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An experimental investigation into the spread and heat transfer
dynamics of a train of two concentric impinging droplets over a
heated surface

Ganesh Guggilla', Ramesh Narayanaswamy?, Arvind Pattamatta*

Abstract

Extensive studies of two concentric droplets consecutively impinging over a thin heated
foil surface are carried out to compare the spread and heat transfer dynamics of a single
drop, and drop-on-drop configurations using high speed imaging and infrared thermography.
Millimeter-sized deionized water droplets ( 2.80 + 0.04 mm) are impinged upon a heated
Inconel surface (thickness of 25 um) from a fixed height corresponding to a Weber number
(We) of 50 + 2 and Reynolds number (Re) of 3180 £+ 90 with a flow rate of 20 droplets
per minute. Surface temperature is chosen as a parameter, and is varied from 22 °C (non-
heated) to 175 °C. Temperature and heat flux distributions associated with droplet-surface
interactions are obtained, and the outcomes of the process are measured in terms of spread
diameter, droplet input heat transfer, dynamic contact angle, and surface mean tempera-
ture. A decline in the droplet heat transfer for drop-on-drop impingement is observed for all
temperatures investigated in the present work. This is attributed to the surface pre-cooling
by the initial droplet and also to the reduced surface area-to-volume ratio i.e., increased
spreading film thickness. High heat transfer rates are observed around the three-phase con-
tact line region, especially during the receding phase of the droplet, for both configurations,
confirming the significance of contact line evaporation in droplet-hot wall interactions. The-
oretical models predicting the maximum spread factor and corresponding input heat transfer
into the droplet are identified from the literature, and found to be in good agreement with

present experimental observations.
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1. Introduction

Various natural and industrial processes requires the knowledge of droplet interactions
with surfaces. The underlying physics of these droplet systems is complex, and has triggered
many experimental and numerical investigations in the past decades. Applications such
as ink jet printing, spray coating, and tablet encapsulation requires the study of droplet
dynamics over adiabatic (non-heated) surfaces. Droplet interaction with heated walls is the
topic of interest in processes such as metal quenching, spray cooling, fuel-air interaction in
internal combustion engines, power plant engineering and refrigeration.

From earlier studies conducted on droplet impingement over adiabatic surfaces, the
droplet impact scenario can be classified into three types based on the nature of target,
i.e., solid wall, liquid film and deep liquid pool. Extensive reviews on these subtopics have
been provided by Prosperetti and Oguz [1], Rein [2] , Yarin [3], Marengo et al. [4], Moreira
et al. [B], and Josserand and Thoroddsen [6]. They have summarized several aspects asso-
ciated with the hydrodynamics of the impingement process i.e., nature of impact, surface
wettability, influence of thermophysical properties, and the observed regimes of evaporation.

In the case of droplet impingement over hot surfaces, the process involves mass, mo-
mentum and heat transfer interactions, and thereby requires additional efforts for better
understanding of the phenomenon. A comprehensive review of studies concerning the fluid
mechanics and heat transfer mechanisms of liquid drop impact on a heated wall is pre-
sented by Liang and Mudawar [7]. Significant contributions were made in the literature in
understanding the interfacial behaviour of droplet from the moment of impact over heated
surfaces. It has been observed that heat transfer in droplet impingement over a hot surface
is strongly dependent on the magnitude of wall temperature relative to the liquid’s satu-
ration temperature. Factors such as droplet diameter, impact velocity, physical properties
of the liquid, nature of the surrounding gas, and wall characteristics can also influence the
overall process. Four distinct regimes were identified based on the evaporation lifetime of
a single drop at different wall temperatures as film evaporation, nucleate boiling, transition
boiling and film boiling [8, 9]. Efforts were made to quantify the impact dynamics and heat
transfer behaviour in those regimes in order to characterize the droplet-hot wall interactions.

Bernardin et al. [I0] 11] revealed that wall temperature and impact Weber number are the
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two most influencing parameters governing the impingement process over heated surfaces.
Impingement studies were carried out for low and high Weber numbers and extensive maps
concerning the impact and heat transfer were provided. They have also studied the effect of
surface roughness and found that surface features can influence the observed boiling regimes.
Using advanced diagnostic tools such as high speed imaging [12-14], interferometry and total
internal reflection techniques [15] [16], attempts were made to quantify the droplet boiling
regimes based on the observations of hydrodynamic behaviour during impact.

Film evaporation takes place when the wall temperature is below the liquid’s satura-
tion temperature, and even when the wall is superheated but insufficient to initiate bubble
nucleation inside the drop upon contact with the surface [7]. It is observed that, in film
evaporation regime, droplet heat transfer is affected by temperature variations inside the
droplet, wall heat flux and droplet evaporation rate [I7-21]. Chandra et al.[22] investigated
the effect of contact angle on droplet evaporation rate by experimental investigation. They
have used a surfactant to reduce the contact angle resulting in higher evaporation rates.
Pasandideh-Fard et al.[23] presented a numerical model and carried out simulations reveal-
ing that impact velocity has a minor influence on the overall droplet heat transfer. From
these works, it is identified that wall temperature is lowest at the impact point and increase
in the radial direction toward the edge of the droplet. Investigators [24] 25] also found
that the evaporation rate is highest at the three-phase contact line and several numerical
predictions [17), 20], 26-30] have confirmed these observations.

Nucleate boiling regime is the region extended from the point of bubble nucleation, which
will take place when wall temperature is above the saturation temperature, to the critical
heat flux point which corresponds to shortest droplet evaporation time. Tarrozzi et al.[31]
demonstrated a non-intrusive optical method to measure liquid-solid contact temperature
where an infrared camera was used to capture the foot print from the underside of the im-
pact surface. It was reported that the onset of the nucleate boiling depends on contact
temperature, and observed the regime when contact temperature exceeds the liquid’s sat-
uration temperature. Studies on the effect of the dissolved gases and salts [24], surface
thickness [25], surfactants [32], nano fluids [33], droplet size and physical properties [34] on

the incipience of bubble nucleation are available. Predictions of critical heat flux temper-
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atures [10} (1T, 35] were also reported in the literature for different liquids including water,
and correlations provided [36, [37] for corresponding maximum heat transfer rate.

For liquid-solid interface temperatures at or above certain temperature, named as the
Leidenfrost temperature, the liquid in the immediate vicinity of the wall is instantaneously
converted to vapour upon contact, and forms a continuous insulating vapour layer between
the liquid and the wall [38, 39]. In literature, this temperature is identified as the lowest
wall temperature of the film boiling regime and has been studied in relation to sessile drop
over hot surface termed as static Leidenfrost temperature [12 33, [40]. While, for impinging
droplets, this temperature is termed as dynamic Leidenfrost temperature where rebound
of the droplet from the surface can be observed [33 39, [41]. Influence of pressure, wall
roughness, gravity and surface tension on static Leidenfrost temperature [40), 42+44], and
correlations [45] 46] concerning the precise prediction of dynamic Leidenfrost temperatures in
terms of saturation temperature, static Leidenfrost temperature and impact Weber number
are also available. In a recent work [47, 48], it is shown that microscale droplets with
low impacting velocities can find themselves in a Leidenfrost-type regime (levitating over
the substrate) at substrate temperatures not only far below the Leidenfrost temperature
but even below the saturation temperature. In addition, using levitating microdroplets as
tracers it is shown that evaporation rate has a maximum at the three-phase contact line,
confirming the results of other studies [24], 25].

The above described studies are related to a single droplet impingement over a hot target
surface. Consequently, in order to understand the cooling mechanisms such as spray cooling,
basic processes such as drop-on-drop impact and multiple droplet interference have to be
studied. Bernardin and Mudawar [49] presented an empirical approach to determine film
boiling heat transfer of a spray from extrapolation of the heat transfer characteristics of an
isolated droplet stream. They found that interference resulting from a drop impinging on
top of another spreading drop or with an offset between the droplets, minimizes effective
liquid-solid contact area and corresponding heat transfer rate, in contrast to isolated drops.
Fujimoto et al.[50] studied the successive impact of drops over heated surfaces and presented
the discussion of hydrodynamics for both normal and oblique impacts on the walls. Breit-

enbach et al.[51] developed a model for heat transfer rate into a single drop impacting onto
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a hot solid wall and then used it to estimate the an average heat transfer coefficient for
spray cooling in the film boiling regime. Minamikawa et al.[52] numerically studied succes-
sive impact of two drops on a heated wall and found that the morphology in film boiling
regime is strongly dependent on vertical spacing between the drops. Guggilla et al.[53] used
a phase-change numerical model and studied the drop-on-drop impact over heated surfaces
in film evaporation regime. The effect of non-dimensional numbers on evaporation dynamics
of drop-on-drop collision and theoretical model to evaluate the numerical findings was devel-
oped. Batzdorf et al.[54] developed a numerical model and simulated simultaneous collisions
of two drops with a solid substrate.

From the previous studies, it can be observed that the impact dynamics and heat transfer
mechanism involved in multiple droplet collisions are not fully known. There is a need
to assess various configurations of these droplet collisions and its interference over heated
surfaces for different boiling regimes. Comparison with an isolated droplet impact and
theoretical models estimating the dynamics of the process will provide more insights in
understanding the physical process of spray cooling. The present work is aimed at studying
the spread and heat transfer dynamics of a consecutive impingement train of two water
droplets. High-speed photography and infrared thermographic techniques are employed to
capture the post impingement events associated with the process.

A thin Inconel 600 foil has been used as the target surface and temperature is chosen
as the parameter, varied from ambient temperature of 22 °C to 175 °C, and found to be
within the film evaporation regime. From the instant of impact, the droplets are found to
undertake a series of spreading and receding phases until it achieves an equilibrium and
evaporates as a spherical liquid cap [7]. In the present work, the impact dynamics of droplet
initial stage i.e., spreading and receding phases are captured and studied in detail. The
event of consecutive impact is considered as two separate configurations i.e., single droplet
and drop-on-drop impact. The temporal variation of droplet deformation in terms of spread
diameter, dynamic contact angle and heat transfer rate are used and compared for these

configurations.
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Nomenclature

DPM

[SES

NETD

Quond
Qeone
Qurep
Qen
Qrad
Qstored
o

Q;

o
S
T

.

t

dt

T
Tsat

Effective area, m?

Dimensionless effective area

Specific heat capacity of the heater, J/kgK
Instantaneous spread diameter, mm
droplets per minute

Impacting droplet diameter, mm

Sessile droplet diameter, mm

Acceleration due to gravity, m/s?

height of the sessile droplet, mm

height of the droplet at maximum spread, mm
Latent heat of vaporization, J/kg

Mass of liquid droplet, kg

Noise Equivalent Temperature Difference
Net conduction heat transfer, W
Convective heat transfer, W

Droplet input heat transfer, W

Generated heat, W

Radiation heat transfer, W

Stored heat, W

Effectiveness or cooling efficiency
Dimensionless evaporation heat transfer (mass)
Spread factor, (d/D)

Maximum spread factor, (dpmaz/D)
Temperature of the surface, °C'
Dimensionless temperature

Time, ms

Time interval, ms

Ambient temperature, °C'

Saturation temperature, °C’



U Impact velocity of droplet, m/s
\Y% Volume of the droplet, m?

s Non-dimensional quantities

Bo Bond number, p;,gD?/40
Ja Jakob number, cAT/hy,

Pr Prandtl number, pycp,/k;
Re Reynolds number, p,UD /1y,
We Weber number, p,DU?/o

w7 Greek letters

€ Effectiveness ratio

0 Three-phase contact angle, degree
Osd Standard deviation

T Non-dimensional time, tU/D

18 Subscripts

f final

1 initial

1 liquid
max maximum
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2. Experimental methodology

Experimental apparatus consists of image acquisition system, droplet generating unit
and heater surface arrangement powered by a high capacity DC supply. The schematic of
experimental set up is shown in Figure . A microfluidic pressure pump (Dolomite, Mitos
P-pump) connected to an external air compressor, is used to generate the desired rate of
droplets at the needle tip and are made to fall under gravity to achieve the required impact
conditions. A trial set of 30 droplets is considered for diameter calculation and the generated

droplet size is found to be 2.80 4+ 0.04 mm.

/ Temperature p-pump \
gi and

Air compressor
humidity P Droplet
measuring 4| generating
device system

Needle

re
. (o} @ 4| High Speed camera
A EeEe——F3
1
1

-~
- H Heater foil
LED light source

1

Lomo - i

with diffuser screen n; i
]

L

| DC supply

Image
acquisition
system

A
Infrared camera

Figure 1: Schematic showing the experimental apparatus used in the present study

<

Image acquisition system consists of a high-speed camera (Photron fastcam SA3 120K)
running at 10000 FPS (frames per second) with a spatial resolution of 20 pum/pixel. Shadow
photography technique is adopted for imaging the droplets using a LED light source with
a diffusion screen. Factory calibrated high-performance infrared camera (FLIR X65/0sc)
is used to capture the thermal foot print (temperature distribution) of the droplet on the
surface. With a frame rate of 1000 FPS and a spatial resolution of 136 ;1 m/pixel, the infrared
camera is triggered simultaneously along with high-speed camera. The post-processing of
images is carried out using Matlab Image processing tool box and an open source java based

image processing program, ImageJ [55].
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An annealed Inconel 600 alloy foil of thickness 25 pum is used as the target surface,
sandwiched between copper bus bars on either side, and fixed to a wooden base. The surface
is polished, and the surface roughness measurement, R,, using stylus probe profilometer is
within the range of 0.15 - 0.30 um. DC power supply (BK Precision 1900, 1-16 VDC, 60 A)
is provided through the copper bus bars to maintain the surface at different temperatures
using power supply controls. To improve the response of the infrared camera imaging of the
surface, a thin layer of high heat-resistant black paint is applied underneath the surface. The
emissivity of the paint was measured using an emissometer (D & S Emissometer, Model AE)
and found to be 0.82. The dimensions of the foil surface is about 45 mm x 40 mm x 0.025
mm. Droplet impingement experiments were carried out at an ambient temperature of 22

°C and a relative humidity of about 50 %.

2.1. Impingement configuration

A train of two water droplets are consecutively impacted on to the foil surface. The
event is captured through the high-speed camera from the side view while the temperature
variation of the surface, upon interaction with the droplet, is acquired from the bottom
of the surface using the thermal camera. The surface is hydrophilic, and contact angle
measurements are made using Holmarcds contact angle meter. The static contact angle,
quasi-static advancing and receding angles over the non-heated surface are 72 + 1 °, 83 £+
4 ° and 13 = 1 ° respectively. The impingement scenarios are presented in Figure [2f where

both the schematic diagram and high speed images are provided.

4 N
®@ ©
—_— e

Single drop impact Drop-on-drop impact
k Single drop impact Drop-on-drop impact

Trailing/Impacting drop

Leading/Sessile drop

Figure 2: Impingement configurations considered in the present work

The time interval between the drops (dtp) is approximately 3 seconds i.e., the flow rate is

about 20 droplets per minute (dpm). With this flow rate, the leading droplet that impinges



168 the foil surface will become sessile, before the trailing droplet impacts on the sessile droplet.

1o Thus the configuration can be treated as a drop-on-drop impact.

170

171

172

173

174

176

177

178

179

180

Spread diameter

~o -
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1
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1 Time interval between the consecutive droplet impacts

|
5t,
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Figure 3: Schematic showing the temporal change of spread diameter during the impact

Figure|d|is a schematic that demonstrates the temporal change of droplet spread diameter
upon impact with the surface. The first droplet, when impacted, oscillates on the surface
for a while, and will remain sessile upon which the second droplet is impinged resulting in

the spreading and receding phases, as shown in the Figure [3]

2.2. Image post-processing

Information regarding hydrodynamics such as droplet initial diameter (volume), spread
diameter, and dynamic contact angle are measured using the side-view images of the im-
pingement process. Standard procedures of image conversion i.e., conversion of grey to binary
image followed by edge and region recognition, are implemented, and data is retrieved using

resources available in Matlab and ImageJ post-processing toolbox. The resulting image after

post-processing is shown in Figure [4]

10
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Figure 4: Steps involved in image post-processing: (a
& P 8¢ posip g (a) Figure 5: Droplet volume calculation
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2.2.1. Droplet volume (diameter) calculation
High-speed images obtained from experiments are used for the calculation of droplet
volume and diameter. Assuming an axi-symmetric droplet, the volume of the droplet is

calculated [56] by summing up the cylindrical slices of unit pixel height as
, T3 2
Volume,V = ZZP > d; (1)

where, d;, the diameter of each cylindrical strip in the droplet image given as (Z; maz — i.min)
as shown in Figure , and Z, is the resolution of the image measured in meter/pizels

Then diameter of the droplet can be obtained as

6V]1/3

Diameter, D = {
T

(2)

2.2.2. Dynamic contact angle

The wetting characteristics of a surface for an impinging liquid can be represented using
the contact angle in the three-phase contact region. Former studies on droplet-wall interac-
tions [26], 57, 58] discussed various contact angles and the effect of contact line velocity and
temperature on contact angle. Measurement of this dynamically changing angle will enhance
the understanding of the key aspects associated with the spread and evaporation dynamics

of the present work.

11
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Figure 6: Contact angle measurement

In the present work, the three-phase contact angle is calculated using the side-view im-
ages of droplet impingement. During the impact process, the observed profiles of the droplet
are complex, and standard methods of curve fitting for obtaining the droplet profile is math-
ematically tedious and complicated. Instead, as shown in Figure [f] at least five points on
the droplet profile near the contact line region are considered. Upon analysis, a second-order
polynomial fits well with the selected data points, and the tangent of the polynomial at the

three-phase contact point is calculated as the dynamic contact angle.

2.3. Infrared image post-processing

The infrared camera used in the present study is factory calibrated, and the uncertainty
associated with temperature measurement is + 1 K. It is noticed that the recorded raw images
are prone to noise, and is estimated in terms of the noise equivalent temperature difference
(NETD) value of thermography system. For the given temperature range used in the study,
the NETD values are within the acceptable range of 60 - 200 mK. However, it is shown that
the heat conduction term used in the heat transfer analysis is sensitive to the spatial signal
noise of the input temperature field and extensive filtering is required to reduce the
noise. Time and spatial averaging are applied to the temperature field, and it is followed by
the application of Matlab provided Gaussian filter ( 0,4 = 2). The detailed description of
the method can be found in reference [56]. Figure [fj(a) and (b) shows the raw and filtered
heat flux image calculated during single droplet impact over a surface temperature of 154 °C,
and at a time instant, t = 15 ms. From Figure 7(c), it is visible that the non-physical noise
in heat flux distribution is reduced, and the overall droplet heat transfer during the impact,
expressed as effectiveness (Q*), is not significantly affected by the filtering procedure, as

given in Figure 7(d).

12
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Figure 7: (a) Raw image (T = 154 °C and t = 15 ms) (b) Filtered image (c) Droplet input heat flux
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2.3.1. Droplet input heat transfer calculation

The droplet input heat transfer is one of the important parameters required for under-
standing the droplet-hot wall interactions and the ongoing cooling process. The temperature
variation of the surface is obtained from the bottom of the surface via infrared images. An

energy balance is applied at every pixel element of the surface, as shown in Figure [§ to

calculate the heat transfer into the droplet.
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Figure 8: Heat transfer calculation: energy balance at a pixel element

The energy balance applied to the pixel element results in

Qstored = Qgen + Qeond — Qrad — Qeonv — Qdrop (3)
where droplet input heat transfer is represented as Qgrop
Thus,
Qarop = Qgen + Qeond — Qrad — Qconv — Qstored (4)
and droplet input heat flux ¢4, is obtained, using the length of the pixel element L,, as
Qarop = Q;gp (5)

It is noted that Qsoreq Tepresents the change in energy of the surface due to cooling, and Q gen
being heat generated due to DC supply. While Qcondg, @red and Qcone are net conduction heat
transfer along the surface, radiation and convection heat transfers underneath the surface
respectively. Further details for obtaining each term in the energy balance is provided in the
appendix.

Using the above energy balance, the contributions of heat transfer quantities towards the
droplet input heat transfer is compared. Two instants, one each in the spreading and receding
phase, are selected and the percentage of heat transfer quantities is calculated against the
magnitude of droplet input heat transfer at the impact point (pixel). Figure |§| shows the
selected points which are marked over the temporal change of spread factor for the droplet
impingement over the surface at a temperature of 154 °C. Figures [10] and [T1] present the

comparison of these quantities during the advancing and receding phases as a percentage

14



240

241

242

243

244

245

246

247

248

249

250

of the droplet heat transfer. It is evident that (e, and Q.onq are significant quantities
compared to Qqq and Q.onp in contributing to the droplet input heat transfer.

Even though the heat loss by convection and radiation seems negligible in receding phase,
it is important for the accurate estimation of droplet heat transfer in the spreading phase.
Thus, in the present work, all the above described heat transfer quantities will be included
for droplet heat transfer calculations.

Spread factor versus time
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Figure 9: Single droplet impact over the target surface (T = 154°C)

Point 1: Advancing phase Point 2: Receding phase
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2.4. Fxperimental methodology: Validation cases

The present experimental methodology is validated using previously published studies
available in the literature. Two cases: drop-on-drop impingement over a non-heated surface,
and a single droplet impact over a heated surface are carried out. The spreading parameter

i.e., spread factor is calculated and compared with experimental results.

15
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2.4.1. Drop-on-drop impact over non-heated surface

For the present study, the generation of multiple droplets to achieve the drop-on-drop
configuration is crucial. Wakefield et al. [59] carried out drop-on-drop impingement studies
over a non-heated Teflon surface with the Weber number as a parameter. A case with Weber
number of 2 is considered for the validation, and the results are compared in terms of the
spread factor. Figure [I2] shows the results from the present experiments compared with
Wakefield et al. [59]. The variation of spread factor with time was found to be in agreement

within + 10 %, thus validating the experimental methodology followed in the present work.

- - Present experiment
35

¢ Wakefield etal. [59]

25

¢>9<><><>Q<>\oo°9 e
15 } ’ T Roogo0" 5 6 O BW0_ 0076
2000 00, 28

Spread factor (d/D)

05

0 10 20 30 40 50
Time (ms)

Figure 12: Drop-on-drop impact over a non-heated surface

2.4.2. Single droplet impact over a heated surface

Pasandideh-Fard et al.[23] studied the cooling effectiveness of a single droplet over a
heated surface. A single water droplet is impacted over a stainless steel surface maintained
at a constant temperature of 120 °C with an impact Weber number of 47. In the present
set up, a thin Inconel surface is used instead of stainless steel, and maintained at 120 °C.
Figure[13|shows the temporal variation of spread factor during the impingement. To validate
the accurate variation of spread dynamics over a heated wall, the surface temperature and
impact conditions should be exactly maintained. However, inspite of the differences in the
target surface (Inconel versus Stainless steel), the results shown in Figure 13| show similar
trends confirming the validity of the present experimental set-up for droplet impingement

studies over heated target surfaces.
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Table 1: Thermo-physical properties of the deionized water used in the present study, at 1 atm and ambient

temperature of 22 ° C.

Properties Value
Saturation temperature | Ty, © C 100
Density, p;, kg/m? 998
Dynamic viscosity, u, Ns/m? 0.001
Surface tension, o, N/m 0.0725
Specific heat capacity, ¢,, kJ/kgK 4.18

Latent heat of vaporization, hy,, kJ/kg 2260

3
- = Present experiment
2.5 7709 % ;
PSSR ¢ Pasandideh-Fard et al.[23]
] (RS
8 1o
2y ° ‘{>
) 10 R
I ] \<>
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Non-dimensional time (tU/D)

Figure 13: Single droplet impact over a heated surface (T = 120 °C)

3. Present experimental investigation

During the present investigation, a train of two water droplets of diameter 2.8 mm is
impacted, with a velocity of 1.138 m/s, onto a thin Inconel surface maintained at a constant
temperature. The thermo-physical properties of the deionized water and Inconel surface are
listed in Table [I] and Table [2] respectively. The impact conditions corresponds to a Weber
number of 50 and Reynolds number of 3180 with a constant flow rate of 20 droplets per minute
(DPM). The surface temperature is the parameter and varies from 22 °C (non-heated) to 175
°C. At every temperature, the images of single drop and drop-on-drop impacts are recorded
separately and analysis is carried out. Here the focus is to analyze the spread and heat

transfer characteristics at the instant of impact where effective cooling of the surface will take
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Table 2: Thermo-physical properties of the Inconel 600 alloy used in the present study.

Properties Value
Density, p, kg/m3 8470
Thermal conductivity, ks, W/mK 14.8
Electrical resistivity, ps;, Ohm-m 103-1078
Specific heat capacity, ¢, kJ/kgK 444

Temperature coefficient of resistance, oy , K~! 12-107°

Table 3: The experimental uncertainties associated with different parameters used in the study. Here AX

represents the absolute uncertainty where as Ax stands for the relative uncertainty.

Parameter Uncertainty

Temperature AX =+ 1K

Generated volumetric heat flux [56] Az = 11 %

Lo = QyenVy (¢ = 20105 W/m® at T = 50 ° C )
Weber number, We AX =42 (We=50)

Reynolds number, Re AX = £ 90 (Re = 3180 )

Droplet diameter, D AX = £ 0.04 mm ( D = 2.8mm)
Droplet impact velocity, U AX =+ 0.0171 m/s (U = 1.138m/s)

AZppae = 36 % (0 = 62° at T = 175 ° C, Single droplet impact)
AZpmin = 1.2 % (0 =81° at T = 175 ° C, Drop-on-drop impact)
AZpae = 12 % (S* = 0.43° at T = 175 ° C, Single droplet impact)
AZpin = 2 % (S* =2.63 at T = 175 ° C, Single droplet impact)

Dynamic contact angle, 0

Spread factor , S*

place. The time scale of impingement is of order; time t = 45 milliseconds corresponds to a
non-dimensional time, 7 = 18 for each configuration. The spread dynamics is photographed
using a high-speed camera, and the temperature response during the impact is recorded from
the underside of the surface using infrared thermography.

At each chosen temperature, three sets of data is recorded (n = 3), and average values
are used to represent the data. The experimental uncertainties associated with different
parameters are presented in the Table 3] Here AX and Az are used to represent the

absolute and relative uncertainties respectively.
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Figure 14: Single droplet impingement over the foil surface (T = 154 °C) : (a) Side-view image (b) Foil

surface temperature after impingement (¢) Change in temperature (d) Heat flux distribution

4. Results and Discussion

When the droplet comes in contact with a hot surface, heat transfer takes place which
results in the cooling of the surface. The temperature of the droplet increases with time;
evaporation ensuing across the liquid-gas interface affects the droplet spread diameter. Thus,
it is important to study the effect of surface temperature on both the spread and the heat
transfer characteristics. Figures [I4] and [I5] show the spread behaviour of single and drop-
on-drop configurations, respectively over the surface with a pre-impact surface temperature
of 154 °C. The present arrangement of hot surface, using Joule heating, resulted in slightly
non-uniform pre-impact surface temperature. Here, the spatial mean temperature (maximum
deviation of + 3 °C is observed at T = 154 °C) is represented as the surface temperature.
Also, to realise the temperature contours during drop-on-drop impact, the change in tem-
perature (AT) for each pixel, is calculated as the difference of the initial temperature to the
instantaneous temperature. The temperature contours, the corresponding change in temper-

ature (AT), and droplet input heat flux (garop) are also presented. A considerable amount
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Figure 15: Drop-on-drop impingement over the foil surface (T = 154 °C) : (a) Side-view image (b) Foil

surface temperature after impingement (¢) Change in temperature (d) Heat flux distribution

of heat transfer, termed as effective heat transfer, is observed to occur during the initial
stage of droplet interaction with the surface in both the configurations. From Figures|14] (d)
and (15[ (d), it can be noted that the significant heat transfer is during the initial spreading
phase whereas the peak value is detected at the maximum spread of the droplet. However
the heat transfer associated with single droplet impact is prominent compared to that of
drop-on-drop configuration. This is because of the low pre-impacting surface temperatures
for drop-on-drop scenario as given in (15| (b), due to the presence of the initial droplet on the
target surface, thereby resulting in lower heat transfer rates. The subsequent sections of this
paper describe the spread hydrodynamics in terms of the spread factor and surface wetting

i.e., contact angle. Detailed description of heat transfer characteristics are also provided.

4.1. Spread hydrodynamics

Upon impact, the leading droplet performs a series of advancing and receding phases by
dissipating the impact energy and attains a sessile droplet state. Consecutively, the second

droplet, which impinges on to the sessile droplet, will coalesce for specific instant followed
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by the spreading and receding phases. Thus, for a single droplet impact, the initial cycle
consists of two phases; advancing and receding. Whereas, in a drop-on-drop impingement,
three stages, namely; coalescing, advancing and receding, are identified during the initial
cycle. A non-dimensional quantity called spread factor, S*, is defined as the ratio of spread
diameter at an instant (d) to the pre-impact droplet diameter (D). The temporal variation
of spread factor during single droplet and drop-on-drop impact, with identified phases at
various surface temperatures, is plotted, as shown in Figure[I6] For both the configurations,
the temperature effect on the spread is evident from the first cycle of spreading. Also, there
is a notable reduction in spread factor with temperature in subsequent cycles for both the

single droplet as well as drop-on-drop impingement configuration. The comparison of spread
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Figure 16: Spread factor versus time

factor during single droplet and drop-on-drop impact at a surface temperature of 154 °C is
obtained to understand the effect of configuration on hydrodynamics, as shown in Figure [I7]
Due to the interference of droplets during the impact, the cycle of spreading and receding is
delayed, for drop-on-drop impingement, which resulted in longer initial cycle time. The cycle
time of single droplet impact is about t = 18 ms (7 ~ 7.5) and drop-on-drop impingement is
about t = 24 ms (7 ~ 9.5) where coalescing phase is about t = 1 ms (7 ~ 0.5). The presence of
two droplets resulted in a higher spread factor for the drop-on-drop configuration. However,
the net spread factor (05*) at a given instant of time, which is defined as the ratio of change

in spread diameter (d — D) to the impacting droplet diameter (D), is more for the single
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droplet case. The net spread factor has reduced during the drop-on-drop impingement due

to the high energy dissipation resulted from the droplet coalescence.
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Figure 17: Comparison of single and drop-on-drop impact over the surface (T = 154 °C)

Observations revealed that the dynamics of spread is coupled with droplet heat transfer.
Especially, the maximum spread factor will dictate the extent of heat transfer over the
surface. So, in order to analyse heat transfer rate, the maximum spread factor for the initial
and second cycle of the post-impingement is considered. It is noted that, in the present
context, a cycle refers to a sequence of spreading and receding phases. Figures (a) and
(b) shows the comparison of maximum spread factor during the first and second cycles
which convey that the initial cycle’s maximum spread factor has a weak dependence on the
surface temperature, whereas it decreases with temperature during the second cycle and the
effect is significant for both configurations during the second cycle.

Likewise, another important parameter related to hydrodynamics is the contact angle
and its variation during both impingement configurations. The three-phase contact angle is
known to vary with velocity [57] and increase with the surface temperature [26, [58]. It will
affect the spread of the droplet, and therefore, the heat transfer rate. The variation of the
dynamic contact angle with time is obtained for the present configurations to ascertain the
effect of temperature, as shown in Figure [I9 As soon as the droplet impacts the surface, a
high contact angle is observed as it is under the influence of impacting velocity, and the value

declines during the receding phase [57]. In the present study, the captured contact angle
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Figure 18: Maximum spread factor with surface temperature: Single drop and drop-on-drop impact

variation exhibits a similar behaviour during both impingement configurations, as shown in
Figures [19(a) and (b).

For a single droplet impact, the contact angle is increased till it reaches the maximum
spread (advancing phase end) and decreases to a minimum angle at the end of receding phase
which is given in Figure (a). Meanwhile, for drop-on-drop impingement, as presented in
19(b), the trend is similar to single droplet impact, additionally exhibits a constant angle
during the coalescing stage. In the present study, the effect of temperature on dynamic
contact angle is found to be weak. During the single droplet impingement, a slight increase in
dynamic contact angle is observed for the heated case (T = 175 °C) compared to non-heated
case (T = 22 °C) in subsequent stages of spreading as shown in Figure (a). However,
the increase is marginal and within the uncertainty of the presented data. Additionally,
sessile droplet contact angle (Static contact angle) variation with surface temperature is
inspected and given in Figure 20] and for the temperatures used in the present work, there
is only a minor increase in contact angle with surface temperature. Previous studies |26, [58]
reported a strong effect of temperature on contact angle which is not so evident in the present
work. The difference in volatility of the liquid, and surface conditions are attributed to this

behaviour.
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Furthermore, to understand the heat transfer into the droplet, an average quantity of heat

transfer is calculated over an effective area in which a significant amount of heat transfer takes

place. The effective area is identified using Canny edge detection technique, implemented

in Matlab image post-processing toolbox, applied to a heat flux image [60] as shown in

Figure 21} A dimensionless effective area A.* is used to compare the present impingement

configurations. This is calculated as the ratio of the surface area with effective heat transfer

to the cross-sectional area of the impacting droplet.
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where A, is the area where effective heat transfer is observed. In the present work, dimen-

sionless effective area A." provides a quantitative measurement of area being cooled during

the impingement and it can also be observed that the maximum spread factor S*,,,, during

the impact can be approximated from the effective area as

S*maa: ~ ((146*)77wac)05
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Figure 22| shows that the droplet heat transfer is enhanced with an increase in the surface
temperature and this trend is similar for both single and drop-on-drop configurations. A
maximum in droplet heat transfer rate is realised at the end of the first advancing phase
for all surface temperatures and confirms that most of the surface cooling is takes place
during the initial cycle of the droplet impact. A dimensionless input heat transfer, termed
as effectiveness or cooling efficiency (Q*), is introduced to estimate the overall heat transfer
per droplet. It is defined as the ratio of the time integral of droplet input heat transfer to

the total heat required for the droplet evaporation.

* f(f(@drop)dt
Q B m(cp(Tsat - Too) + hlv) (8)

Figure shows the variation of effectiveness (Q*) with time for both single and drop-on-drop

impingement at different temperatures.
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Figure 23: Effectiveness versus time

A comparison of both the configurations at a given surface temperature, as shown in
Figure 24] reveals that the droplet input heat transfer is lower for the drop-on-drop impact
compared to single droplet case. This is because of the reduction in surface mean temperature
as a result of initial droplet (sessile) interaction with the surface. Also, the previous work
using numerical modelling [53] revealed that there is rapid decline in heat transfer rate due
to the increased film thickness during the drop-on-drop impingement.

In order to interpret the surface cooling during the impingement, the surface temperature

change with time is determined. The surface temperature change upon impact is plotted by
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Figure 24: Comparison of single and drop-on-drop impact over the target surface (T = 154 °C)

tracking the temperature of the impact point, and termed as centre temperature as shown
in Figure [25] The impact point is always the lowest temperature over the surface during the
impingement [23]. The change in surface temperature is rapid for the case of single droplet
impingement compared to drop-on-drop impact, and follows a similar trend for all surface
temperature cases considered in the study. However, it is observed that the effective area
where considerable heat transfer occur, is improved during the drop-on-drop impingement
as shown in Figure [26]

In addition, a mean surface temperature is required to represent the overall surface
cooling, and is calculated considering the effective area. Figure represents the mean
surface temperature variation with time at different temperatures. As given in Figure 28] the
comparison reveals that the overall cooling is significant for the first (single) droplet impact
compared to the drop-on-drop impact configuration. Nevertheless, as shown in Figure [26] it
should be noted that the area being cooled, is improved during the drop-on-drop impact.

The present study investigates two configurations of droplet impingement: single droplet
as well as the drop-on-drop. The pre-impacting surface temperatures are different for drop-
Therefore, a dimensionless

on-drop impact, compared to that of single droplet impact.

temperature, T* is defined and given as,
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Figure 25: Target surface center temperature versus time
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Figure 26: Comparison of effective area for the target surface (T = 154 °C)

where T; , T} are initial and final surface temperatures respectively and T being the
ambient temperature, in order to compare the two configurations considered in the present
study.

Figure [29] (a) and (b) shows the distribution of dimensionless temperature at the instant
of maximum spread during the single droplet and drop-on-drop impact over the surface with
a temperature of 154 °C respectively. The comparison of the dimensionless temperature
along the identified centreline is given in Figure [29| (¢). For the single droplet, dimesnionless
temperature (7%) of about 0.3 is observed in the interacted area. Whereas, in the case

of drop-on-drop impact configuration due to the presence of sessile droplet, the cooling
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Figure 27: Surface mean temperature versus time
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Figure 28: Comparison of single and drop-on-drop impact over the surface with temperature 154 °C

effect has reduced, with a T* Value of 0.1 in most of the spreading region. However the
surface cooling has improved (T* ~ 0.3) in the peripheral of the droplet spread. Thus, the
investigation confirms that there is always a decline in cooling effect by the trailing droplet
during drop-on-drop impingement.

To quantify the heat transfer characteristics of the impingement configurations considered
in the study, an effectiveness ratio () is used which is defined as the ratio of dimensionless

heat input during the drop-on-drop impact to that of a single droplet impact.

- (Q*)drop—on—drop
‘- (Q*)single (10)

It provides a better understanding of each droplet performance (during consecutive droplet

impact) in cooling the surface at different wall superheats, and the effect of droplet coales-
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cence on spread and heat transfer characteristics during the impingement. Figure [30] shows
the effectiveness ratio for different surface temperatures. The ratio is found to be nearly
constant around a value of 0.62 for all observed temperatures. It can be inferred that the
heat transfer for a trailing droplet is always lower compared to a leading droplet during the
drop-on-drop configuration. The pre-cooling of the surface caused by the initial droplet,
reduces the surface mean temperature, and thereby decreases the heat removal rate of the
trailing droplet. It is worth noted that the magnitude of reduction in heat transfer could
be influenced by the droplet flow rate, which controls the surface mean temperature. Also,
the boiling regimes such as nucleate boiling with rigorous bubbles, and film boiling, can de-
termine the outcomes of drop-on-drop impingement phenomenon. In the present work, the
flow rate was constant at 20 droplets per minute (DPM), and the adopted surface temper-
atures are not adequate to initiate the bubbles (of nucleate boiling) in the droplet. Further
investigations are needed to analyze these parameter effects on the spread and evaporation

dynamics.
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4.8. Three-phase contact line region: Temperature and heat fluz distribution

Figure 31| shows the temperature and heat flux distribution of the target surface during
single droplet and drop-on-drop impact at an instant. The spread diameter estimated from
the high speed image is superimposed onto the infrared temperature and heat flux images.
It is observed that the surface temperature increases in the radial direction from the center
of the droplet (impact point). For both configurations, the maximum heat flux value is
recorded in the vicinity of three-phase contact line as shown in Figure [31] and is found to be
significant in receding phase. Low film thickness near the contact line region is attributed
to the observed high heat transfer rates. For the case of drop-on-drop impingement, Figure
31j(b) also unveils that there is an effective heat transfer in the annulus portion i.e., the
region of change in spread and thereby extends the area being cooled. These observations
will be used in further sections to develop a model for estimating droplet heat transfer during

impingement.

4.4. Analytical modelling

4.4.1. Mazximum spread
Earlier studies [23], 58, 59] modelled the maximum spread theoretically using the energy
conservation principle. Two instances during the droplet impingement are considered i.e.,

pre-impact state and the instant of maximum spread. The associated kinetic, potential
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Figure 31: Post-impact behaviour over the target surface (T = 154 °C; t = 8 ms)

and surface energies are taken into consideration to estimate the maximum spread factor.
The theoretical models proposed in the literature are adopted in the present work in order
to validate the present experimental observations. Batzdorf [61] implemented an analytical
model for evaluating the maximum spread during the single droplet impact over a hot surface.
A schematic of the droplet system with the initial and final states considered are presented in
Figure Using energy balance it is shown [61] that the maximum spread can be calculated

from following equation.

9a We 4

N . *2 _ - =
We+4Bo+ 12 — 3(1 — c08(0maz))S™ s 2 Re(l QE)S S an (11)

where 0,,,,, and @} are contact angle at the instant of maximum spread and dimensionless

evaporated mass, respectively. The dimensionless evaporated mass (Q?) is given as

m
Q=—— (12)
Mgingle
'my, and 'ml;, . are the cumulative evaporated mass and pre-impacting droplet mass.
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a78 A similar approach was applied to the drop-on-drop impingement over a hot surface by
w  Guggilla et al.[53] as shown in Figure In this case, the maximum spread factor is derived

480 aAS

AS* 54 BS* 3. (08*

max max max

+D=0 (13)
41 where

18 We 1

1 Re 1+ 31— Q) (14)

= 3(1 — cosby) (15)
(16)
(17)

16¢3Bo . 8¢c?
735%2 + 3Sm2(1 —cosbq) + § +12)

= 8(1+c)(1-Q)

—(We+4Bo+

S Q & =
I
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Bond number, Bo = PLg (18)
401v
DU
Reynolds number, Re = i (19)
i
DU?
Weber number, We = P (20)
Ol
. % Dmaw
Maximum spread factor, S’ .=~ = N (21)
D
Initial spread factor, S;,, = ) (22)

Where, 6, and 6, are the corresponding contact angles at the initial and final states. Here
constant ‘a’ is taken as 15, in order to approximate the present experimental observations,

and 'c

is the radius ratio of impacting to sessile droplet (¢ = 1). In the present work, the
liquid used is deionized water which is non-volatile and for the surface temperatures used, the
total evaporation time of droplet is ranging from 720 seconds (at 50 © C) to 100 seconds (at
175 © C). The time interval between the two consecutive droplets at the considered flow rate
of 20 droplets per minute (DPM) is around 3 seconds, and the total evaporated mass during
this time is assumed to be negligible for the sessile droplet (equal volume as the impacting
droplet) in the analytical model given in Equation . The evaporated mass during the
impingement is calculated from the side view images of the droplet, and is used in Equations
and [T7] to estimate the maximum spread factor.

It should be noted that the above correlations are able to capture the effects of all

influential dimensionless parameters such as Weber number (We), Reynolds number (Re)

and Bond number (Bo). The surface temperature effects are also considered in the form

*

of evaporated mass (Q?

) and obtained contact angles (6;, 02) at respective temperatures.
The present impingement scenario corresponds to an impact condition with We = 50, Bo =
0.27; and Re = 3180. The theoretical maximum spread factor at different temperatures are
calculated using Equations|11]and [13|for single droplet and drop-on-drop impact respectively.
The computed results are compared against experimental values as shown in Figure|34] The

implemented theoretical models are found to be efficient in capturing the maximum spread

values, and agreed well with experimental values within a deviation of 8% at all temperatures.

34



505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

34

2.8
W Present experiment - W Present experiment -
Single droplet impact 33 Drop-on-drop impact
g 8 -~
g o
© —— 3
= - s 3 -
) ——— O}
E ) —— E 31 =
g p . s - —.
-] £~
£ 25 | —— [ -
° L/ .~ =]
o 9 3
= =
= = ol
Ao
P
24 —’/,Q‘ayj ’e
A%
23 : e’ : : 238 =
23 24 25 26 2.7 2.8 2.8 29 3.0 3.1 32 33 34
Experimental data Experimental data
(a) Single droplet impingement (b) Drop-on-drop impingement

Figure 34: Maximum spread factor: Experimental versus theoretical

4.4.2. Input heat transfer

It is evident that the bulk of heat transfer takes place during the spreading phase, and
is accompanied by convection heat transfer, which can be modelled using a Nusselt number
correlation. Assuming the spreading droplet as a single impinging jet, Batzdorf et al.[61]
developed a theoretical model for estimating the overall heat transferred during the spreading

phase which is proportional to the convective heat transfer, and is reproduced below.

« S (8% .. — 1.1) (1 4+ 0.005Re%5%)05 Jq
o= (S* —0.6) Re0-5 Py0.58 Tmax (23)
Here, Q* is the effectiveness which is represented as
* ft Q T dt
v = ()(’rndhlp) (24)

where all relevant properties are calculated at the film temperature, and the constant ‘o
is taken as 0.1 in order to fit the experimental data.
The above correlation was used for estimating the heat transfer during single and drop-on-

drop impact over the hot surface. The maximum spread factor S* _ and the corresponding

non-dimensional time 7,,,, during the initial cycle which is of order 7,4, ~ 2 (t = 5 ms) for
single droplet impingement and 7,4, ~ 3 ( t = 7.5 ms) for drop-on-drop impact, are taken
from the experimental observations. Nonetheless, for drop-on-drop impingement, it is found

that the effective heat transfer takes place in the annulus region of the initial and post-impact
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Figure 35: Effectiveness: Experimental versus theoretical

theoretical results obtained is found to agree well with the experimental findings as shown
in Figure |35 Especially for the drop-on-drop impact, the model is able to capture the heat
transfer rate efficiently using net spread factor. The maximum deviation in the results are
about 20 % and can be considered as a good approximation for heat transfer calculations.
Previous studies concerning the droplet impact over the heated surfaces are considered
to validate the proposed correlations and examine the sensitivity of the constants 'a’ and 't/
described in the Equations [11] and 23] Teodari et al. [62] carried out the thermographic
analysis of interfacial heat transfer mechanisms on drop/wall interactions. Single droplets
of water and ethanol and a heated stainless steel surface (25um), are utilized. The study
examined the effect of the surface temperature, liquid surface tension, and wettability on
heat transfer processes during a single droplet impact. Jung et al.[60] conducted heat transfer
analysis of droplet collision over superheated surfaces and detected a dynamic Leidenfrost
point based on the droplet heat transfer. In this work, water droplet impingement is carried
out over the superheated platinum-coated sapphire glass maintained at temperatures of
176 - 226 °C. The details of the impingement studies, used for the present validation, are

summarized in Table [, The maximum spread factor, and the corresponding effectiveness,
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Table 4: Experimental details of the considered literature cases in the analysis

Surface temperature

Reference Liquid-Surface We Re a
(°C)
) Water on stainless steel
Teodari et al.[62] 22.8 1980 100 15 0.1
(hydrophilic)
) Water on stainless steel
Teodari et al.[62] 22.8 1980 60 15 0.1
(hydrophilic)
) Water on coated stainless steel
Teodari et al.[62] 22.8 1980 100 15 0.1
(superhydrophobic)
) Ethanol on stainless steel
Teodari et al.[62] 50 1221 60 15 0.1
(hydrophilic)
Jung et al.[60] Water on platinum coated sapphire 6.3 1130 176 1 14
Jung et al.[60] Water on platinum coated sapphire 6.3 1130 206 1 14
Jung et al.[60] Water on platinum coated sapphire 6.3 1130 221 1 14
Water on Inconel surface
Present experiment 50 3180 22 - 175 15 0.1
(hydrophilic)

as per equation , is calculated using the data from references [60), (62] and compared with
the theoretical values from Equations [11] and 23] The constants 'a’ and b’ are chosen such
that the theoretical values fit well with the experimental outcomes.

Figures (36| (a) and (b) show the comparison of experimental observations with theoretical
results of maximum spread factor and effectiveness, respectively. In the case of Teodari et
al.[62], the experimental conditions (liquid on the heated hydrophilic surface) are similar to
the present work. so, the values of the constants a = 15 and b = 0.1 are considered. With
these values, the correlations predicted the outcomes for the cases of the water droplet on
the stainless steel surface (hydrophilic and super-hydrophobic) within the acceptable range.
On the contrary, significant deviations in the results, are observed during the case of ethanol
droplet impact over the heated surface. On the other hand, for the cases of Jung et al.
[60], the constants a = 1 and b = 1.4 are found to provide a better approximation for the
experimental observations. While the model for the maximum spread factor under-predicts
the results, the effectiveness is observed to be within 25 % deviation, as given in Figure [36]

The discrepancy with the spread factor prediction is due to the boiling phenomena reported
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Figure 36: Validation: Experimental versus theoretical

in the droplet. And there is a need to account these effects, which are not included in the
present model.

Moreover, in the previous studies of Batzdorf [61], the values a = 8/3 and b = 4/3, are
adopted for FC-72 droplet collision over chromium surface and obtained a good approxima-
tion for the cases studied. Later on, Guggilla et al.[53] extended the study to drop-on-drop
impact of FC-72 and the values of the same order, a = 8/3 and b = 3.4 are utilized to
estimate the quantities. With these observations, it is determined that the analytical models
are efficient in capturing the spread and heat transfer dynamics for the given constants 'a’
and 'b’; and these values are sensitive to the nature of the liquid, surface, and boiling regimes

(wall superheat).

5. Summary and Conclusions

The present work provides results of an experimental investigation of the spread and
heat transfer dynamics of a train of two concentric impinging droplets over a hot surface.
At constant impact conditions (We = 50, Re = 3180), and flow rate of 20 droplets per
minute (DPM), the behaviour is captured by high-speed imaging and infrared thermography.
Deionized water droplets are impinged over the heated Inconel surface, and the surface
temperature is chosen as a parameter, and varied from 22 °C (non-heated) to 175 °C. The

impingement scenario is classified as single droplet and drop-on-drop configurations over the
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hot surface and compared for relevant parameters. Outcomes such as spread factor, droplet

input heat transfer, surface temperatures, effectiveness or cooling efficiency, and dynamic

contact angle are obtained and compared. The following conclusions are made from the

study.

1.

The effect of temperature on spread dynamics is dominant from the initial cycle of
spreading for both configurations. However, the maximum spread factor trends indicate
that the spread factor is significantly affected by surface temperature during single

droplet impingement compared to drop-on-drop impact.

High heat transfer rates are observed in the vicinity of the three-phase contact line,
and input heat transfer rates are strongly influenced by the surface temperature during

single droplet, as well as drop-on-drop impact over the surface.

Comparison of droplet input heat transfer between the configurations confirms that
there is a reduction in the trailing droplet heat transfer, during drop-on-drop colli-
sion, compared to the leading droplet. The pre-cooling due to sessile droplet( initial)
interaction and decrease in surface area-to-volume ratio is attributed to the low heat

transfer rates observed during the drop-on-drop impact.

The extent of surface area being cooled has increased during drop-on-drop impinge-
ment, and the region corresponds to the net spread factor i.e., the annulus portion
between the initial and post-impact spread is found to provide effective heat transfer

during the impingement.

The dynamic contact angle variation is provided, for different surface temperatures,
and the effect of temperature on contact angle is weak for both the configurations.
Also, there is only a marginal increase of static contact angle over the heated surface

due to the non-volatility of water.

To compare the input heat transfer rates among the configurations, an effectiveness
ratio is defined as the ratio of dimensionless input heat transfer during drop-on-drop
impact to a single droplet impingement. This parameter was found to be constant

(around 0.62) for all surface temperatures concluding the reduction in heat transfer
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during drop-on-drop impact.

7. Relevant analytical models available in literature were identified, and used to predict
the maximum spread factor and heat transfer rates during the spreading phase for
the present impingement configurations. The models captured the spread and heat
transfer dynamics with a deviation of 8 % and 20 %, respectively. The performance of

these models are examined with the previous studies for broader validity.

6. Appendix

6.1. Energy balance applied to a pizel element

The filtered temperature field is used and an energy balance is applied to each pixel to
calculate the corresponding droplet heat transfer. The energy balance applied to the pixel

element results in

Qstored - Qgen + Qcond - Qrad - Qcom} - erop (25>

where droplet input heat transfer is represented as Qgrop

Thus,

erop - Qgen - Qstored + Qcond - Qrad - Qcom} (26>

A continuous DC supply is provided to the surface and is maintained at a constant
temperature. Upon droplet impingement, considerable heat transfer takes place resulting in
the cooling of the surface. The generated heat due to the DC supply is calculated as Qgen

2RV,
v,

Qgen = (27)

where I being the supplied current, V,, and V, are the volumes of considered pixel element
and total surface respectively.

Following the reference [56], the heater foil resistance 'R’ is obtained from

_ psLy(1+ (T — T))
B A

P

R

(28)
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where ps, L, , A,(= L,0), oy and ¢ represents surface electrical resistivity, pixel length,
cross-sectional area, temperature coefficient of resistance, and thickness of the pixel element
respectively. The properties of the surface is outlined in Table [2]

The net energy change in the pixel, is termed as stored heat Qgoreq

mge(T, — T,
Qstored - ( tdt ! 1) (29)

where my is the mass of the pixel element, ¢ specific heat capacity, T; and T;_; are the
temperatures of the pixel element at a time intervals of ¢ and ¢t — 1 respectively.

Due to negligible thickness [56] 62], the conduction effects perpendicular to the heater
surface is minimal compared to other directions.

Thus, the conduction heat transfer along the surface is taken into account and is given

as
Qcond - (Qcond)in - (Qcand)out (30)
can be simplified into

ksAp(Tiv1j+Tioay+ Tijor + Tijo1 — 4T5 )
L

C2cond = (31)

P
where k, is surface thermal conductivity and T; ; represents the temperature of considered
element, and 751 5, Ti—1,j, 15 j+1, Ti ;-1 are the temperatures of neighbouring pixel elements
in respective directions.

The bottom side of heater surface is coated black and is maintained at high temperatures.

The radiation heat transfer underneath the surface is considered as

de = O-GTL?)(E,]A - Too4) (32)

Also, natural convection currents will form eventually underneath the hot surface which

can be calculated as
Qconv = th?;(ﬂ,] - Too) (33)

where natural convectional heat transfer coefficient at a pixel element, h; can be taken
from the correlation

h; = 0.27Ra;"* (34)
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and Ra; is the Rayleigh number and all the properties are considered at the film temperature

Ty
Ty = Lij + 1o (35)
2
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