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Abstract

This study investigates the hydrodynamic characteristics of droplet impingement on heated
surfaces and compares the effect of surface temperature when using water and a nanofluid on a
polished and nanostructured surface. Results are obtained for an impact Reynolds number and
Weber number of approximately 1700 and 25, respectively. Three discs are used: polished
silicon, nanostructured porous silicon and gold-coated polished silicon. Seven surface
temperatures, including single-phase (non-boiling) and two-phase (boiling) conditions, are
included. Droplet impact velocity, transient spreading diameter and dynamic contact angle are
measured. Results of water and a water-based single-wall carbon-nanotube nanofluid impinging
on a polished silicon surface are compared to determine the effects of nanoparticles on
impinging dynamics. The nanofluid results in larger spreading velocities, larger spreading
diameters and an increase in early-stage dynamic contact angle. Results of water impinging on
both polished silicon and nanostructured silicon show that the nanostructured surface enhances
the heat transfer for evaporative cooling at lower surface temperatures, which is indicated by a
shorter evaporation time. Using a nanofluid or a nanostructured surface can reduce the total
evaporation time up to 20% and 37%, respectively. Experimental data are compared with
models that predict dynamic contact angle and non-dimensional maximum spreading diameter.
Results show that the molecular-kinetic theory’s dynamic contact angle model agrees well with
current experimental data for later times, but over-predicts at early times. Predictions of
maximum spreading diameter based on surface energy analyses indicate that these models
over-predict unless empirical coefficients are adjusted to fit the test conditions. This is a
consequence of underestimates of the dissipative energy for the conditions studied.

(Some figures in this article are in colour only in the electronic version)

Nomenclature t time (s)
t* non-dimensional time, ¢ /(d,/v,)

Symbol Loy droplet evaporation time (s)
d droplet diameter (mm) 1, non-dimensional evaporation time, e, /(d,/v,)
d, droplet diameter prior to impact (mm) T temperature (°C)
dimax maximum spreading diameter (mm) T.o pre-impact surface temperature (°C)
d* non-dimensional droplet diameter, d /d,, v, droplet impact velocity (m s~!)
dr non-dimensional maximum spreading diameter, Subscript

dmax/ do w water
Waiss dissipation energy (J) nf nanofluid
E; surface energy (J) p polished surface
Ex kinetic energy (J) ns nanostructured surface
H droplet height (mm) Greek
H* non-dimensional droplet height, H /d, m fluid viscosity (cp)
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P fluid density (kg m~3)

y surface tension (N m™)

0 contact angle (deg)

Ocq—Nu  equilibrium contact angle, non-heated (deg)
0* non-dimensional contact angle, 6 /0y nu

1. Introduction and background

Droplet—surface impingement has been studied for well
over a hundred years and there is a rich literature
available on the topic. ~Most of the work has focused
on single-droplet—surface impingement, both experimentally,
numerically and theoretically. Spreading characteristics are
of great importance [1-4], such as spreading diameter, crown
evolution and dynamic contact angle. Important parameters
include the effect of surface conditions [5, 6], such as surface
roughness and surface temperatures. Droplet impinging on a
heated surface is of fundamental concern for spray cooling and
coating applications. Distinct stages during the evaporation
process for a single impinging drop have been identified, with
typically three stages being defined [7, 8]. These include
stage 1: initial impact, from drop impact on the surface
until flow oscillations subside; stage 2: constant contact area,
during which the droplet evaporates with a pinned contact
line while the contact angle decreases, during this stage most
of the evaporation occurs; stage 3: constant contact angle
when the contact angle reaches a critical value and the droplet
continues receding with a constant contact angle. The latter
two stages are also reported experimentally in [9] along with
a mathematical model to determine flow and thermal fields
for a evaporating sessile micro-drop on a flat heated substrate.
A two-stage evaporation process is simulated in this model:
constant wetting area and constant contact angle.

The hydrodynamics of droplet—surface interactions during
impact and during the boiling/evaporation process are complex
and very important in understanding the heat transfer process.
The study by Rioboo et al [10] provides a detailed description
of drop impact while examining a range of parameters
including Reynolds number, Weber number, wettability and
surface roughness. They show an initial kinematic stage that
scales very well over all conditions studied which occurs when
most of the drop momentum is vertical, rather than horizontal
in the later stages. This initial stage occurs within less than the
characteristic time defined as ¢V, /d,, where ¢ is time, V, the
impact velocity and d, the pre-impact diameter.

Sikalo and Ganic [11] provide a discussion of the
impingement process using a scaling similar to that used in [10]
and show a typical time to reach maximum spreading of the
order of 1-10 times the timescale, with larger Weber numbers
resulting in faster times to reach maximum spread, for fluid
properties near that of water. Rioboo et al [10] show larger
spreading diameters while keeping the Weber number constant
and increasing the Reynolds number.

The splash limit is typically determined by Weber number,
with Sikalo and Ganic [11] identifying an effect of surface
roughness which lowers the Weber number splash limit.
Droplet rebound occurs after initial spreading, eventually
reaching an equilibrium diameter while oscillating with a

transient contact angle, as shown by Shen et al [12] and others.
This complex process results in a transient film thickness near
the contact line that is expected to alter the local, transient heat
transfer rate.

Droplet dynamics in spray cooling has been reported by
Jia and Qiu [13]. They studied the addition of surfactants
to lower the droplet diameter prior to impingement. When
compared with pure water, the addition of surfactants results
in a lower superheat temperature for critical heat flux and a
very rapid rise of heat flux with increasing surface temperature
and a consequential constant heat flux beyond the critical
heat flux limit. Chandra et al [14] looked at variations of
contact angle on evaporation and measured evaporation times
versus initial surface temperature. They documented the
increase of heat transfer with increased wetting of the surface.
Bernardin et al [6] identified the temperature effects on water
droplet evaporation on aluminum and modeled evaporation
times based on a temperature-dependent surface tension. The
effect of a high resistance impact surface is shown to limit
evaporation times [15].

Dynamic contact angle is one of the important parameters
needed to characterize the impinging process. There are
several models used to predict dynamic contact angle as
a function of contact line velocity, such as the Hoffman
model [16], the hydrodynamic wetting theory model [17] and
the molecular-kinetic theory of wetting model [18]. Bayer and
Megaridis [19] experimentally studied contact angle dynamics
of water droplets impacting on smooth surfaces with widely
disparate wetting characteristics, and presented the relations of
dynamic contact angle and contact line velocity.

Maximum spreading diameter is also an important
parameter that is predicted by several models [5, 20-22].
These models are based on surface energy analysis of the
droplet before impact and at maximum spreading. The
difference among these models is the estimation of dissipation
energy. Chandra and Avedisian [20] developed a model to
predict droplet spreading for heated droplets and simplified
the dissipation energy estimation using impact velocity and the
height when the drop reaches maximum diameter. Pasandideh
Fard et al [21] estimated the dissipation energy within the
boundary layer instead of using the entire height of the
drop lamella. Mao and Kuhn [22] improved the P-F model
by introducing empirical coefficients. These three models
generally under-estimated the dissipation energy, and thereby
over-predict the maximum spreading diameter. Liu et al
[5] treated the droplet spreading as a stagnation point flow
and expressed dissipation energy due to friction. They
also considered the influence of surface roughness, adding
a surface roughness term in the energy balance. With the
empirical coefficient correlated with their experimental data,
the prediction of maximum diameter agreed well.

A detailed review of models associated with drop impact
is given by Yarin [23]. The ability of an energy-based model
to properly predict spreading has been questioned [24]. The
ability to predict the complex flow associated with the rim
is generally neglected in the energy-based models, whereas
a self-similar velocity distribution in the lamella has been
identified based on numerical simulations. This is then used
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to determine a better prediction for high Reynolds and Weber
numbers.

Micro-structured surfaces, such as straight, cubic and
pyramid fins, have been shown to enhance heat transfer during
spray cooling compared with smooth surfaces [25-28]. Four
regimes have been identified: flooded, thin film, partial dry-
out and dry-out. The micro-structures are most suited in
the thin film and partial dry-out regimes because of the
wetting enhancement. Sodtke and Stephan [28] demonstrated
that micro-structured surfaces lead to increased contact line
length and thereby increases the overall heat flux. Li and
Peterson [29] studied the influence of a micro-porous coated
surface in pool boiling, concluding that improved wetting area
in the micro-porous coating enhances overall heat transfer and
that the wall superheat also occurs over a narrower range
during boiling than for a smooth surface. Sriraman and
Banerjee [30] extended pool boiling studies to nanostructured
silicon surfaces. A significant enhancement, of the order of
40% for a given wall superheating, was observed.

Some recent studies show that the use of nanofluids is
a promising option for heat transfer enhancement. However,
this is not conclusive and the mechanisms for enhancement are
still not fully understood. Das and Kumar [31] give a general
review of the cooling potential of nanofluids and suggested that
these fluids may have a significant impact on cooling. Other
studies have been designed to improve the understanding, and
to quantify, how thermal properties may be affected by the
presence of nanoparticles in liquids [32-34]. To the authors’
knowledge there are no studies in the literature concerning
droplet impingement dynamics of nanofluids.

The objectives of the current study are to experimentally
explore the hydrodynamic characteristics of an individual
droplet impinging on a heated surface at various surface
temperatures using high speed imaging. The study also
investigates the effect of nanofluids and nanostructured
surfaces using a single-wall carbon-nanotube (SWCNT)
nanofluid and a nanoporous structured surface. This study
focuses on the following:

(1) deionized water droplets impinging on a polished surface
at various surface temperatures resulting in single-phase
(non-boiling) and two-phase (boiling) conditions,

(2) deionized water droplets impinging on a nanoporous
structured surface for non-boiling and boiling surface
temperatures, and

(3) water-based SWCNT nanofluid droplets impinging on a
polished surface for non-boiling surface temperatures.

In addition, the disc surface temperature was also measured
in separate experiments using a thin deposited gold layer on
the polished silicon surface. The gold layer allows direct
infrared imaging of the solid surface rather than the fluid.
This method, along with detailed thermal results, are discussed
in [35]. Results include the initial impact hydrodynamics,
while looking at the ability of existing models to predict
maximum spread distances. Also, the ability to predict
the dynamic contact angle is presented along with some
characteristics of the total evaporation process.

J Shen et al
Liquid reservoir Waveform
generator
o
Impingement surface * .
(silicon heater disk) * Droplet generator with
o piezoelectric oscillator
B

-:)_

HSHR camera

\\ Power supply for
disk heating

IR camera

Manifold

Figure 1. Sketch of the test facility.

2. Experimental set-up and data analysis

Distilled deionized water and nanofluid droplets impinging
on solid surfaces were studied by recording the impingement
process with a high speed camera at 7400 framess~'. A
sketch of the experimental set-up is shown in figure 1. The
components include the following: droplet generation system,
impingement surface and heating system, imaging and lighting
system. All components were synchronized so as to achieve
simultaneous droplet imaging and thermal measurements.

The droplet generation system includes a Tektronix
AWG 2021 Arbitrary Waveform Generator, a portable EL
ageing driver sine wave I/O amplifier, a fluid reservoir and
a piezoelectric driven droplet generator. The waveform
generator produces a trigger to synchronize the droplet
generator and camera. The droplet size and velocity at
impingement were measured for a large number of samples to
ensure repeatability. In this study, the impact drop diameter
is 1.29 mm with a standard deviation of 0.03 mm for water
and 1.18 mm with a standard deviation of 0.05 mm for the
nanofluid. The impact velocity is 1.18 m s~! with a standard
deviation of 0.03 mm for water and 1.20 mm with a standard
deviation of 0.04 mm for the nanofluid. The mean and standard
deviation of droplet diameter and impact velocity for water
and nanofluid is summarized and presented in table 1. The
water droplet diameter is 8.5% larger than the nanofluid, and
the water impact velocity is less than 1.7% different from that
of the nanofluid.

Distilled deionized water and single-wall carbon-nanotube
(SWCNT) nanofluid were used in the experiments to study the
effect of nanoparticles on droplet impingement dynamics. The
nanofluid is a water-based suspension with 0.2% by weight
SWCNT and 0.5% by weight gum arabic. The range of
diameters and lengths of the SWCNT is about 0.5-10 nm and
100-2000 nm, respectively. The nanofluid was prepared in a
clean room following the procedure given in [36]. SWCNT and
gum arabic powder were mixed in distilled deionized water.
The mixture was then ultrasonicated for 3 h to obtain a stable
nanoparticle suspension. Before each set of experiments the
nanofluid was ultrasonicated for 3 h again to ensure full mixing
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(a)

Figure 2. AFM images of the different test surfaces and photos of the actual discs: (a) polished silicon; (b) gold-coated silicon;

(c) nanostructured porous silicon.

Table 1. Fluid properties at 25 °C and test conditions.

Fluid d, (mm) v, (ms™h) Re, We, pkegm™3) p(cp) y (dynecm™)
‘Water 1.29+0.03 1.18+0.03 1726 252 990.95 0.88 70.52
Nanofluid® 1.18 20.05 1.204+0.04 1615 23.3 996.77 1.195>  72.69

# Distilled deionized water with 0.2% by weight SWCNTs and 0.5% by weight gum arabic.
b Is measured from base fluid (distilled deionized water with 0.5% by weight gum arabic).

of the nanoparticles and base fluid. After each set of tests all the
droplet delivery systems and surfaces were flushed and cleaned
with distilled deionized water.

Three different impingement surfaces were used: a
polished silicon, a thin gold-layer-coated silicon and a
nanostructured silicon surface. Each impingement surface was
a silicon disc with different surface treatment and was heated
using thin film heaters underneath the disc. The silicon disc
was 38 mm in diameter and 0.5 mm thickness. Images of the
three surfaces and the impingement discs are shown in figure 2.

The imaging system includes a 10x micro-objective and
a Phantom 5.0 high speed high resolution camera recording
the dynamics of droplet impingement from a side view. The
field of view of the 10x objective and adapter is approximately
5 mm square, with a resolution of 9 um/pixel. The working
distance was 3.5 cm. The pre-impact surface temperature was
measured using the IR imaging system with a gold layer on the
silicon and is also verified using two thermocouples placed in
direct contact with the disc and covered with a thin layer of
Ga-Sn to ensure an accurate surface temperature reading.

Density, viscosity and surface tension were measured for
both water and the nanofluid. The measured density was
991 kgm™> and 997 kg m—3 for water and the nanofluid,

respectively, with an uncertainty of less than 1%. Dynamic
viscosity was measured using a Cambridge Viscosity Inc.
ViscoLab 450 viscometer, with a accuracy +0.02 cp or
+1.0% of full range. The measured dynamic viscosity of
water and base fluid of the nanofluid at room temperature
(25°C) was 0.88 cp and 1.195 cp, respectively. The pendant
drop method was used to determine the surface tension.
Details of the pendant drop method can be found in [37—40].
The measured surface tension of water and nanofluid were
70.52 and 72.69 dyne cm™!, respectively. Fluids property
measurement results are summarized in table 1 where the
data were taken at room temperature, nominally 25°C. The
water and nanofluid are very similar in density and surface
tension, but have a 37% difference in dynamic viscosity. The
wettability of the fluids and surface combinations is given
in table 2 in terms of the equilibrium contact angle at room
temperature conditions. Water on the nanostructured surface
has a significantly larger contact angle (more wetting) than
for the polished surface. Similarly the nanofluid contact angle
increases for the gold surface, but is less than that for water on
the polished surface.

Surface heating conditions are summarized in table 3
where Py is the total power in watts applied to the heater
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Table 2. Wettability of water and nanofluids on the various surfaces.

Beqxit (a1 25°C) (deg)

Water on polished surface (w—p) 46
Water on gold surface (w—g) 58
Water on nanostructured surface (w—ns) 65
Nanofluid on polished surface (nf—p) 32
Nanofluid on gold surface (nf-g) 54

Table 3. Pre-impact surface temperature summary.

Non-boiling
T0 T1 T2 T3 T4 TS5 T6

Boiling

P (W) 0 18 3.1 43 5.1 54 57
T,,(°C) 25 689 87.1 1117 146.1 1534 185.0

rings and 7T, is the surface temperature before droplet impact.
The seven surface temperatures correspond to one of three
conditions: a non-heating (room temperature) case, three non-
boiling cases and three boiling cases.

The molecular-kinetic theory’s dynamic contact angle
model is evaluated by comparing the experimental data with
the prediction of dynamic contact angle as a function of
contact line velocity. The M-K model is based on molecular
displacement theory; the contact line velocity can be expressed
as equation (1):

2

o . oA
v = 2k, sinh {

2kBT(COSGE — cos@)} (1)

where v, is contact line velocity, kg is the frequency of
the molecular displacement, A is the average molecular
path distance, kg is the Boltzmann constant, 7 is absolute
temperature in kelvin, 6g is the equilibrium contact angle and
6 is the dynamic contact angle.

Four models used to predict maximum spreading diameter
are evaluated in this study. These models are based on energy
analysis of a droplet before impact and at maximum spreading.
The energy prior to impact includes the kinetic energy and
droplet—surface energy. At droplet maximum spread the kinetic
energy is taken as zero, due to zero velocity and only consists
of the surface energy, with the drop approximated as a flat disc.
During spreading energy is dissipated by viscous action with

the surface. The basic energy balance can be expressed in
pvd,
oLV

non-dimensional form, with Re = %d", We = and

drw = d;“‘ by equating the sum of the initial kinetic and
surface energies to the final energy less the energy dissipated

Wiiss as, see [5] or [20]:

Waiss _ We 1 2 1
nd2oy  \ 12 3dr, 4

max

(1 —cosf,)d?  (2)

where p is the density, opy is the liquid vapor surface tension,
d, is the droplet diameter prior to impact and dpm.x is the
maximum spreading diameter.

The four models used to predict maximum spreading use
different approximations to arrive at an expression for the total
dissipation by viscous forces, Wyiss. The models estimate this
assuming a velocity gradient at the surface valid over the entire

Table 4. Model comparison of dissipation terms for maximum
spreading diameter prediction.

Wdiss
Model
ﬂdg(fL\/
3We ,
Chandra B
8Re
We
P-F 2
3V Reﬁ
W83 )
Mao Ozmﬁ
Li 0.0018 ¢ [1+27 3(R“)0'76]54
iu . — .
A/ Re du

Ra is the surface roughness

contact region. The Chandra model simplifies the estimation
by scaling the velocity gradient with the impact velocity and
the droplet height when the drop reaches maximum diameter.
The P-F model estimates the dissipation energy within a thin
boundary layer based on laminar boundary layer growth. The
Mao model again uses a thin laminar boundary layer for
scaling, but introduces empirical coefficients. Finally, the Liu
model treats the droplet spreading as a stagnation point flow
and expresses dissipation energy due to friction, while also
considering the influence of surface roughness. Table 4 shows
the dissipation term estimation for each of the four models. For
the Liu model a set of coefficients are also developed based on
the current experimental data.

The data used to evaluate the models were obtained
using the image data by applying the Prewitt method of edge
detection, which is based on a maximum gradient method,
as shown in figure 3. The method was used to determine
the droplet diameter, impact velocity, impact time, spreading
diameter, spreading velocity, spreading height and contact
angle, as illustrated in figure 3(b). Figure 3(a) shows images
of the droplet during the initial impact. The first image shows
the droplet just prior to impact. From the frames prior to
impact, the droplet diameter (d, ) and impact velocity (v,) were
measured. The time is determined to be zero at the moment of
impact and the spreading time can be calculated relative to the
impact time.

3. Results

3.1. Impingement process

As reported in [35] and elsewhere, distinct stages are observed
during impingement. In this case of non-splashing with
heat transfer the stages are: initial impact (with a large
temperature transient), boiling (if the surface temperature
is high enough), evaporation (with near-constant wetting
diameter and temperature), evaporation (with a receding
contact line) and final dry-out. Images of a typical
impingement with boiling are shown in figure 4, where (a)—
(e) are the images corresponding to the five stages listed.
During initial impact, the droplet rapidly spreads, rebounds
and then oscillates at a near-constant wetting diameter. Boiling
involves initial nucleation followed by severe boiling including
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Figure 3. Image processing illustration: (a) raw images; (b) images of edge detection and parameter measurement illustration.
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Figure 4. Droplet images of the five stages of impingement process for water impinging on polished surface at 7; , = 185 °C: (a) initial
impact, (b) boiling, (c) near-constant wetting diameter evaporation, (d) fast receding contact line evaporation, (e) final dry-out.

droplet ejection and expansion, and evaporative cooling with
the absence of boiling. At non-boiling heating levels the
droplet experiences evaporation once the oscillation period
ends. Droplet height decreases while the wetting diameter
remains nearly constant. When a critical angle is reached,
the droplet diameter diminishes rapidly and then dry-out
occurs. Figure 5 shows the spreading diameter evolution
during impingement at a surface temperature of 153 °C, using
water droplets impinging on a polished surface as an example.
The droplet diameter is non-dimensionalized by the pre-impact

diameter, d* = d/d,. The five stages are marked in the figure
as A-E. Stage A, initial impact, takes place in less than 1%
of the total impingement time. The details of this stage are
presented later. Stage B, boiling, lasts about 10%—15% of the
total time to full evaporation. During this stage, the droplet
wetting diameter has great variations due to droplet ejection
and expansion. Stage C, near-constant wetting diameter
evaporation, has the droplet wetting diameter nearly constant
while droplet height and contact angle decrease. This stage
lasts about 60% of the total evaporation time and is followed by
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Figure 5. Non-dimensional spreading diameter (d*) as a function of
scaled non-dimensional time (¢/f.): illustration of the five stages of
impingement process for water impinging on polished surface at

T:, = 153°C: (A) initial impact, (B) boiling, (C) near-constant
wetting diameter evaporation, (D) fast receding contact line
evaporation, (E) final dry-out.

stages D and E, fast receding contact line evaporation and final
dry-out. These two stages occur very rapidly compared to stage
C. In figure 5, at the beginning of stage D, the wetting diameter
jumps then stays constant again during stage D before the rapid
decrease. During stage C, the contact angle decreases due to
mass loss during evaporation. When a critical contact angle is
reached, the droplet is observed to make a near-instantaneous
jump to a smaller contact area with the surface, resulting in
a higher contact angle and higher droplet height. A possible
explanation is that, when the contact angle reaches a critical
value, the component of the surface tension force along the
surface at the three-phase interface becomes large enough to
nearly instantaneously reduce the diameter which results in
a greater contact angle and stable configuration. Once this
occurs the droplet continues to evaporate, again decreasing
the contact angle. A series of discrete critical angles may
occur with the corresponding instantaneous jump to smaller
diameters. Eventually total dry-out occurs. The critical contact
angle, for all surfaces, was measured just prior to this rapid
jump and for all pre-impact surface temperatures and all three
surfaces. The critical contact angle is found to be remarkably
constant at approximately 10°.

Figure 6 compares the droplet diameter evolution for six
different surface temperatures corresponding to non-boiling
and boiling conditions for water droplets impinging on the
nanostructured surface. It shows the droplet spreading
diameter as a function of time. Note here that the time is
non-dimensionalized by the total evaporation time, so as to
compare the spreading stages at different surface temperature
conditions, since the total evaporation times are greatly
different for different surface temperature conditions. The total
time for evaporation, shown in table 5, ranges from 1.3 to
53.2 s, for surface temperatures ranging from 68.9 to 185 °C.
Figure 6(a) is for non-boiling conditions and (b) is for boiling
conditions. When non-boiling, the droplet spreads further
after initial impact compared to that for boiling conditions.
The droplet spreading diameter starts decreasing earlier in the
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W-118
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Figure 6. Impingement process non-dimensional spreading diameter
(d*) as a function of non-dimensional time (¢*) for water impinging
on the nanostructured surface at six pre-impact surface temperatures:
(a) non-boiling: 71 = 68.9°C, T2 =87.1°C, T3 = 111.7°C;

(b) boiling: T4 = 146.1°C, T5 = 153.4°C, T6 = 185.0°C.

Table 5. Evaporation time versus surface temperature for: water on
the polished surface (w—p), water on the nanostructured surface
(w-ns) and nanofluid on the polished surface (nf—p).

T,,(°C) 689 87.1 1117 146.1 1534 185.0
fevwp (5) 532 160 6.1 3.1 24 1.3
fowons () 377 136 50 30 2.1 1.7
fovmip (8) 250 117 38  — — —

boiling condition than the non-boiling condition. These trends
are observed in the cases of water impinging on all three
surfaces.

The total normalized evaporation times (normalized by
d,/v,) as a function of surface temperature are presented in
figure 7. The total evaporation time of water impinging on
the polished surface, water impinging on the nanostructured
surface and the nanofluid impinging on the polished surface
are compared. The evaporation times for the nanofluid and
nanostructured surface are consistently lower than those for
the polished surface. The evaporation time difference is most
pronounced at the lower surface temperatures, which are the
non-boiling cases. Evaluating all cases it is found that the
decrease of the total evaporation time for the nanostructured
surface remains at about 20% for both the non-boiling and
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Figure 7. Non-dimensional evaporation time (£},) as a function of
pre-impact surface temperature (75 ,) for three cases: water on
polished surface, water on nanostructured surface and nanofluid on
polished surface.

boiling cases and 37% for the nanofluid in non-boiling cases.
The decrease of the total evaporation time is believed to be
a consequence of the increased spreading diameter for both
nanofluid and nanostructured heated cases. For the same
droplet size and velocity, this result may have consequences in
improving spray cooling applications. However, data needs to
be extended to a large range of nanofluids and nanostructured
surfaces looking at relevant effects of size scales and surface
characteristics.

3.2. Initial impact stage

During the entire impingement process the droplet goes
through impact, advancing, maximum spreading, receding and
a period of oscillation with pinned contact line. For the non-
heating case once the oscillations diminish the drop comes into
equilibrium at a contact angle denoted as 0cq_ny. Figure 8
shows droplet images at typical moments during the initial
impact stage. Figure 9 illustrates the normalized spreading
parameters as a function of time for a typical non-boiling
case. All variables are normalized by the pre-impact values.
The non-dimensional parameters include spreading diameter,
spreading velocity, droplet height and dynamic contact angle.
Figure 9(a) shows a rapid initial advancing to a maximum
diameter followed by a rebound. The maximum spreading for
all cases occurs within t* < 2 and the initial rebound occurs
within * < 5. In figure 9(b), the spreading velocity shows an

(a) (b)

t=1.56 ms

t=-0.06 ms t=0.61 ms

inverse relationship to the spreading diameter, with a maximum
value right after impact, then reaches zero when the spreading
diameter is at its maximum. Figures 9(c) and (d) show that
the droplet height and contact angle are at essentially the same
phase oscillating, where a higher droplet height results in larger
contact angles. These are shown to illustrate the oscillatory
behavior of the droplets even after the contact line has come to
rest, as shown in figure 9(a).

The effect of using a nanostructured surface is evaluated
by comparing the results of water droplets impinging on
three different surfaces: polished silicon, gold-coated silicon
and a nanostructured silicon at both non-boiling and boiling
conditions. The comparison of spreading diameter, droplet
height and dynamic contact angle are shown in figures 10—
12. Results at three surface temperatures corresponding to non-
heating (7'0), non-boiling (72) and boiling (T'5) conditions are
presented. These results are averages over typically ten runs.
Water droplets impinging on a polished surface are used as a
reference case.

Figure 10 shows representative non-dimensional time
traces of the droplet spreading diameter for non-heating,
non-boiling and boiling cases. For non-heating conditions,
in figure 10(a), the initial spreading is not significantly
affected by the different surfaces. However, the equilibrium
spreading diameter is different, with the largest occurring
for the polished surface. The reduction in spreading for
the gold and nanostructured surfaces is consistent with the
observed increase in droplet height for these cases as shown
in figure 11(a). In figure 10(b), the non-boiling heated cases
show a reduction in spreading for the polished and gold
surfaces while the nanostructured surface shows an increase.
In figure 10(c), for the boiling cases all equilibrium spreading
diameters are shown to be reduced, with the nanostructured
spreading diameter the largest for these cases. The increased
spreading over the nanostructured surface suggests a greater
potential for increased surface transport.

The corresponding change in droplet height during initial
impact is shown in figure 11. The initial spreading and
rebound is similar for all cases. The subsequent oscillations all
seem to exhibit approximately the same phase and amplitude.
The boiling cases show increased heights, consistent with
the observed reduction in spreading diameter shown in
figure 10(c). As would be expected there is little effect of the
surface on the droplet height dynamics.

The time traces of the normalized dynamic contact angle,
0* (normalized by the equilibrium value for non-heating
conditions) are shown in figure 12. The time responses

(©) (d) (e)

t=3.18 ms t=37.60 ms

Figure 8. Typical moments of droplet initial impact stage: (a) before impact, (b) advancing, (c) maximum spreading, (d) receding,

(e) oscillating.



J. Phys.: Condens. Matter 21 (2009) 464133

J Shen et al

15
£
=
05! ]
% 50 100
t*
(c)
08
3 06 1
5
| T—
02 :
0 50 100
t*

2
1
®
-
0
-1 .
0 50 100
t*
(d)
100
4 .
8 50 Hﬂ FAMAAAA s
S sop) e
0 L
0 50 100
t*
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are similar: however, the gold and nanostructured surfaces
show a reduction of the initial relative advancing contact
angle. This difference is larger for the heated cases, with
differences extending over the entire oscillatory period of the
initial impact stage when the surface is heated. These results
indicate that the surface energy differences are enhanced
somewhat for the nanostructured surface with a reduction of
the relative advancing and receding contact angles during the
initial impact. Also, the contact angle oscillations that occur
once spreading has come to equilibrium seem to be damped.

Based on these results it is seen that the initial spreading,
consisting of a moving contact line, is essentially complete
beyond * = 5 for all surfaces. However, oscillations and
resultant internal motion persist well beyond this, t* > 20.
During the initial spreading time, the droplet is experiencing
an initial rapid temperature rise while the surface temperature
is dropping. However, the bulk of the heat transfer occurs after
the droplet has reached an equilibrium diameter [35].

Similarly, the effect of using the nanofluid is evaluated by
comparing the results of the nanofluid droplet impinging on a
polished surface and a gold-coated surface with water droplets
impinging on a polished surface for non-boiling conditions.
Here the case of water impinging on a polished surface serves
as a reference case. The droplet spreading diameter, droplet
height and dynamic contact angle comparison are shown in
figures 13-15, respectively, for surface temperatures in a non-
heating (7°0) and non-boiling (7'2) condition.

For non-heating conditions, figure 13(a), the nanofluid
impingement shows a similar trend to water: the initial
spreading is complete within * < 5 and the oscillation
of droplet height and contact angle continues beyond ¢* >
20. The spreading diameter for all three cases shows
little difference, with the nanofluid equilibrium diameter a
little larger than that of water impinging on a polished

surface. However, for the non-boiling condition, figure 13(b),
with a higher surface temperature, the spreading diameter
of the nanofluid increases significantly while that of water
decreases somewhat. Both maximum spreading diameter and
equilibrium diameter are much larger for 72 = 87.1°C than
for the non-heating condition. Correspondingly, as shown in
figures 14 and 15, the droplet height and equilibrium contact
angle decrease significantly for 72 87.1°C compared
with 70 = 25°C, due to the increase of droplet spreading
diameter, for a given droplet volume. The results indicate that
the nanofluid spreads much further than water as the surface
temperature increases, which results in a larger contact area,
and therefore the shorter total evaporation time and enhanced
heat transfer eventually. This is consistent with the greater
wettability of the fluid at room temperature.

During spreading the molecular-kinetic theory’s (M-K)
dynamic contact angle model was evaluated by comparing
the experimental data with the prediction of dynamic contact
angle as a function of contact line velocity. The parameters
used in the model were not adjusted for each different case
and are based on the result of the experimental and numerical
study of Sangplung and Liburdy [4]; the values used are
Ky = 4.62 x 107 sV and A = 6.25 x 1071 m. These
values are consistent with those given in [19] for a range of
liquids and solid surfaces. Figure 16 shows the comparison
of experimental data (water impinging on a polished surface)
with the M-K model prediction at three different surface
temperatures, corresponding to non-heating, non-boiling and
boiling conditions. Droplet spreading velocities are high for
t* < 5 right after initial impact, then decrease rapidly during
oscillations as shown in figure 9(b). Hence most velocity data
are at the lower range (v < 0.1). Results show that the M-
K model agrees well with current experimental data for the
low velocity range (less than 0.1), but largely over-predicts
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Figure 10. Initial impact: non-dimensional spreading diameter (d*)
as a function of non-dimensional time (¢*) for water droplets
impinging on three surfaces (polished, gold-coated and
nanostructured porous surfaces), (a) non-heating, 70 = 25°C;

(b) non-boiling 72 = 87.1°C; (c) boiling 75 = 153.4°C.

the dynamic contact angle at higher velocities (which occur
right after initial impact). The trend of the data shows that
at the higher velocities the dynamic contact angle actually
decreases. This decrease is shown to occur for non-wetting,
high momentum drops [19]. However, here it is shown for
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Figure 11. Initial impact: non-dimensional droplet height (H*) as a
function of non-dimensional time (#*) for water droplets impinging
on three surfaces (polished, gold-coated and nanostructured porous
surfaces), (a) non-heating, 70 = 25 °C; (b) non-boiling

T2 =87.1°C; (c) boiling T'5 = 153.4°C.

partially wetting drops. This is mostly likely a consequence
of the complex flow pattern within the drop during impact at
high inertia where there is a rapid change in fluid momentum
(direction and magnitude). Also a thin precursor film most
likely has not developed at this point, altering the contact line
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(b) non-boiling 72 = 87.1°C; (c) boiling 75 = 153.4°C.

region characteristics and relevant force relationship such as
inertia, gravitational and surface tension during this portion
of the flow. Bayer and Megaridis [19] provide extensive
comparisons with the M-K model showing variations in first
and second cycle results, attributed to a possible thin liquid
film developing after the first cycle. They also found that the
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Figure 13. Initial impact: non-dimensional droplet spreading
diameter (d*) as a function of non-dimensional time (¢*) at:

(a) non-heating 70 = 25 °C; (b) non-boiling 72 = 87.1 °C for three
cases (nanofluid on polished and gold-coated surfaces and water on
polished surface).

partially wetting and wetting cases yielded better consistency
with the model than the non-wetting case. The partially
wettable surface results of [19] do show a slight overshoot as
seen in figure 16 but it is not as pronounced. This may be a
result of a higher inertia at impact in the present case.
Maximum spreading diameter at initial impact is one of
the important parameters to characterize droplet impingement
dynamics and subsequent heat transfer. The maximum
diameter typically occurs within #* < 2. The results
of the predictions using the four models based on surface
energy analysis, described previously, are compared with
current experimental data in figure 17. The designation ‘Liu
empirical’ uses Liu’s model with the empirical coefficients
obtained from data in the current study. It should be noted
that Liu’s data was at significantly larger Reynolds numbers
(9200-26 500) and Weber number (258—1670) than the current
data by approximately an order of magnitude. Results show
that the four non-dimensional maximum spreading diameter
predictions all significantly over-predict the results. This
over-prediction is due to the relative under-estimation of the
dissipation energy during the impinging process. By adjusting
Liu’s model using the data from this study the predictions can
be made to match experimental results, but this is merely force-
fitting the data. For the conditions studied these models fail to
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Figure 14. Initial impact: non-dimensional droplet height (H*) as a
function of non-dimensional time (#*) at: (a) non-heating

T0 = 25°C; (b) non-boiling 72 = 87.1 °C for three cases (nanofluid
on polished and gold-coated surfaces and water on polished surface).

predict spreading and a more universal relationship needs to
be found to properly predict the maximum spreading diameter.
Consequently, models based on more realistic dissipation
estimates such as by Roisman et al [24] may be required.

4. Conclusions

This study investigates the hydrodynamic characteristics of
droplets impinging on heated surfaces using high speed
imaging and evaluates the effect of surface temperature for
water and a nanofluid on both polished and nanostructured
surfaces.  Droplet impingement behavior is summarized
in terms of the observation of five stages: initial impact,
boiling (if the surface temperature is high enough), near-
constant wetting diameter evaporation, fast receding contact
line evaporation and final dry-out. Initial impact occurs within
approximately r* < 5. At lower heating levels the droplet
experiences evaporation once the oscillation period ends, with
a constant diameter evaporation during approximately 60% of
the total time. A critical angle was measured to be near 10°
when the droplet suddenly retracts to a lower contact area.
The critical angle does not change significantly with either
temperature or surface. Results show that the nanofluid causes
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Figure 15. Initial impact: non-dimensional dynamic contact angle
(6*) as a function of non-dimensional time (¢*) for: (a) non-heating
T0 = 25°C; (b) non-boiling T2 = 87.1 °C for three cases (nanofluid
on polished and gold-coated surfaces and water on polished surface).
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Figure 16. Dynamic contact angle (0) as a function of contact line
velocity (v.), comparison of experiment data and M-K model
prediction for water impinging on polished surface at three surface
temperatures: non-heating 70 = 25 °C, non-boiling 72 = 87.1°C
and boiling 7'5 = 153.4°C.

larger spreading diameters and a decrease in equilibrium
contact angle with increasing temperature; this despite the
non-heated contact angle being less than that of water on
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Figure 17. Comparison of maximum spreading diameter models’
prediction versus experimental d, . for water impinging on a

polished surface at non-heating 7, , = 25°C.

the polished surface. Both nanofluid and nanostructured
surfaces are found to enhance the heat transfer for evaporative
cooling at lower power levels, which is indicated by a shorter
evaporation time. The total droplet evaporation time is found
to be reduced by approximately 20% and 37%, using the
nanostructured surface and nanofluid, respectively, compared
with the polished surface. The dissipation models show poor
agreement with the maximum spreading for the low Reynolds
number and Weber numbers studied, most likely indicating
stronger viscous and surface tension effects, requiring more
exact representation of the energy dissipation during initial
spreading.
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