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ABSTRACT

At low surface superheat levels, water droplets deposited on
ZnO nanostructured surfaces vaporize primarily by conduction
transport of heat from the solid heated surface to the liquid-vapor
interface. As the superheat is increased beyond the onset of bub-
ble nucleation threshold (ONB), an increasing number of active
nucleation sites are observed within the evaporating droplet re-
ducing the time required to completely evaporate the droplet.
There were two primary objectives of this investigation, first, to
determine how system parameters dictate when ONB occurs and
how its heat transfer enhancement effect increases with superheat.
The second was to develop a physics-inspired model equation for
the evaporation time of a droplet on a nanostructured surface
which accounts for effects of conduction transport in the liquid
layer of the droplet and nucleate boiling.

A shape factor model for conduction-dominated vaporiza-
tion of the droplet was first constructed. A correction factor
was introduced to account for deviation of the measured droplet
evaporation times from the conduction-dominated model. The
correction factor form was postulated using a modified form of
the onset of nucleate boiling parameter used in the well-known
model analysis developed by Hsu to predict onset of nucleation
and active nucleation site range in a thermal boundary layer as-
sociated with forced convection boiling. Droplet footprint radii
were experimentally observed to be affected by superheat and an
additional term was introduced to account for this phenomenon.
A term was also introduced to include correlations for boiling to
incorporate system properties.

This modeling led to an evaporation time equation contain-
ing numerical constants dictated by the idealizations from the
physical modeling. To develop an improved empirical model
equation, these numerical values were taken to be adjustable
constants, and a genetic algorithm was used to determine the ad-
Jjustable constant values that best fit a data collection spanning
wide variations of droplet size, surface apparent contact angle,
and superheat level. The best-fit constants match the data to an
absolute fractional error of 26%. The model equation developed

in this study provides insight into the interaction between con-
duction transport and nucleate boiling effects that can arise in
droplet vaporization processes.

Keywords: machine learning, droplet vaporization, nucleate
boiling effects

NOMENCLATURE

Roman letters

d droplet footprint diameter

D,  departure diameter

hyp latent heat of vaporization

ki thermal conductivity of liquid
dmean average rate of heat transfer
R0 initial droplet footprint radius
Rs mean mean droplet footprint radius
Sy shape factor

te droplet evaporation time

f. non-dimensional droplet evaporation time
ATsor =Ty — Tsyq:  Surface superheat
Tw heated wall temperature

Tsq;  saturation temperature

Vao  droplet volume

Greek letters

a liquid thermal diffusivity

y Hsu’s parameter

Omean,0 1nitial mean droplet height
Omean Pprocess mean droplet height
Bupp.0 apparent contact angle

Jo; liquid density

fo vapor density

o surface tension

Q boiling correlation

1. INTRODUCTION

Research has been done to investigate the increase in wick-
ability and enhancement of droplet evaporation heat transfer
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FIGURE 1: SEMI-SCHEMATIC DIAGRAM OF ENHANCED WICKING
AND SPREADING ON A THIN NANOPOROUS LAYER ON A METAL
SUBSTRATE DURING SYNCHRONOUS SPREADING [2].

through the use of nanostructured hydrophilic surfaces [1, 2],
which shows promise in reducing water consumption where spray
cooling methods are used. Two mechanisms exist that can po-
tentially influence the vaporization rate of droplet deposition on
superheated surfaces: conduction and nucleate boiling. How-
ever, little exploration has been completed on the interaction of
these mechanisms on nanostructured surfaces. Contemporary re-
search involving nanostructed surfaces has investigated: droplet
evaporation at various superheat levels with each heat regime
considered separately [3], nucleate boiling [4], and comparisons
of the droplet evaporation and nucleate boiling [1]. The inter-
actions of the droplet spreading mechanism and the mechanisms
of heat transport to the interface of droplet on nanostructured
hydrophilic surfaces has also been investigated [2].

ZnO nanostructured surfaces have been characterized as su-
perhydrophillic which enables wettability and wickablity [5].
These mechanisms result in a two regime spreading process of
synchronous and hemi-spreading of a deposited droplet onto the
nanostructured surface. The spherical cap model uses the two
regimes as a basis for its formulation. Figure 1 depicts the de-
position of a droplet on a nanostructured surface at the transition
point between synchronous and hemi-spreading. This transition
point is of note in this research as it is when measurements are
taken for the formulation of the apparent contact angle.

This paper will explore the interaction of conduction and
nucleate boiling regimes of droplet vaporization from zinc ox-
ide nanostructured surfaces and will investigate a physical model
to encompass the droplet vaporization time as it crosses both
regimes. To accomplish this, ZnO nanostructured surfaces were
fabricated and experiments were completed to gather droplet va-
porization data. Physical models were postulated based on ongo-
ing and prior research. The two were then synthesized through
the use of machine learning tools to hone in on a best fit physical
model for the droplet evaporation process.

2. EXPERIMENTAL PROCEDURE AND RESULTS

Preliminary research work included fabrication and experi-
mentation of the ZnO nanostructured surfaces and droplet evap-
oration. The fabrication and experimental procedure was first
developed by Padilla, further explored and refined by Wemp and
McClure, and has also been adapted to other applications by Cabr-
era [6-9]. The historical use of the fabrication and experimental
techniques demonstrate the robustness of the procedure.

Based on the work done by the previous researchers, copper
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FIGURE 2: PICTORIAL REPRESENTATION OF SUBSTRATE WITH
THE INITIAL NANOSTRUCTURE COATING AND THE BEAKER CON-
TAINING THE GROWTH SOLUTION WITH THE SUBSTRATE SUB-
MERGED [7].

was selected as the substrate material due to its favorable thermal
properties. The goal of the experimental component of this re-
search was to gather droplet evaporation time data to supplement
the development of the physical and machine learning models
which will be discussed later in this paper. In depth fabrication
and experimental procedures can be found in the cited sources
as modifications are minimal. Any differences in the referenced
procedure will be outlined.

For all steps of the procedure (both fabrication and experi-
mental), care was taken to handle the substrate and any materials
used with gloves to prevent transfer of unwanted contaminates to
the surfaces/substrate.

2.1 Fabrication

The general description of fabrication are to prepare the sub-
strate followed by growing of the ZnO surface. For this exper-
iment, an existing substrate was used to minimize fabrication
times. The surface of the substrate where ZnO nanoparticles
were to be grown was prepared by alternating sanding and alcohol
cleaning steps until a homogeneous, mirror-finish was achieved.
For each sanding step, sand paper grit size was reduced.

Following the preparation of the substrate surface, the sub-
strate was then cleaned via an ultrasonic bath. The substrate was
cleaned in successive baths of acetone, isopropyl alcohol, and
finished with distilled water. A growth solution of distilled water,
Hexamethylene Tetraamine, and Zinc Nitrate Hexahydrate was
then prepared as described by Cabrera [6]. The nanoparticle so-
lution was then prepared of the ZnO particles and ethanol which
were exposed to ultrasonics to ensure mixture of the solution,
again following the procedure as described by Cabrera [6]. Both
of these processes create homogeneous solutions which promote
uniform distribution and coating of the ZnO particles.

With the solutions and substrate prepared, fabrication pro-
ceeded with coating the surface with the nanoparticles and grow-
ing the nanostructure. The surface wass heated to 120°C, in-
troduced to the nanoparticle solution, heated again, placed in a
beaker of the growth solution, and the beaker was then placed in
an oven for 8 hours at 90 °C to allow growth of the nanoparti-
cles. Figure 2, shows the beaker with the substrate submerged;
this is the configuration that was placed into the oven to enable
nanoparticle growth.

Once the fabrication of the nanostructured surface and sub-
strate was completed, the surface was imaged using an SEM to
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gauge the success of the procedure and make any observations
of the surface, Fig. 4. SEM images showed signature stochastic
hexagonal pillars indicating a successful growth procedure.
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FIGURE 3: SEM IMAGE OF NANOSTRUCTURED SURFACE AT 2um
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FIGURE 4: SEM IMAGE OF NANOSTRUCTURED SURFACE AT
200nm.

2.2 Experimental Procedure

The experimental component of the process included: des-
orption, characterization of the nanostructured surface, evapora-
tion experiments, and post-processing.

2.2.1 Desorption. The surfaces were grown over the course
of roughly 12 hours, therefore data gathering experiments took
place a few days after growth procedures. Despite care to limit
contamination, such as storing the substrate in clean glass con-
tainers, the lapse in time between growth and data gathering ex-
periments could have resulted in unwanted contaminates on the
nanostructured surface. To remove any unwanted contaminates,
the substrate was desorbed. The desorption process was heating
the substrate to 300 °C for about 45 minutes.

2.2.2 Characterization. Adiabatic droplet evaporation ex-
periments were used to characterize the surface. The results
of the characterization experiment were especially critical as it
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FIGURE 5: ADAPTED SCHEMATIC OF THE EXPERIMENTAL SET-UP
WHERE A HOT-PLATE HAS BEEN ADDED TO THE DIAGRAM FOR
COMPLETENESS, NOT TO SCALE [6].

provided data to calculate the contact angle of the surface which
would be used throughout the remaining research. The test set-up
was made up of the substrate, an Edgertronic high-speed camera,
distilled water, and a pipette. Figure 5 demonstrates the exper-
imental set-up for the adiabatic and heated experiments, where
the only difference is the adiabatic experiments take place on an
unheated hot plate. The high-level steps of the procedure as are
as follows:

1. The high speed camera was set to capture video at 2000 fps
2. The substrate was placed directly beneath the camera lens.

3. The micropipette was filled to 8uL of distilled water. The
water is then deposited on the surface from a short distance.
Simultaneously, the high speed camera captures a video of
the deposition, spreading and evaporation process.

This process was repeated five times to generate several data
points to ensure the contact angle generated was as accurate as
possible. The videos were processed to gather footprint area
measurements which will be outlined in the "Post-Processing"
subsection.

2.2.3 Evaporation Experiments. Evaporation experiments
closely followed those outlined in Cabrera’s work [6]. The sub-
strate was placed on the hot plate (see Fig. 5 in completeness)
where it was then surrounded by insulation to mitigate heat loss
from the sides of the substrate. A thermocouple was then care-
fully placed in the substrate via a pre-drilled hole; this would be
used to control the temperature of the substrate. The hot plate was
then set a few degrees above the desired temperature to ensure the
substrate reached the desired temperature. Once the temperature
was reached, about 15 minutes were allowed to pass to ensure
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the system was at a steady state. An 8uL droplet of distilled
water was deposited at a negligible height from the surface and
the droplet was vaporized. During this process, the camera cap-
tured a high speed video of the droplet deposition, spreading, and
evaporation to later be analyzed.

This process was repeated at five superheat values with four
to five runs at each superheat value for a total of 22 data points.
Each experiment run used droplet volumes of SuL.

2.2.4 Post-Processing. The collection of videos from the
surface characterization and evaporation experiments underwent
two post processing procedures which utilized softwares Adobe
Premier Pro and Image]. The desired output from the charac-
teristic experiments was a foot print area which could then be
used to calculate a contact angle and the desired output from the
evaporation experiments were the droplet evaporation times.

The characteristic experiment videos were imported into
Adobe Premier Pro where they were then analyzed to capture
the transition of the droplet from synchronous spreading to hemi-
spreading. An image was captured from the video frame just
before hemi-spreading began. The form of the droplet here could
then be used to calculate the contact angle as described in the
introduction. The image captured was imported into ImagelJ. The
droplet area was measured using the Image] software tools and
physical measurements of the substrate diameter as a scale. From
the measurement of the droplet footprint area, the droplet radius
was then calculated. The droplet is idealized as a spherical cap
as developed by Wemp and Carey which assumes that a liquid
droplet deposited on a substrate can be estimated as the cap of
a sphere [5]. A relationship was developed between the initial
droplet footprint radius, Ry ¢, the apparent contact angle, 64, p,
and the droplet volume, V o:

~ Va0 173
A\ 7(2=3c05(0app) +cos3(0upp))

The footprint radius was measured and the droplet volume was
known, from this relationship, the apparent contact angle was
solved for.

Post-processing for the evaporation experiments was done in
Adobe Premier Pro. For each experiment video, the video was
imported into the software and scrubbed through to observe the
frame in which the droplet first made contact with the substrate.
This frame would then become the new start to the video. The
time frame of the video was changed such that a time of Os
corresponded to when the droplet first met the surface. The video
was the scrubbed again to find the frame in which the entirety
of the droplet had vaporized and the frame was recorded. By
converting the video time into frames, the evaporation time was
then calculated. For example, a droplet was observed to have
completely vaporized at a video time of 02:49:26, this converts
to 5096 video frames, with a camera speed of 2000 fps, the
evaporation time is then 2.548 seconds.

RS,O

sin(8app) (1)

2.3 Results

2.3.1 Measurements. The contact angle was computed for
each of the five adiabatic experiment replications using the rela-
tionship from Eq. 1. The values were averaged to get the contact
angle of the surface, of 7.504°.

FIGURE 6: VIDEO IMAGE OF WATER DROPLET VAPORIZATION ON
A NANOSTRUCTURED SURFACE WITH LOW SUPERHEAT NUCLE-
ATE BOILING. SURFACE SUPERHEAT = 20°C.

2.4 Visual

Post-processing of the high speed videos yielded images of
the two regimes of droplet vaporization. At 5°C superheat, the
vaporization regime is postulated to be conduction dominated as
it is below the general temperature range for the onset of nucleate
boiling. Results of the experiments completed at this super-
heat confirm this hypothesis as the observed droplet contained a
smooth appearance with no indication of nucleation sites. Sim-
ilarly, between 15°C and 25°C it is estimated that the ONB will
occur. In Fig. 6 the superheat is 20°C, and the ONB and nucle-
ate boiling is observed. Research presented by Wemp also found
similar results in which they observed no nucleate boiling at 15°C
superheat and bubble nucleation at 20°C, indicating the onset of
nucleate boiling occurs between these two superheat values [9].

3. MODEL DEVELOPMENT
3.1 Idealizations

Results from droplet evaporation experiments proved to
loosely follow previously proposed physical models for predict-
ing droplet evaporation. To improve upon the model proposed
by Wemp [9], a closer look into the droplet evaporation time
behavior with respect to the conduction regime was taken. As
previously discussed, the droplet wicking in the ZnO nanostruc-
tured surfaces allows for more efficient conduction as the heat
path has been shortened due to the height of the droplet decreas-
ing with the wicking. The physical model followed an evolution
based on continued analysis of mechanisms that best represent
the physics of the droplet evaporation behavior.

To begin modeling droplet evaporation, a few assumptions
were made that carried throughout the iterations on the physical
model. As explained in the experimental procedure, the droplet is
idealized as a spherical cap, the footprint radius can be measured,
and the droplet volume is known, from this relationship, the
apparent contact angle can be solved for, see Eq. 1. In order
for the liquid droplet to vaporize, heat must transfer from the
surface of the substrate across the liquid to interface. This is
effectively heat transferring through the height of the droplet, d.
The initial mean droplet height 6,,,¢41,0 can be defined leveraging
the spherical cap model and relating the footprint area, average
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TABLE 1: LEGEND FOR 2-D PLOTS PRESENTED WITH 6
ROUNDED TO THE NEAREST DEGREE
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droplet height, and the initial droplet volume:

6mean,0(ﬂRz,0) =Vao
Omean,0 = m @
’ ﬂ'R?’O
With the assumption of a fixed contact angle throughout the
evaporation process, and as evaporation occurs, both the droplet
volume and the mean droplet height both go to zero. The mean
droplet height for the entire evaporation process can be idealized
as:

1
Omean = E((Smean,() + O) = 6mean,0/2 3)

A function A(6) is introduced to simplify the relationship between
the droplet footprint radius, the contact angle, and the droplet
volume:

1/3
3sin3(0app) /

(2 =3cos(0app) +cos*(Oapp))

A(0) = 4)

The initial droplet footprint radius, Rj o, is reduced to the function
A(6) and V4 0. The relationships is then:

Ry = A(O)Vyo 5)

Using the same logic as the formulation of the process mean
droplet height (Eq. 2), a relationship for the average droplet
footprint radius can be formed as:

Rs,mean = Rs,O/2 (6)

Unless otherwise specified, these assumptions will carry
throughout the physical model development to follow. The mod-
els and analysis in this paper span various contact angles and
droplet volumes. A legend has been introduced in Table 1 for
continuity and reference for plots presented.

3.2 Conduction Dominated Regime

Aninitial approach focused on the conduction transport dom-
inated regime. A shape factor is introduced to best represent the
hemispherical physical shape of the droplet on the surface. Asde-
veloped by Nijaguna, and further simplified by Mendoza [10, 11],
a shape factor for a hemispherical droplet can be formed as:

1
S = Zﬂdsine x ®(0) 7

Where @(0) is

o (4n+3)(2n + 1)(=1)?"(2n!)?
4{2 (2n +2)2(2)*(n!)* }

n=0

(6) = ®)

sl n

Z (4n+3)(2n!)(-1) [tan(6/2)]2"!
b (2n+ 2)(2)2(n!)?

The Nijaguna form of the shape factor was formulated using the

droplet diameter. The focus for this study is the footprint of the

droplet thus the sine term from the shape factor form is dropped

resulting in:

Sy = %nd « D(6) 9)

The mean droplet footprint diameter, d, is defined as double the
calculated mean footprint radius. The introduction of a shape fac-
tor allows for two- and three-dimensional heat conduction prob-
lems to be simplified by allowing the shape factor to encompass
the geometry of the system [12]. The shape factor approach mod-
els heat transfer from the body of one surface to another - here
the liquid-solid interface of the liquid water droplet at the surface
to the liquid-gas interface of the droplet. The simplified the heat
equation takes the form [12]:

q= kalATxut (10)

Here k; is the thermal conductivity of liquid water and
ATsqr = Twani — Tsar 1s the superheat, where the superheat can be
defined as the difference in temperature of the heated surface and
the saturation temperature of water. To develop a function for
the droplet evaporation time, ., a relationship between the latent
heat and the rate of heat transfer is established:

‘= Qevap _ plhlde,O
¢ qmean lefATsat 11
; prhiwVao (1 40(6) B (b
=———|-n
T kAT \4

The droplet evaporation times were predicted using the de-
veloped shape factor model (Eq. 11) and compared to experimen-
tally measured values, Fig. 7a. Visually, this plot demonstrates
the general adherence of the predicted values where the conduc-
tion dominated regime is expected, at lower superheat values and
thereby longer evaporation times. However, overall it is observed
that the model predictions are below the red trendline of an ex-
act prediction of evaporation times. The predicted evaporation
times are shifted from the measured evaporation times due to the
assumptions made, an unknown prefactor, and to the model only
representing conduction-dominated evaporation regime.
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FIGURE 7: PREDICTIONS FROM THE SHAPE FACTOR CONDUC-
TION DOMINATE REGIME MODEL, EQ. 11 (a) AND WITH THE AD-
DITIONAL PREFACTOR (b), REFERENCE TABLE 1 FOR LEGEND.

A simple study was completed using a genetic algorithm to
generate a best-fit value for this unknown prefactor; the section
to follow will further discuss the use of genetic algorithms. A
model following Eq. 11 was introduced to a genetic algorithm
where a coefficient, which was allowed to float, was introduced,
ni. The constant resulting in the predicted droplet evaporation
times best fitting to the experimentally measured droplet evapo-
ration times was found to be n; = 0.0762. A plot was generated
using Eq. 11 with the addition of the constant, n{, to demonstrate
the improvement of the addition of the "unknown" prefactor, see
Fig. 7b. The immediate improvement of the fit in Fig. 7b is ob-
served when compared to Fig. 7a, however, it can be seen that the
higher superheat/shorter evaporation time values depart from the
model. This departure can be attributed to the lack of inclusion
of a nucleate boiling regime term in the model. It is expected that
the correction prefactor will vary with superheat under the ex-

pectation that evaporation time will deviate increasingly from the
conduction model as superheat increases and nucleation effects
become stronger; a constant prefactor (n1) is not sufficient.

3.3 Correction Term for Nucleate Boiling Effect

The predicted verses measured data plots for the conduction
dominated regime model demonstrated a distinct departure from
the model at shorter evaporation times. At higher superheat
values evaporation times are expected to decrease. With this in
mind, it can be deduced that the models until this point fairly
accurately represented the actual behavior of droplet evaporation
until around 15°C superheat. This can be attributed to the onset of
nucleate boiling which was yet to be introduced to the postulated
model. To account for the onset of nucleate boiling, an additional
term was introduced to the model which would behave in a way
such that at low values of superheat, the contribution of the term
would be minimal to zero and at higher superheat values, the term
would be significant.

The first approach for the addition of the nucleate boiling
term followed the form of a Jakob number. As outlined in the
previous paragraph, it was expected that as the system transitioned
from conduction dominated heat transfer to nucleate boiling, the
addition of the Jakob number would account for this transition.
However, on analysis the term did not provide a good correlation
scheme.

Following the proposed form including the Jakob number,
the model was then refined by introducing the more appropriate
form as found in Hsu’s Analysis. Hsu’s argument encompasses
the nucleation site at which an embryo bubble would grow under
the condition that the bubble is sufficiently large and in which
its surroundings are sufficiently superheated [4]. Specifically,
Hsu’s analysis includes insight into mechanisms that impact the
nucleation process [4]. This analysis includes a parameter, y, of
the form:

_ 1280—T\at(Pl)

Y= (12)
Po hlvémeanATsat

Here the o is the interfacial tension and 7Ty, is the saturation
temperature. Hsu’s analysis implies that the onset of nucleate
boiling begins when this term is equal to one. With this in mind,
the superheat necessary for the onset of nucleate boiling would
take the form:

| = 12.80T5q: (Py)

B pvhlvdmeanATONB

12.80Tsur (P1)
ATong = (T = Tsa)ong = ——————  (14)
pvhlvémean

13)

A beta term was then introduced to incorporate the parameter
from Hsu’s analysis where:

(]w ]Sat)
3 = - vz 15
oNB (7w ’lsat)()NB ( )

This formulation implies that when the system (numerator) is at
a superheat below that required for the onset of nucleate boiling,
Bonp is less than one.

Copyright © 2023 by ASME



deposition

!

deposition

spreading with full wetting

deposition

}

spreading with

g

contact nucleation

spreading with

contact nucleation

maximum footprint

enhanced maximum footprint

enhanced maximum footprint

'

!

'

conduction only evaporation

conduction only evaporation

conduction and nucleate
boiling vaporization

(@

(b)

()

increasing wall superheat

>

FIGURE 8: POTENTIAL INTERACTION OF MECHANISMS DURING DROPLET VAPORIZATION. (THICKNESS OF SURFACE COATING IS EX-
AGGERATED FOR CLARITY.) (A) CONDUCTION DRIVEN VAPORIZATION, (B) NUCLEATION ENHANCED SPREADING FOLLOWED BY CON-
DUCTION DOMINATED VAPORIZATION, (C) NUCLEATION ENHANCED SPREADING AND COMBINED CONDUCTION AND NUCLEATE BOILING

VAPORIZATION

3.4 Non-Dimensional Form

A non-dimensional approach was then selected to remove
reliance on the properties of the specific system used here. The
non-dimensional form of the physical model is especially of inter-
est because it would be most easily adapted to different systems
as it is dimensionless and not reliant on system properties.

A non-dimensional form of the physical model for evapo-
ration time was formulated to account for changes in the foot-
print radius with superheat. Post-processing of the experimental
videos allowed for the maximum footprint radius to be measured
through the measurement of the footprint area at each superheat
used. Results of this analysis showed that the maximum footprint
radius during adiabatic experiments differed significantly from
that during heated experiments.

Figure 8 schematically illustrates the potential interaction of
mechanism during deposited droplet vaporization on nanostruc-
tured surfaces. At very low superheat (a), droplets wet the surface
fully, rapidly spread to a large footprint, and then evaporate as a
consequence of conduction heat transfer across the spread liquid
layer to the interface. At moderately high superheat levels (b),
some nucleation and vaporization may occur when liquid first

contacts the surface. This vaporization can enhance spreading of
the liquid to a larger footprint compared to very low superheat
levels where this effect is not present.

The enhanced spreading will thin the liquid layer and en-
hance the rate of vaporization since there will be reduced con-
duction resistance across the liquid layer for the spread droplet.
At this moderate superheat level, sustained nucleate boiling may
not be achieved, and vaporization of the spread droplet is driven
by conduction alone. At very high superheat levels, nucleation
and vaporization occur when liquid first contacts the surface, and
the superheat maybe high enough to sustain nucleate boiling in
the liquid layer of the spread droplet, achieving a high vapor-
ization rate as a consequence of the combined contributions of
conduction across the liquid layer, and nucleate boiling at active
nucleation sites in the liquid layer.

This lent itself to the formulation of a function to account for
this phenomena. Leveraging previously defined relationships for
the shape factor and A(6), Eq. 4, and defining a new function of
superheat F(AT,;) as a correction term of maximum spreading
radius due to nucleation, relationships for the maximum footprint
radius and mean footprint radius including nucleation enhance-
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ment are: 3
Rymax = A0V Fy (16)

1
Rs,mean = E/l(e)VdI{ng (17)

following the same logic presented in the idealizations, Eq. 6.
The droplet height can also be examined as it is a function of the
footprint radius, Eq. 2. Using the form of maximum footprint
radius defined above, Eq. 16, the equation for the initial mean
droplet height and process mean droplet height become:

V]/3
5 o= Vao Va0 _ d,0 (18)
mean,U — - -
TR max  n(AOVY F)?2  n(O)FF
1/3
Smean = ~(Gmean +0) = Smean/2 = a (19)
mean — 2 mean - mean - 27‘[/12(9)FS2

The newly defined function Fj is proposed to take the form:
Fy=1+CaBlyy (20)

where beta is that from Eq. 15. The function Fy is expected
to approach 1 for AT, < (Ty — Tsar)onp- For the droplet at
the onset condition superheat (T, — Tsar) o g there is expected
to be virtually no spreading enhanced by nucleation and F = 1.
Therefore the initial and overall mean droplet height at the onset
of nucleation are expected to take the form:

vl
d,0
Omean =— 21
ecan ONBO = 3 (o5 2L
1/3
\%
d,0
0 = — 22
mean,ON B 271_/12(9) ( )

The mean heat flux with possible enhancement of spreading by
nucleation is:
, k[SfATsat lefATsat

q, cond,mean = = (23)

RS pean (/422 (0) Vo F?

Here Sy is evaluated for the mean droplet footprint; d = 2R; jmean
is the mean diameter including nucleation enhancement. The
total mean heat flux is represented by the combination of the
conduction heat flux and fully developed nucleate boiling heat
flux. A form of nucleate boiling heat flux was proposed by
Stephan and Abdelsalam [13] and is represented by:

q” = CoATyy>" 24)

The coefficient Cy, is represented by a function of contact angle,
superheat, liquid/vapor properties, and departure diameter. This
form of nucleate boiling heat flux utilizes correlations of nucle-
ate boiling heat transfer data, specifically for natural convection
boiling. Defining functions () to account for contact angle
dependence and D, for departure diameter [14]:

0.912 L 531
Q0) = (&) (pz pv)
p1 pi

1.07
hlva

2
1

2
a;pi
O’Db

a

(25)

D, =0.02080 — (26)
g (p1 — pv)

The coefficient, C,,, can then be defined as:

kiTsar 1
cw=o.0119(9)( lDb )(T3_07) 27)

sat

With C,, defined, the total heat flux and total rate of heat
transfer become:
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Evaporation time can then be solved for using the following rela-
tionship:

h,V,
t, = ,f.’l 1wVd,0 (30)
qtot,mean
Non-dimensional time is defined as:
. t HA(0) D (0
- e(m/4)A(6) D (6) 31)

plhlvvj,/g/(kl ATsut)

After substituting in values and simplification, the non-
dimensional model becomes:

A 1

i, =
Cud(0)F2V AT

¢(9)k1ATsat

(32)
Fs+

The definition of Cy,, Eq. 27, is then substituted in to further
refine and simplify the physical model form of non-dimensional
time:

-1
VIOF (2(6)2(0)\ [ Ayar |7
fo = |Fy+0.011[ 222 ( (©) ())( “") (33)

Dy, @ (9) Tsar

4. DROPLET EVAPORATION TIME USING MACHINE
LEARNING

4.1 Genetic Algorithm Development

A genetic algorithm (GA) was selected as the machine learn-
ing tool as it was a straightforward transition from the physical
model. By using the genetic algorithm, the form of the physi-
cal model was maintained allowing the model to be analyzed in
a dimensional or non-dimensional form. Additionally, genetic
algorithm framework has the capability to allow for non-linear
functions. This feature is especially critical in the research pre-
sented here as the physical models developed became non-linear
with successive iterations to best fit the physics of the vaporization
process.

Generally, a genetic algorithm begins with a representative
population of the process of interest, such as the data from the
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FIGURE 9: FLOW CHART OF AN EXAMPLE GENETIC ALGORITHM
[15].

evaporation experiments. A fitness function is then determined;
in this exploration it will be a form of each of the postulated
physical models. Based off of the fitness function, the fittest
individuals will be selected to pass their "genes" to the next
generation. New "offspring" is generated from the pairing of two
random "parents" which are then added to the population. Those
individuals with low fitness are removed from the population,
leaving only the fittest individuals. This process is repeated until
satisfactory accuracy is achieved. See Fig. 9 for an example flow
chart of the process. Main components of the genetic algorithm
are the tuneable constants. The program works to minimize
the error between the representative population and the value
generated using the floating constants and selects constants that
best accomplish that.

The purpose of the use of a genetic algorithm was to develop
constants for the developed physical models. Because the physi-
cal models rely on idealizations, the constants are also reliant on
the idealizations and may not generate the best fit for modeling
the physical behavior. The genetic algorithm enabled the experi-
mental data to fill-in the knowledge gaps about real world droplet
evaporation. For each of the physical models developed, a genetic
algorithm was run where results provided objective feedback on
how the next iteration of the physical model could be improved.
The genetic algorithm programs each used the experimental data
gathered in the research done here and that of McClure [7].

4.2 Postulated Fits and Constants - Conduction and
Nucleate Boiling
The non-dimensional physical model derived, includes a
term to account for the onset of nucleate boiling which enables the
model span the transition from conduction dominated heat trans-
fer to nucleate boiling. This physical model was reformulated

TABLE 2: SUMMARY OF INITIAL GUESSES AND BEST FIT CON-
STANTS FOR NON-DIMENSIONAL MODEL.

C’B ng Cnb Nub
Initial 1 2 0.011 2.07
Best Fit | 5.059 | 0.677 | 0.013 | 12.309

to include adjustable constants in place of theoretical coefficients
and exponential terms to allow the model to fit the experimental
data. The floating constants introduced were mutated until the
best fit was achieved based on an absolute error fraction:

te,exp - te,pred

Error = (34)

te,exp

4.2.1 Non-Dimensional Form. The developed form of non-
dimensional time using the term from Hsu’s analysis and terms
for nucleate boiling correlation from Stephan and Abdelsalam
was postulated as Eq. 35 where Fj is represented as Eq. 20.

-1

fe = FA-+Cnb

Vao ks (2OA®) ()|

Dy P (9) Tsar

To leverage a GA the constants previously defined are allowed
to float including those present in the F function. Explicitly the
constants are: Cg, ng, Cyp, (previously 0.011), and n,,, (previously
2.07), each is dimensionless. The resulting mean fractional error
from the GA was 0.2587 where the best-fit constants are those
found in Table 2. The fit of the measured versus predicted non-
dimensional evaporation times can be seen in Fig. 10. With the
best-fit constants generated, Eq. 35 was updated to Eq. 37 with
the updated constants. The resulting function with the best fit
constants was then used to generate a surface plot, Fig. 11, where
it can be seen that as the superheat goes to zero, 7, approaches 1,
which is expected.

100

te Measured
=
o
L

A

1072

10~ 1071 10°

fe Predicted

FIGURE 10: RELATIONSHIP BETWEEN EXPERIMENTALLY MEA-
SURED NON-DIMENSIONAL EVAPORATION TIMES TO PREDICTED
VALUES USING EQ. 37, REFERENCE TABLE 1 FOR LEGEND.
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FIGURE 11: SURFACE PLOT SHOWING RELATIONSHIP OF NON-
DIMENSIONAL TIME TO DROPLET VOLUME AND SUPERHEAT
WITH 6 = 10° FOR LIQUID WATER.

The postulated non-dimensional form showed good agree-
ment with the experimental data. The bracketed term of Eq. 35 is
equal to Fj if no nucleate boiling flux is present, and the equation
becomes 7, = F% It then follows that nucleate boiling effects turn
on when the term in brackets in Eq. 35 is substantially larger than
1. Selecting a threshold as what is significantly different than
1 to be 0.15 (15% effect), the results here indicate the thresh-
old condition for turning on of nucleate boiling is below in the
form including Fy and a simplified form with the terms for Fj
substituted in:

1/3 -2
Vd,OFS (9(9)/1(0)) (ATsat )nnb >1.15

Fs G\ =, o) )\ Tou
(362)
0 VioF\ (20 2(0)\ [ ATyar \™
CﬁBONB+C"h D, ( Y0 ) ( T ) > 0.15
(36b)

4.3 Discussion

The iterative process of working through the physical model
development in tandem with the genetic algorithm development
provided for an excellent opportunity to refine the postulated
model with knowledge from experimental data. The resulting best
fit postulated physical model for non-dimensional evaporation
time is:

1/3 _
f, = |Fy +0.013 VioES\ (2(0)2(0) ) (ATyur |
e s . Dh d)(@) Tsat

(37a)

Fy = 1+5.0598%%% (37b)
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FIGURE 12: EXAMPLE BOILING CURVE FOR DROPLET BEHAVIOR.

where the floating constants have been replaced with the best-fit
constants. With the best-fit constants generated, the proposed
threshold for the onset of nucleate boiling, Eq. 36a, can be
updated so that onset of nucleate boiling can be predicted to
occur when:

5.0598%%77+0.013

1/3 12 12.309
VI3 F?
d,0": (Q(G)A(G))(ATW,) > 015

Db ® (0) Tsat

(38)
The non-dimensional form presented here generally follows
apool boiling curve. The introduced F; function incorporates the
linear behavior observed in conduction dominated heat transport
at the low superheat range. In Fig. 12, the floating constant in
the additional superheat term in the bracketed term of Eq. 33,
AT.">  has converged on a value which facilitates closing the
gap between the conduction dominated regime and a more fully
developed nucleate boiling process.

5. CONCLUSION

This exploration of water droplet evaporation heat trans-
fer data for droplet evaporation from a nanoporous thin layer of
ZnO pillars demonstrated the ability to encompass the conduction
dominated and the nucleate boiling dominated regimes associated
with the evaporation process. The effects of the onset of nucle-
ate boiling evaporation process from the nanostructured surfaces
were explored experimentally, visually demonstrating the range
of where the onset of nucleate boiling takes place.

Various physical models were developed to represent the
evaporation behavior from the ZnO nanostructured surfaces, be-
ginning with a conduction dominated representation and continu-
ing with the addition of a term to account for the onset of nucleate
boiling, which took several forms as the machine learning tools
allowed for refinement of the form selected. The physical models
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then took a non-dimensional form where a correction term was
introduced that accounted for the droplet spreading enhanced by
bubble inflation and increased superheat values.

The model presented provides physically representative
means for predicting where the transition from a conduction
dominated regime to a nucleate boiling dominated regime oc-
curs. The final form includes the two represented regimes as
well as the correction term for enhanced droplet spreading. Key
to this formulation was the inclusion of the term introduced in
Hsu’s analysis and expanding upon it for this application.
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