal convection effect (thermal Marangoni and natural
convection) on flow field and temperature profile inside an evaporating SGHF droplet was
developed using COMSOL Multiphysics. The numerical model gives freedom to separately study
the quantitative effects of Marangoni and natural convection forces, which is difficult to
investigate experimentally, where both Marangoni and natural convection processes
simultaneously occur within an evaporating droplet. Due to the geometric symmetry of a sessile
droplet, a 2-D axisymmetric space dimension with non-isothermal laminar flow interface was used
to build our model. A 2-D axisymmetric droplet geometry was developed by determining the x
and y coordinates for different points along the droplet (spherical cap) surface. The droplet contact
angle was determined by post-processing the actual droplet image using Imagel. The continuity
equation for a steady state incompressible SGHF droplet solved in this numerical model can be
written as:

pV.V =0 (1)
where p is the density and V' is the velocity of the SGHF. The numerical model also solves the

momentum conservation equation given as:

p(V.VV) = —Vp + V. (u(vv + (VW)T) = Z (V. V)) + pg )

where p is the pressure and u is the dynamic viscosity of the SGHF. The heat transfer in this

numerical setup is modelled by solving the energy conservation equation and can be written as:
pC,V.VT = V.(kVT) + Q + Qp + Quqa 3)

where C, is the specific heat capacity and & is the thermal conductivity of the considered SGHF.

Moreover, O, O, and Qs are the energy generation, pressure and viscous dissipation terms,
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respectively. The SGHF thermo-physical properties (such as &, u, p and C,) were used to define
the material properties for the SGHF droplet. The thermophysical properties, such as viscosity («),
density (p) and specific heat capacity (C,) were obtained from well-established models that can
closely predict these properties for hybrid nanofluids [16,20]. However, the existing thermal
conductivity (k) models do not correctly predict the thermal conductivity for various mixing ratios
of the SGHF used in this study (discussed in Section 4.1). Therefore, in this numerical model, we
focused on the thermal conductivity k£ for the SGHF droplet, which was obtained using a semi-
empirical model developed in this study, as discussed in Section 4.1. The copper surface
temperature was used at droplet base as a boundary condition, while the measured droplet surface
temperature from infrared thermal images (as discussed in the supplementary material) was used
to define the droplet-air interface temperature as a boundary condition in our numerical model. A
no-slip boundary condition was used at the droplet base while a slip boundary condition was used
at the droplet-air interface. Moreover, the Marangoni effect was used as a boundary condition at
droplet-air interface of the SGHF droplet in this numerical model. The measured surface tension
gradient for each mixing ratio of the SGHF (as illustrated in Fig. 2 (a)) was used as an input
parameter in the model. In order to examine to effect of Marangoni convection, the model was
solved twice under the same conditions, initially without the Marangoni effect and later with the
Marangoni effect. In this way, the flow field and temperature distribution inside the SGHF droplet
was examined in the presence and absence of thermal Marangoni convection, as discussed in
Section 4. The particle-tracing module was used to simulate the hybrid nanoparticles inside the
SGHEF droplet. Due to a simple 2-D droplet geometry, the free triangular mesh was used in our
model. In this study, as the internal flow was investigated at the start of droplet evaporation for a

fixed time of # = 2s, a stationary solver was used with relative tolerance of 107.

3.1. Model validation and mesh independence test
The mesh independence test was performed on a 30 ul SGHF droplet volume for elements ranging
from coarse (538 elements) to extra fine (13733) mesh elements, as shown in Fig. 1 (c). It was
noticed that the results were considerably improved when the mesh density was increased from
538 (coarse) elements to 5407 (finer) elements. However, further increasing the mesh density to

13733 (extra fine) elements had a negligible effect on the velocity magnitude. Therefore, to
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improve the computational effectiveness of our model, the extra-fine mesh was used near the

droplet boundaries while finer mesh was used in the rest of the droplet domain.

As demonstrated in Fig. 1 (d), the numerical model for water droplet was validated using the PIV
experimental data on internal flow in a heated water droplet recently studied by Karlsson et al.
[44]. The validation was performed using the same droplet parameters and experimental conditions
as used by Karlsson et al. [44] in their investigation. As water droplet used in their experiments
had a contact radius below the capillary length, the sessile water droplet was assumed as a spherical
cap. Based on this assumption, the droplet height and contact radius data was used to determine
the droplet surface coordinates, which were subsequently used to develop the droplet geometry.
Fig. 1 (d) illustrates the mean velocity magnitude along the droplet height for time # = 20 — 50 s
during the droplet evaporation at substrate temperatures of 313.13 K and 323.13 K. It is observed
that our numerical model predicts the velocity profile with reasonable accuracy for both substrate
temperatures. However, small mean deviation of 8% for 313.13 K plots and 10% for 323.13 K
plots may be due to the model simplifications, such as neglecting evaporation effects from the

droplet surface or thermal plume effects from the heated surface around an evaporating droplet.

4. Results and discussion

4.1. Effect of mixing ratio on the SGHF thermal conductivity and droplet evaporation rate
The effect of mixing ratio on the SGHF thermal conductivity at different temperatures is illustrated
in Fig. 2 (b). Along x-axis, the mixing ratio increases with respect to Ag nanoparticle
concentration, where zero corresponds to GNP nanofluid and one corresponds to Ag nanofluid. It
is noticed that the MR-2 SGHF gives the highest measured thermal conductivity among considered
mixing ratios at all studied temperatures. This may be due to the synergistic effect induced by
inter-particle compatibility and a thermal pathway between suspended Ag and GNP nanoparticles
in MR-2 SGHF. It is observed that the thermal conductivity enhancement of MR-2 SGHF with
respect to the base fluid (water) is augmented from 2% to 8% with increasing temperature from 20
°C to 70 °C. This is a reasonable enhancement considering a low particle loading of 0.1% volume
fraction in this study. Since silver (Ag) nanoparticles are spherical in shape while graphene
nanoplatelets (GNP’s) have a planer structure, the synergistic thermal properties are achieved

when spherical Ag nanoparticles come in contact with the planer surface of GNP’s creating a
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thermal network with synergistic effects. Moreover, as the in-plane thermal conductivity of GNP’s
is about 10 times that of Ag nanoparticles [27,45], the synergistic thermal conductivity is achieved
for a mixing ratio of MR-2 (0.3Ag:0.7GNP) in current study, where GNP’s have a higher
concentration by volume than Ag nanoparticles. Fig. 2 (b) also shows that the modified Maxwell
model cannot be used to estimate the SGHF thermal conductivity and it largely under-predicts our
experimental data, as also reported by Takabi and Salehi [46]. They transformed the classical
Maxwell model (originally developed for single particle nanofluids) into the following modified

Maxwell model for hybrid nanofluids:

Pagkagt®enpkGnp
_ g 29 2 :ka+2(®AgkAg‘HDGNPkGNP)_ZQ)kW
kmod,Maxwell - kw Pagkag+tPGNPKGNP (4)
3 +2kyw—(0agkag+Penpkanp)+0ky

where @ is the volume fraction, @45 = MR®, @gyp = (1 — MR)® and ki, ksg and kgnp are the

thermal conductivities of water, Ag nanoparticle and graphene nanoplatelet (GNP), respectively.
Takabi and Salehi [46] also found that their modified Maxwell model could not correctly predict
the experimental data on hybrid nanofluid thermal conductivity. Therefore, we transform the
modified Maxwell model into a semi-empirical model by using our experimental data for the
SGHF thermal conductivity and is given as:

kseur = Ckmod,maxwel (5)
where the coefficient C depends on the SGHF mixing ratio (MR) and temperature (7) and is
determined as:

T-T,
To

)2 +0.1296MR3-0.00354 (ﬂ)3 (6)

C = 0.992+0.1694MR-(0.2981 MR*) +0.0172 ( T
where T, is the reference temperature equal to 20 °C, as it is the lowest temperature at which the
thermal conductivity was measured for SGHF samples. Equation (6) is the non-hierarchical
polynomial function containing all significant variables (p value < 0.05) with coefficient of
determination as R’ = 91%. Fig. 2 (b) illustrates that the proposed semi-empirical model in
equation (5) can estimate the SGHF thermal conductivity with better accuracy than the modified
Maxwell model [46]. By solving equation (6) for dC/dMR = 0, we can find the optimum mixing
ratio of MR, = 0.38 that gives the highest thermal conductivity for the SGHF at all studied
temperatures, as also shown in Fig. 2 (b). The thermal conductivity trend from our semi-empirical

model (dashed lines in Fig. 2 (b)) shows that it increases with increasing mixing ratio from 0 (GNP

nanofluid) to 0.38 (MR, and then decreases up to the mixing ratio of 1 (Ag nanofluid). The
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developed semi-empirical model can be further improved by incorporating other hybrid nanofluids

for a wide range of particle volume fraction.

The instantaneous evaporation rate for different mixing ratios and initial volumes (7;) of the SGHF
droplet on a heated copper surface is illustrated in Fig. 2 (¢). It can be noticed that all SGHF
droplets exhibit a quasi-steady evaporation rate, where the evaporation rate varies slowly during
the droplet lifetime on a heated copper surface. Furthermore, the initial transient period during the
droplet warm-up time is not observed in Fig. 2 (c). This may be due to a very short time-scale for
initial transient period of small sized droplets considered in this study. Also, the transient effects
near the end of droplet evaporation are not observed in Fig. 2 (c), possibly because measurements
were not obtained for droplet contact angles below 6° (as discussed in Section 2.3). It must be
noted that the instantaneous evaporation rate in Fig. 2 (c) cannot be compared to the evaporation
rate shown in Fig. 3, as these measurements were performed under different conditions and using
different experimental setups. Fig. 2 (d) demonstrates the corresponding contact angles and contact
diameters of evaporating SGHF droplets on a heated copper surface. It can be noticed that contact
angle varies in a similar manner for all studied mixing ratios of the SGHF droplet. Moreover, due
to the pinning effect induced by particle deposition during the SGHF droplet evaporation, the

droplets exhibit constant contact diameter on a heated copper surface, as illustrated in Fig. 2 (d).

Fig. 3 (a-d) shows the evaporation rate for different mixing ratios and volumes of the SGHF droplet
on a copper surface in a temperature range of 25-100 °C. For same droplet volume, almost the
same droplet evaporation rate is obtained for all SGHF mixing ratios on an un-heated copper
surface (i.e., 7y = T, = 25 °C). This is because droplet evaporation on an un-heated copper surface
mainly occurs due to the mass diffusion from droplet surface that is not affected by the SGHF
mixing ratio, as discussed in detail in our recent research [36]. However, as the copper surface is
heated, variation in droplet evaporation rate is observed for different mixing ratios of the same
volume of the SGHF droplet. Despite highest measured thermal conductivity for MR-2 SGHF (as
shown in Fig. 1 (d)), it is observed that GNP nanofluid and MR-1 SGHF droplets give highest
evaporation rates for all studied droplet volumes (3 pl, 15 pl, 30 pl and 60 pl) on a heated copper
surface among all considered mixing ratios. This suggests that other physical factors, such as the

droplet internal convection, also affect the SGHF droplet evaporation rate that will be further
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discussed in section 4.1.1. Fig. 3 (a-d) shows that enhancement in evaporation rates up to 93%,
55%, 52% and 62% can be obtained by using low mixing ratio SGHF droplets (MR < 0.1, i.e.,
GNP and MR-1) as compared to high mixing ratio droplets (MR > 0.9, i.e., MR-5 and Ag) for
droplet volumes of 3 pl, 15 ul, 30 ul and 60 pl, respectively. The relatively low evaporation rates
of high mixing ratio SGHF droplets may be due to their low thermal conductivity, as illustrated in
Fig. 1 (d). Furthermore, the evaporation rate in low mixing ratio SGHF droplets (MR < 0.1, i.e.,
GNP and MR-1) increases up to 218% with increasing droplet volume from 3 pl to 60 pl.

Fig. 4 (a-c) shows a comparison in evaporation rate of a 3 ul SGHF droplet for its various mixing
ratios on a copper surface and respective residue surfaces (V/Vsa =5, 10 and 20) in a temperature
range of 25-100 °C. It is observed that the SGHF droplet exhibits enhanced evaporation
performance on its heated residue surface as compared to the heated copper surface for all mixing
ratios. This is because the heated residue surface has a higher wettability than a heated copper
surface. High residue wettability increases the effective heat exchange area at droplet-solid
interface, resulting in high kinetic energy liquid molecules reaching the droplet-air interface from
high temperature droplet-solid interface due to droplet internal convection currents. The high
kinetic energy liquid molecules on reaching the droplet-air interface leave the droplet surface
resulting in high evaporation rates. The SGHF droplet residue wettability for its different mixing
ratios is discussed in detail in our recent study [36]. Moreover, increasing the residue size (droplet
volume ratio) from Vyu/Via =5 to Via/Vsa = 20 increases the subsequent droplet evaporation rate in
a range of 32 — 73%, as shown in Fig. 4 (a-c). This is because the droplet spreading on a wetted
residue surface increases with increasing residue size. Following a similar trend of droplet
evaporation on a copper surface, the low mixing ratio SGHF droplets (MR < 0.1, i.e., GNP and
MR-1) exhibit highest evaporation rates on their respective residue surfaces among all considered
mixing ratios. This enhancement in evaporation rate is due to the coupled effect of their enhanced
thermal conductivity and highly wetted residue surfaces as compared to partially wetted residue
surfaces for other mixing ratios. More details of residue wetting effects on pinning or de-pinning
of subsequent hybrid nanofluid droplets can be found in our recent studies [17,36]. Another reason
for high evaporation rates in low mixing ratio droplets may be the internal convection effects
induced by thermo-capillary (thermal Marangoni convection) or thermo-gravitational (natural

convection) forces, which is discussed in the next section 4.1.1.
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4.1.1. Internal convection effects in the SGHF droplet over a heated surface

In order to understand the relative strength of thermal Marangoni and natural convection forces
within the SGHF droplet on heated surfaces, the dynamic Bond number [Bos= Ra/Ma = pgBR*/(-
dy/dT)] is studied for different droplet volumes and residue sizes, as shown in Fig. 5 (a, b). For
determining the dynamic Bond number of the SGHF droplet, the surface tension gradient (dy/dT)
was obtained from Fig. 2 (a), while the volumetric expansion coefficient and the density were
determined as f=-1/p(dp/dT) and p=MR@p., + (1-MR)dpcnr + (1-¢)pw, respectively, where both £
and p were evaluated at 7=(7,+7)/2. It is noticed in Fig. 5 (a) that the dynamic Bond number
increases with increasing copper surface temperature and droplet volume, thereby suggesting an
increase in natural convection forces. However, the thermal Marangoni forces still dominate the
natural convection forces for studied droplet volumes and surface temperatures, as the dynamic
Bond number is below 1 (i.e., Bos < 1). Moreover, the dynamic Bond number in low mixing ratio
SGHEF droplets (MR < 0.1, i.e., GNP and MR-1) is lower than that of high mixing ratio droplets
(MR > 0.9, i.e., MR-5 and Ag). This shows that the relative magnitude of thermal Marangoni
forces are higher in low mixing ratio SGHF droplets as compared to high mixing ratio droplets.
This may be a reason for higher evaporation rates in low mixing ratio droplets as compared to high

mixing ratio droplets on a heated copper surface, as shown in Fig. 3 (a-d).

Fig. 5 (b) illustrates the dynamic Bond number of a subsequent 3 ul SGHF droplet on its residue
surface for different residue sizes and substrate temperatures. It is noticed that the dynamic Bond
number tremendously increases for low mixing ratio SGHF droplets with increasing residue size
from Vi/Vsa=5 to Via/Vsa=20. This is because the low mixing ratio droplets show higher spreading
on their extremely wetted residue surfaces than high mixing ratio droplets on their less wetted
residue surfaces (discussed in our previous study [36]). Although thermo-gravitational forces
increase in low mixing ratio droplets due to increase in the dynamic Bond number with increasing
residue size, the Marangoni forces still dominate the natural convection forces, as Boqs < 1. The
results in Fig. 5 (a) and (b) suggest that the thermal Marangoni convection may be a key factor
affecting the SGHF droplet evaporation on both heated copper and residue surfaces. However, the
relative effect of the thermal Marangoni and natural convection on the SGHF droplet internal flow

field and temperature distribution should also be investigated.
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Fig. 5 (c) and (d) demonstrate the internal flow field and temperature distribution in the SGHF
droplet, respectively, when both Marangoni and natural convection are considered (droplet left
half) as compared to the case when only natural convection is considered (droplet right half) for a
copper surface temperature of 75 = 60 °C. The Ag nanoparticles are shown by blue particles and
the graphene nanoplatelets (GNP) are represented by pink particles. In Fig. 5 (c), it is observed
that the velocity magnitude in the combined Marangoni and natural convection induced flow is
about two orders of magnitude to that induced by only natural convection. This suggests that
thermal Marangoni forces dominate natural convection forces inside the studied SGHF droplet.
Fig. 5 (d) illustrates that the average droplet internal temperature due to combined thermal
Marangoni and natural convection (droplet left half) is lower than that obtained from only natural
convection (droplet right half). This is because relatively high fluid velocity achieved from
dominating Marangoni convection generates a well-mixed internal flow, resulting in high droplet
near-wall (droplet-solid interface) temperatures and relatively low temperature in the rest of the
flow domain, as demonstrated in droplet left half of Fig. 5 (d). Conversely, extremely low fluid
velocity in natural convection induced flow domain results in thermally stratified layers signifying
poor flow mixing effects, as shown in droplet right half of Fig. 5 (d). These results indicate that a
well-mixed flow field mainly induced by thermal Marangoni convection rapidly transports the hot
fluid from droplet-solid interface to droplet-air interface, resulting in high droplet evaporation rates
over heated surfaces. Although Stokes-Einstein diffusivity increases with temperature, our
numerical model suggests that the Brownian motion of suspended hybrid nanoparticles have a
negligible effect on velocity and thermal fields of the SGHF droplet over a heated copper substrate.
This may be because thermophoretic forces dominate Brownian forces due to the temperature
gradient between the droplet-solid interface and the droplet-air interface. Some researchers also
suggested that thermophoresis dominate the Brownian diffusion up to two orders of magnitude in
a heated nanofluid system [47,48]. Moreover, it should be noted that the droplet image in Fig. 5
(d) shows the droplet internal temperature distribution, while the infrared thermal images in
supplementary material exhibit the droplet surface temperature distribution. For this reason, the
droplet temperature distribution from our model (Fig. 5 (d)) cannot be compared to that obtained

from infrared thermal images.
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Fig. 6 shows the separate effects of Marangoni and natural convection forces on velocity
magnitude along the droplet height (/) in SGHF droplets at the start of droplet evaporation (¢ =
2s) for copper surface temperature of 75 = 60 °C. The results show that the velocity magnitude
induced by thermal Marangoni convection is about 2—3 orders of magnitude the velocity induced
by natural convection for all studied droplet volumes in a range of 3—60 pl. This further suggests
that the thermal Marangoni forces dominate the natural convection forces in evaporating SGHF
droplets, as also shown in Fig. 5 (a-d). Fig. 6 insets show that velocity magnitude along the droplet
height in low mixing ratio droplets (MR < 0.1, i.e., GNP and MR-1) is higher than in high mixing
ratio droplets (MR > 0.9, i.e., MR-5 and Ag). This suggests the presence of relatively large thermal
Marangoni forces in low mixing ratio droplets that may be the reason for their higher evaporation
rates than high mixing ratio droplets (as shown in Fig. 3). In Fig. 6, the internal convection effects
in SGHF droplets is only shown for 7 = 60 °C, however, it is suggested that the thermal Marangoni
convection still dominates the natural convection for 75 > 60 °C. This is demonstrated in Fig. 5 (a,

b) by low dynamic Bond number values (Boq < 1) for Ts > 60 °C.

4.1.2. Development of a diffusion-convection evaporation model for the SGHF droplet

In a purely diffusive evaporation process, high evaporation rates near the droplet three-phase
contact line may lead to a coffee-ring residue pattern. However, in this research, uniform residue
patterns were observed from evaporation of all mixing ratios of SGHF droplets for copper surface
temperatures up to 100 °C. Moreover, the diffusion evaporation models based on the Fick’s law
of mass diffusion, when applied for droplets resting on heated surfaces, under-predict the measured
droplet evaporation rates. Research indicates that deviation between the experimental droplet
evaporation rate and that predicted by the diffusion model is 100% at (75 — T,)/T. = 1.8 [37,38].
This suggests that droplet evaporation on heated surfaces is contributed by both diffusive as well
as convective processes. Moreover, the dynamic bond number and the droplet internal velocity
and thermal fields in Fig. 5 (a-d) further indicate that thermal Marangoni forces much dominate
the natural convection forces. Therefore, the net evaporation rate of the SGHF droplet on a heated
surface is a combined effect of the mass diffusion and the thermal Marangoni convection and is
given by the following equation:

E=Ep+Eyc, (7)
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where Ep and Eumc are the droplet evaporation rates due to the mass diffusion and the thermal
Marangoni convection, respectively. The first term in equation (7) is the diffusion evaporation rate
(in pl/s) that can be obtained from the Fick’s law of mass diffusion as:

Ep = JomMCDR(x,,2 — x,1) /P, )
where x,,; = Psa/Pua 1s the vapor mole fraction at droplet-air interface and is defined as the ratio of
vapor saturation pressure (Psqs) to ambient air pressure (Py), x,,> = RHXx,,; is the vapor mole fraction
in surrounding ambient air (where RH = 0.3), R is the droplet contact radius and p is the water
density. The reason for considering water density instead of the SGHF density is that the
evaporated mass from the SGHF droplet only comprises water molecules while leaving a residue
of hybrid nanoparticles on a copper substrate at the end of evaporation. The molar concentration
(C) and mass diffusivity (D) of evaporating droplets were determined at an average temperature
of substrate and ambient air temperatures. The semi-empirical term J, is an evaporation constant
that is a function of the non-dimensional droplet contact radius (R/R,) for a copper surface, while
it depends on the mixing ratio (MR) and the droplet volume ratio (V7/Vsa) for a residue surface and

1s determined as:

i
Jo =a, + X7, a (Ri) (Copper surface), 9)

where a, =4.643, a; =-3.455, a> =0.804 and R, is the contact radius of the smallest droplet volume
of 3 pul considered in this study.

J
], = 2}11 b; (Z—fj) + Y2 _, ck (MR)¥ (Residue surface), (10)

where b; = 0.6707, b2 = -0.067, b3 = 0.0019, ¢> = -27.533, c3 = 117.456, c4 = -174.116 and c5 =
85.148. It must be noted that all coefficients in equations (9) and (10) were obtained using the
experimental data on the SGHF droplet evaporation rate (as shown in Fig. 3) for unheated substrate
(i.e., Ts = T, = 25 °C). Equation (9) is the quadratic equation with coefficient of determination as
R? = 99.4%, while equation (10) is the non-hierarchical polynomial function containing all
significant variables (p value < 0.05) with coefficient of determination as R’ = 98.7%. The second
unknown term in equation (7) is the evaporation rate due to the thermal Marangoni convection
(Emc). Equation (7) is re-arranged to obtain the non-dimensional form of the Marangoni
convection induced evaporation rate (Eumc/Ep) that is the function of the Marangoni number (Ma)
and is given as:

Ewc/Ep = (E/Ep) =1 = f(Ma) = C,Ma, (1)
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where Ma = RAT|(-dy/dT)(pCp/uk)scur and AT = Ts —T,. The term dy/dT is the surface tension
gradient for the SGHF and is obtained from Fig. 2 (a). The SGHF thermal conductivity (k) is
obtained from equation (5) while the parameters p, C, and u for the SGHF are determined from
the hybrid nanofluid classical models [16,20]. Exc/Ep in equation (11) is determined using our
experimental data for the net evaporation rate (£) and equation (8) for diffusion evaporation rate
(Ep). In equation (11), there exists a linear relationship between the terms Eyvc/Ep and Ma that can
be estimated by a straight-line equation with y-intercept equal to zero (as discussed in the
supplementary material). The coefficient C, in equation (11) is a function of the SGHF mixing
ratio (MR) and the dimensionless contact radius (R/R,) for a copper surface, given as:

Co =3 d;(R/R)" + X2 e, (MR)™  (Copper surface), (12)
where d; = 0.000205, d> =—0.0001, d5 = 0.000013, e; = —0.000066 and e> = 0.000047. Equation
(12) is a polynomial function containing all significant variables (p value = 0) with coefficient of
determination as R = 99.8%. For residue surfaces, equation (8) is highly sensitive to the coefficient
C,, therefore, C, is estimated as a high order polynomial function of mixing ratio (MR) and
determined as:

Xo + Yo Xn(MR)" = Vpy/Veq =5
Co =3 Yo + 251 Yp(MR)? = V¢q/Vsq = 10 (Residue surface), (13)
Z, + Zgzlzq(MR)q = Via/Vsa = 20
where x, = 0.000073, x; = —0.000853, x> = 0.013325, x3 = —0.066434, x; = 0.143436, x5 =
—0.139602, x5 = 0.050341, y, = 0.000044, y; = —0.000342, y> = 0.006254, y3 = —0.031893, y4+ =
0.069993, ys = —0.070106, ys = 0.026412, z, = 0.000043, z; = —0.00085, z> = 0.016384, z; =
—0.090322, z, = 0.210715, z5 = —0.2192 and zs = 0.08389. In equation (13), the coefficient of
determination obtained for all considered residues sizes is equal to R’ = 1. Substituting E4 from
equation (8) in equation (11) and re-arranging it gives the following relation for the SGHF net
droplet evaporation rate:
E = J,mMCDR(x,, — x,1)(1 + C,Ma)/p. (14)
Although the developed diffusion-convection model (equation (14)) closely estimates the SGHF
droplet evaporation rate on heated copper and residue surfaces, it also predicts the droplet

evaporation rate between the measured data points, as shown in Fig. 3 and Fig. 4.
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4.2. Effect of mixing ratio on the SGHF droplet boiling

Fig. 7 (a-d) shows the evaporation rate for different mixing ratios of SGHF droplets on a copper
surface in three distinct boiling regimes, i.e., the nucleate boiling, transition boiling and film
boiling. In Fig. 7 (a), the critical point (C,) is defined as the temperature where the droplet nucleate
boiling ends and transition boiling starts. The critical point is significantly important in thermal
applications, where the cooling process is maintained below the critical point in the nucleate
boiling regime to achieve high heat removal rates. As temperature exceeds the critical point, the
transition boiling occurs, where the droplet evaporation rate drastically drops and the required heat
may not be removed eventually resulting in device failures. Unlike droplet evaporation for surface
temperatures up to 7y = 100 °C, where low mixing ratio droplets (MR < 0.1) gave highest
evaporation rates (as shown in Fig. 3 and Fig. 4), a reverse behaviour is noticed in the nucleate
boiling regime, where high mixing ratio droplets (MR > 0.9) gave highest evaporation rates. This
is because high mixing ratio SGHF droplets expand more than low mixing ratio droplets (as
discussed in the supplementary material) during boiling on a heated copper surface due to the high
concentration of thermally conductive Ag nanoparticles. The highly energetic Ag nanoparticles
transfer their energy to surrounding water molecules inducing droplet agitation and eruption that
results in higher droplet expansion in high mixing ratio droplets as compared to low mixing ratio
droplets. The droplet expansion increases the droplet-solid interfacial heat exchange area resulting

in enhanced evaporation rates in high mixing ratio SGHF droplets.

At the critical point C, (75 = 125 °C), the droplet evaporation rate is almost the same for all SGHF
mixing ratios. This is because all mixing ratios of SGHF droplets undergo intense agitation and
eruption and therefore exhibit short life spans. Also, due to intense heat at the critical point C, (75
~ 125 °C), the droplets exhibit little expansion over the copper surface (as discussed in the
supplementary material) that results in almost the same evaporation rate for both low and high
mixing ratio droplets. In Fig. 7 (a-d), at the critical point C,, the droplet evaporation rate for SGHF
droplet volumes of 15 pl, 30 pul and 60 pl increases up to 112%, 256% and 620% as compared to
3 wl droplet volume. Following the critical point Cp, in the transition boiling regime, the droplet
evaporation rate starts decreasing with high mixing ratio droplets (MR > 0.9) exhibiting a sharper
decline than low mixing ratio droplets (MR < 0.1). Following the Leidenfrost point L, in the film-

boiling regime, the SGHF droplets almost give the same evaporation rate irrespective of their
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mixing ratio. This is because the droplet has a minimal contact area due to the vapour cushion
separating it from the heated surface, as shown in Fig. 7 (a) inset. The boiling dynamics of both

low and high mixing ratio SGHF droplets is discussed in the supplementary material.

Fig. 8 (a-c) shows a comparison in evaporation rate for various mixing ratios of a 3 pul SGHF
droplet on both copper and residue surfaces in the nucleate boiling regime (103 °C < 7, < 125 °C).
It is observed that the SGHF droplet on its wetted residue surface gives enhanced evaporation rates
as compared to the non-wetted copper surface, exhibiting maximum enhancement at 75, = 115 °C.
However, the droplet evaporation trend with respect to the mixing ratio on a residue surface is not
clear for Viu/Vsa=5 and Vya/Vsa = 10. This is because the first boiling droplet abruptly erupts small-
sized droplets resulting in a non-uniform residue surface. However, for Vyu/Via = 20, low mixing
ratio droplets (MR < 0.1) show higher evaporation rates than high mixing ratio droplets (MR >
0.9) on their respective residue surfaces. This is because low mixing ratio droplets exhibit large
spreading on their extremely wetted residue surfaces as compared to high mixing ratio droplets on
their less wetted residue surfaces, as demonstrated in Fig. 8 (d). Large droplet spreading (large
contact diameter) increases the droplet-solid heat exchange area that results in high evaporation
rates. However, at 7 = 115 °C, despite smaller contact area on a residue surface than on a copper
surface (as demonstrated in Fig. 8 (d)), the MR-5 droplet exhibits higher evaporation rate on a
residue surface than on a copper surface, as illustrated in Fig. 8 (¢). This may be because other
factors, such as, the MR-5 residue thermal conductivity or capillary effect across residue pores,
increase the evaporation rate of the subsequent MR-5 droplet on its own residue surface. Also, the
subsequent 3 pl SGHF droplets give similar evaporation rates for studied residue sizes of Vi/Via
=5, Via/Vsa= 10 and Va/Vsa = 20 due to non-uniform residue surfaces. Furthermore, as the SGHF
droplet rolls over the copper surface due to the reduced surface contact area in transition and film
boiling regimes, the subsequent droplet evaporation rate is only investigated up to the critical point

(Cp) in the nucleate boiling regime.

Fig. 9 (a) illustrates the latent heat flux of low (MR-1) and high mixing ratio (MR-5) droplets over
heated copper and residue surfaces in the nucleate boiling regime. The latent heat flux is
determined as Q = pEhy/A., where E is the droplet evaporation rate, Ay is the latent heat of
vaporization (hs,mr-1=2207.8+47.2 kl/kg and hse, mr-5=2325.5£31.7 kl/kg), A. 1s the droplet-solid
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contact area and p is the water density (as the evaporated mass only comprises water molecules
while leaving the residue on heated surface). The droplet-solid contact area (A4.) was measured
from the residue size at the end of the droplet boiling process. Based on propagation of error for
all measured data, the mean standard deviation was obtained for droplet latent heat flux, as shown
by error bars in Fig. 9 (a). It can be noticed that the latent heat flux for MR-5 droplets is higher
than MR-1 droplets due to their enhanced evaporation rates (as demonstrated in Fig. 7) and high
latent heat of vaporization. Despite an increase in evaporation rate with increasing droplet volume
in the nucleate boiling regime (as illustrated in Fig. 7), the latent heat flux generally decreases with
increasing droplet volume. This is due to the small contact area (A4.) of small droplets that results
in their high latent heat flux. However, a few large droplets exhibit higher heat flux due to their
much higher evaporation rates than small droplets, as shown in Fig. 9 (a). Furthermore, MR-5
droplets show higher heat flux than MR-1 droplets on their respective residues during the nucleate
boiling. Besides high latent heat of vaporization for the MR-5 droplet, high latent heat flux is also
due to the small contact area of the MR-5 droplet as compared to the MR-1 droplet on their
respective residues, as demonstrated in Fig. 8 (d). The highest latent heat flux of 890 W/cm? and
850 W/cm? are obtained for a 3 pl volume of MR-5 droplet on copper and residue surfaces,

respectively, at the critical point (C,) of Ty = 125 °C.

Fig. 9 (b) illustrates the effects of spray mean volumetric flux along with the Sauter mean droplet
diameter (d32) and maximum droplet velocity (Vax) on the critical heat flux (CHF) of MR-1 and
MR-5 SGHF spray cooling. It can be noticed that increasing the spray mean volumetric flux
increases the Sauter mean diameter and maximum droplet velocity for the spray cooling setup
developed in this research. It is observed that increasing the mean volumetric flux from 0.01
m>/m?s to 0.019 m*/m?s decreases the CHF by 8.6% for MR-1 spray cooling. However, a reverse
trend is noticed for MR-5 spray cooling, where the CHF increases by 87%. This suggests that high
heat dissipation flux can be removed from high heat flux devices using the MR-5 SGHF spray at
the mean volumetric flux of 0.019 m*/m?s. Moreover, the reverse effect of mean volumetric flux
on the CHF of MR-1 and MR-5 spray cooling may be due to the residue deposition during the
SGHEF spray cooling process. The deposited residues (as shown in Fig. 9 (b) insets) for MR-1 and
MR-5 sprays may have different surface properties (such as, roughness, porosity and thermal

conductivity) that may have different effect on the CHF of MR-1 and MR-5 spray cooling.
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5. Conclusions

In recent years, many high heat-dissipating devices challenged the cooling ability of existing
thermal fluids. The performance of these devices highly depends on cooling efficiency, which may
lead to device failures in extreme conditions. To address this concern, we studied the evaporation
and boiling behaviour for various mixing ratios of the silver-graphene hybrid nanofluid (SGHF)
droplet on heated copper and their own residue surfaces. We investigated effects of the synergistic
thermal conductivity and the thermal Marangoni convection on evaporation performance of the
SGHF droplet over heated surfaces. Based on our experimental and numerical findings, we
developed a diffusion-convection evaporation model that can predict the SGHF droplet
evaporation rate on heated surfaces in a temperature range of 25°C < T; < 100 °C. Our results
showed that the SGHF droplet evaporation and boiling performance highly depend on its mixing
ratio. However, in the film-boiling regime, the mixing ratio has a negligible effect on the SGHF
droplet evaporation rate. Furthermore, the SGHF droplet gave much higher evaporation rates on
its heated residue surface than on a heated copper surface. Following are the main conclusions

from this study:

e The MR-2 SGHF exhibits the highest synergistic thermal conductivity among all
experimentally studied mixing ratios.

e The low mixing ratio (MR < 0.1) SGHF droplets give highest evaporation rates for
substrate temperatures up to 100 °C.

¢ The high mixing ratio (MR > 0.1) SGHF droplets give the highest evaporation rates in the
nucleate boiling regime.

e The SGHF droplet evaporation rate on its residue surface increases up to 173% at 7x = 100
°C and by an order of magnitude in the nucleate boiling regime as compared to a copper
surface.

e The SGHF droplet evaporation rate increases up to 218% with increasing droplet volume
from 3 pl to 60 pl at a copper surface temperature of 7, =100 °C.

e At the critical point (Cp), the SGHF droplet evaporation rate increases up to 8 times with
increasing droplet volume from 3 pl to 60 pl on a copper surface.

e A3 pl MR-5 droplet exhibits the highest latent heat flux of 890 W/cm? and 850 W/cm? on

heated copper and residue surfaces, respectively, at the critical point of 75 = 125 °C.
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Fig. 9 (a) Latent heat flux for various droplet volumes of low mixing ratio (MR-1) and high
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40



	Droplet evaporation and boiling for different mixing ratios of the silver-graphene hybrid nanofluid over heated surfaces
	Abstract

	1. Introduction
	2. Experimental setup and procedure
	2.1. Hybrid nanofluid synthesis and thermal characterization
	2.2. Hybrid nanofluid droplet evaporation and boiling experiments
	2.3. Instantaneous droplet evaporation and contact angle measurements
	2.4. Hybrid nanofluid surface tension and latent heat measurements
	2.5. Hybrid nanofluid spray cooling experiments

	3. Numerical modelling
	3.1. Model validation and mesh independence test

	4. Results and discussion
	4.1. Effect of mixing ratio on the SGHF thermal conductivity and droplet evaporation rate
	4.1.1. Internal convection effects in the SGHF droplet over a heated surface
	4.1.2. Development of a diffusion-convection evaporation model for the SGHF droplet

	4.2. Effect of mixing ratio on the SGHF droplet boiling

	5. Conclusions
	Acknowledgements
	References




