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ABSTRACT

The present study proposes a straightforward approach to achieving consistent particle deposition patterns in multiple nanofluid droplet
evaporation systems by strategically placing de-ionized (DI) water droplets without nanoparticles at both ends of the nanofluid droplet array.
A proof-of-concept investigation was conducted through a combination of experimental and numerical analyses for a five-droplet evapora-
tion system, consisting of three nanofluid droplets and two DI water droplets, to control vapor shielding effects. This study also examined
contact-line dynamics, vapor concentration distribution, and evaporation flux during the evaporation process. The findings revealed inconsis-
tent coffee-ring patterns formed by the three nanofluid droplets, without the addition of DI water droplets. In contrast, when DI water drop-
lets were placed at both ends of the array, we were able to fabricate nearly consistent coffee-ring patterns. Specifically, the consistency of the
coffee-ring patterns improved with an increase in DI water droplet volume, achieved by tailoring the evaporation flux near the droplet edges.
Increased DI water volume also extended the total evaporation time due to enhanced vapor accumulation. Moreover, DI water droplets
exhibited pinning-depinning behavior during evaporation, whereas nanofluid droplets remained pinned for longer durations as particle
aggregation delayed the depinning process.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0278740

I. INTRODUCTION

Droplet evaporation involves complicated physical processes,
including vapor behavior, contact-line dynamics, internal flow motion,
and heterogeneous evaporation rates.”” The droplet evaporation phe-

systems exhibit significantly more complex phenomena. Furthermore,
the vapor shielding effect, associated with vapor accumulation between
adjacent droplets, changes the local evaporation flux and internal flows,
primarily affecting particle deposition patterns.
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nomenon has been applied in various industrial applications such as
spray cooling, food quality assessment, and medical diagnosis.”
During evaporation, in particular, particle-laden droplets (hereafter
referred to as nanofluids) can be utilized to fabricate various deposition
patterns, such as coffee-ring, multi-ring, and uniform patterns,(’ which
are widely used in practical applications, including surface coating, ink-
jet printing, and other related fields.”” Generally, particle deposition
can be controlled by factors such as liquid composition, particle con-
centration and size, and substrate wettability.'’'* During evaporation,
the capillary flow forms a coffee-ring pattern, and multi-component
droplets exhibit central deposition patterns driven by internal
Marangoni flows."” Furthermore, the thickness and height of deposi-
tion patterns are substantially affected by particle concentration and
size."*"” Unlike single-droplet systems, multiple-droplet evaporation

Physically, the vapor shielding effects can significantly modulate
evaporation dynamics by reducing the local evaporation flux and
extending overall droplet lifetimes.'”'” Thus, it is necessary to under-
stand the detailed physics behind the vapor accumulation phenome-
non between droplets during evaporation to effectively control the
particle deposition pattern. Several researchers'® >’ have demonstrated
variations in evaporation time due to the vapor shielding effect, show-
ing that multiple droplet configurations generally exhibit longer evapo-
ration than single-droplet cases. Shaikeea and Basu'® observed that the
evaporation time of paired droplets approached that of a single droplet
as the distance between the droplets increased. More recently, Lee
et al."” reported that in a system of three identical droplets arranged in
a linear configuration, the droplets at both ends evaporated faster than
the droplet at the center. However, as the spacing between droplets
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increased, the evaporation times of all three droplets tended to con-
verge. Chong et al.”’ numerically simulated nine droplets arranged in a
3 x 3 grid and found that the droplet in the middle position had the
longest evaporation time. Moreover, the vapor accumulation effect is
further modulated by factors such as the substrate temperature, surface
wettability, and the components of liquids. Hwang et al.”' examined
the effect of substrate temperature on vapor accumulation between
droplets and found that natural convection suppressed vapor accumu-
lation as the substrate temperature increased. Jin et al” performed
surface plasmon resonance imaging and numerical simulations on a
pair of unary and binary droplets. Their results showed that the pres-
ence of a de-ionized (DI) water droplet led to a local change in ethanol
concentration within the adjacent ethanol-water mixture droplet, due
to vapor accumulation. This accumulation reduced the local evapora-
tion rate of water in the mixture droplets. Rehman et al.”” proposed an
evaporation rate model for multiple droplets incorporating a contact
angle function, based on both experimental and numerical investiga-
tions. Their results showed that, under identical droplet spacing, the
evaporation time ratio (multiple droplets to single droplet) decreased
with increasing contact angle. Similarly, Tonini and Cossali"* intro-
duced the concept of screening coefficients, defined as the ratio
between the evaporation rate of a droplet in a multi-droplet evapora-
tion system and that of an isolated droplet, through analytical model-
ing, and found that these screening coefficients become more
pronounced with larger contact angles. The vapor shielding effect on
evaporation rate, particle transport, and the resulting deposition pat-
terns is not fully understood. Therefore, more in-depth studies are
required to elucidate the mechanisms underlying coffee-ring formation
during the simultaneous evaporation of multiple droplets.

Meanwhile, some researchers have attempted to control the evap-
oration rate along the liquid-air interface in a single-droplet evapora-
tion system. Kajiya et al.”’ achieved a uniform evaporation rate by
placing a solvent bath inside a chamber, which resulted in consistent
evaporation across the droplet surface, yet the coffee ring effect per-
sisted. Similarly, Boulogne et al.”® created a uniform evaporation rate
using hydrogel substrates beneath droplets and observed coffee-ring
patterns. Deegan et al.”” demonstrated that when the evaporation rate
peaks at the droplet apex, the internal flow reverses direction, trans-
porting nanoparticles toward the center. Routh and Russel™ investi-
gated horizontal drying fronts in thin films, highlighting early
concepts of vapor concentration control. Kolegov and Barash®
reviewed various vapor field manipulation techniques, including the
influence of neighboring droplets, to control deposition. More recently,
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Hegde et al.”’ and Hu et al.”' showed that asymmetric vapor exposure
induces Marangoni flow and directional particle migration. They sug-
gested that mechanisms beyond evaporation flux distribution, such as
capillary-driven flow and particle migration, played crucial roles in
deposition pattern formation.”” ** Some studies have reported that
particle deposition patterns are strongly dependent on the distribution
of evaporation flux. Pradhan and Panigrahi”” found that local evapora-
tion rates adjacent to two droplets were lower, resulting in reduced
particle deposition in those regions. Hatte et al.”” showed that particles
were transported to regions with higher evaporation rates when two
droplets evaporated. Pradhan and Panigrahi’* demonstrated that adja-
cent droplets influence the evaporation flux on the droplet surface, the
internal concentration field, and the internal flow.

Despite these observations, achieving a controlled and consistent
coffee-ring pattern in multi-droplet evaporation systems remains a sig-
nificant challenge. In Fig. 1(a), three nanofluid droplets exhibit non-
uniform evaporation fluxes because of the vapor accumulation, which
suppresses evaporation between the droplets. In contrast, the highest
evaporation flux occurs at the outermost edges, where particles are
more likely to deposit on the surface due to the uneven evaporation
flux distribution. To generate more consistent coffee-ring patterns, the
present study proposes a novel and straightforward approach by stra-
tegically placing de-ionized (DI) water droplets of different volumes at
both ends of a nanofluid droplet array, as illustrated in Fig. 1(b). These
DI water droplets modulate vapor accumulation effects and eventually
dry out without contributing to particle deposition. Proof-of-concept
experiments in this study were conducted for a five-droplet evapora-
tion system, and the resulting coffee-ring patterns were compared
accordingly. Moreover, the evaporation characteristics, closely associ-
ated with the observed deposition patterns, were investigated as a func-
tion of the volume of DI water droplets. In addition, numerical
simulations were performed to analyze vapor distribution, local evapo-
ration fluxes, and internal flow dynamics in the multi-droplet evapora-
tion system.

Il. METHODS
A. Experimental details

The five-droplet evaporation system, as shown in Fig. 2, can
simultaneously deposit multiple droplets linearly on a slide glass
(HSU-0101242, Marienfeld, Germany) using two nanoliter dispensers
(PJ-30091E, Biofluidix, Germany): one to dispense three nanofluid
droplets with an edge-to-edge spacing of 80 um, and the other to place
DI water droplets at equal distances on both sides of the nanofluid

@ Nanoparticle

@ Vapor

FIG. 1. Schematic of a multiple-droplet
evaporation system.
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FIG. 2. Experimental setup for the five-droplet evaporation system.

droplet array. In this study, the volume of nanofluid droplets was fixed
at 60 nL, whereas the volume of DI water droplets varied at 60, 80, and
100 nL, as listed in Table I.

Visualization of the evaporating droplets was also conducted by
using a CMOS camera (ProgRes CT3 USB, JENOPTIK, Germany)
equipped with a 1x magnification telecentric lens (1.0x SilverTL"™
Telecentric Lens, Edmund Optics, USA), capturing images at one frame
per second. Considering the prevalent use of small-sized droplets in
printed electronics and particle patterning,”” nanofluid droplets were
prepared in this study by mixing 60 nL of DI water with 0.5 wt. % silver
nanoparticles (100 nm in diameter, US Research Nanomaterials, USA).
Given the small bond number, the droplets were assumed to adopt a
spherical cap configuration, indicating that surface forces dominate over
gravitational forces. The bond number is defined as follows:

Bo = pgiRz’ (1)

7
where p is the density of the droplet, g is the gravitational acceleration,
R is the radius of the droplet, and y is the surface tension of the droplet.
For DI water droplets with values of 60, 80, and 100nL, the corre-
sponding bond numbers were calculated to be 0.023, 0.026, and 0.032.
For nanofluid droplets containing 0.5wt. % silver nanoparticles, the

TABLE 1. Summary of the experimental conditions: case 1 involves three nanofluid
droplets without DI water droplets, whereas cases 2—4 correspond to the five-droplet
evaporation system in which DI water droplets of varying volumes were placed at
both ends of the array.

Number Nanofluid droplet DI water
Case of droplets volume (nL) droplet volume
Case 1 3 60 Not used
Case 2 5 60 60 nL
Case 3 5 60 80 nL
Case 4 5 60 100 nL

ARTICLE pubs.aip.org/aip/pof

measured surface tension was 56.56 = 0.06 mN/m, resulting in a bond
number of 0.028. Therefore, both DI water droplets and nanofluid
droplets used in this study can be reasonably assumed to adopt a
spherical cap shape.” The droplet contact angle and contact diameter
were measured using Image J software, with pixel data further proc-
essed and analyzed in MATLAB R2019b. The height of the resulting
coffee-ring patterns was measured using a three-dimensional (3D)
laser microscope (OLS4100-SAA, OLYMPUS, Japan). Each nanofluid
droplet had a volume of 60*3nlL, a contact diameter of
0.77 = 0.05mm, and a contact angle of 58 = 4°. DI water droplets
of 60+ 3, 80+ 3, and 100 = 4nL exhibited contact diameters of
0.82 * 0.03, 0.88 = 0.05, and 0.97 * 0.05 mm, and corresponding con-
tact angles of 54 = 3°, 56 = 4°, and 54 = 4°. All experiments were con-
ducted under controlled ambient conditions at a temperature of
22.5*0.3°C and a relative humidity of 40 = 2%, with five repetitions
performed for each condition to ensure repeatability and data
reliability.

B. Mathematical representation for computational
fluid dynamics (CFD) simulations

For the sake of simplicity, the present study performed numerical
simulations of the simultaneous evaporation of five DI water droplets
without nanoparticles, aiming to investigate vapor distribution, local
evaporation flux, and the corresponding internal flows affected by the
vapor shielding effect. Indeed, our simulation aims to demonstrate the
feasibility of controlling the evaporation fluxes of droplets through the
novel concept proposed in this study. The diffusive timescale (p) is
given by R*/D, where R is the droplet radius and D is the diffusion
coefficient. This timescale is typically much shorter than the droplet
evaporation time, t,, with ¢, ~ 10°t,. Accordingly, a quasi-steady state
assumption is justified for the present numerical simulations.”””* For
the gas domain, both diffusion and natural convection of water vapor
were considered. The evaporation flux at the liquid-air interface was
calculated based on Fick’s law

J= Dvﬁ . VCV, (2)

where D, is the diffusion coefficient, 7 is the normal vector to the lig-
uid-air interface where the liquid is water, the gas is a mixture of water
vapor and air, and c is the vapor concentration. This formulation was
implemented using a user-defined function (UDF) in ANSYS Fluent
(2021-R1) to precisely compute the local interfacial evaporation flux.
The liquid-air interface was assumed to be a saturated vapor concen-
tration. The saturated vapor concentration was calculated based on the
saturation vapor pressure of water at an ambient temperature of
22.5°C. The value was determined using the ideal gas law

MPq
RT ’

Csat = (3)
where P, is the saturation pressure of water at 22.5 °C, approximately
2.73kPa, M is the molecular weight of water, which is 18 g/mol, R is
the universal gas constant, equal to 8.314 J/mol K, and T is the ambient
temperature. Substituting the values gives cq, is about 0.02 kg/m’. The
surface tension gradient was applied at the liquid-air interface, consid-
ering the thermal Marangoni stress

T=_=VT, (4)
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where 7 is shear stress, and ) is surface tension. A commercial compu-
tational fluid dynamics (CFD) software, ANSYS Fluent (2021-R1), was
used to solve the continuity, momentum, energy, and species transport
equations, which are expressed as follows:

V- (pii) =0, (5)

V - (piit) = =Vp + uV%ii + pg, (6)
V- (d(pE +p)) = kV>T + 8, @)
V- (piY;) =V - (pD,VY;), (8)

where p is the density, i is the velocity, p is the pressure, u is the
dynamic viscosity, ¢ is the gravitational acceleration, E is the total
energy, defined as E=e+1 /2u2, with e = ¢, T, e is the internal
energy and c, is the specific heat, k is the thermal conductivity, T is the
temperature, D, is the diffusivity of water vapor, with a value of
2.5 % 10> m?/s, and Y; is the mass fraction of each species, namely
water vapor and air.”” The thermophysical properties used in the
model are summarized in Table II. The density of the gas phase was
calculated using the mixture density formula, expressed as
Pmix = 1/>_;Yi/p;> which depends on the vapor concentration. S; rep-
resents the energy source term applied at the liquid-air interface (i.e.,
the liquid-side cells adjacent to the interface) to account for evapora-
tive cooling. The energy source term is calculated as §;= —hyJA/V,,
where hfg is the latent heat of vaporization, A, is the surface area of the
computational cell, and V, denotes the volume of the cell. The pres-
sure-velocity coupling was handled using a coupled scheme, which

TABLE II. Properties of the material.“’

Property (unit) Water Gas phase (Air + Vapor)
Density (kg/m?), p 998.2 Ideal gas law
Viscosity (kg/ms), u 0.001 003 1.72x10°°
Thermal conductivity 0.6 0.0454
(W/mK), k

Specific heat capacity 4182 Mixing law

(J/kg K), ¢,

ARTICLE pubs.aip.org/aip/pof

solves the momentum and continuity equations simultaneously to
improve convergence in simulations. Gradient reconstruction was per-
formed using the least squares cell-based method. Second-order
upwind schemes were applied for the spatial discretization of momen-
tum, energy, and species transport equations, while the pressure was
discretized using a second-order scheme.

Figure 3 illustrates the computational domain measuring
50 x 50 x 50mm®. Following previous studies, the domain size
exceeded 20R, ensuring that the vapor concentration at the boundaries
was equivalent to the ambient vapor concentration to minimize the
influence of boundary conditions on the evaporation process.”’ Five
droplets were placed on the bottom surface. The computational mesh
consisted of tetrahedral elements, with three prism layers applied near
the droplet contact-line region to more accurately capture interfacial
phenomena. A grid independence test was performed to determine the
optimal mesh resolution. In numerical simulations, the evaporation
rate was obtained by integrating the evaporation flux over the liquid-
air interface. The deviation in the evaporation rate was found to be
0.6% when comparing a mesh system with 3 100 833 cells to the finest
mesh system containing 6 591 238 cells. Based on this result, the grid
system with 3 100 833 cells was selected when considering both com-
putational efficiency and numerical accuracy.

lll. RESULTS AND DISCUSSION

A. Vapor shielding characteristics of the multiple
droplets evaporation system

According to a previous study,”' vapor transport around a drop-
let at room temperature is primarily governed by diffusion, with the
effect of natural convection being negligible compared to diffusion.
Figure 4(a) shows predicted vapor distributions for the five-droplet
evaporation system in the x—z and x—y planes for the DI water droplet
volume of 60 nL. An increase in vapor density between droplets, attrib-
uted to the vapor shielding effect, results in a prolonged total evapora-
tion time for complete drying, whereas vapor accumulation along the
y-direction remains relatively limited. Figure 4(b) illustrates the pre-
dicted spatial distribution of water vapor mass fraction along the line
A-A’ at z= 0.3 mm. The highest water vapor mass fraction is observed
at the apexes of the droplets and gradually decreases in the

Air temperature: 22.5°C
Relative humidity: 40%

Bottom wall:
22.5°C
A
Liquid-airinterface:
Assu

50 mni]

Droplet

Bottom surface

FIG. 3. Computational domain and grid
system of the five-droplet evaporation
system.

] Adjacent
droplet

X
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FIG. 4. (a) Simulated vapor distributions (five-droplet case) and (b) water vapor mass fraction at z= 0.3 mm.

surrounding regions. As the volume of DI water droplets increases, the
surface area of the droplets also increases, resulting in a higher water
vapor mass fraction near the leftmost and rightmost droplets.

Meanwhile, variations in DI water droplet volume have little
effect on the vapor mass fraction at the apexes of the three droplets
between two DI water droplets. For instance, as the DI water droplet
volume increases from 60 to 100 nL (cases 2, 3, and 4), the mass frac-
tion of water vapor increases by 1.4% at point a, located 40 um from
the left edge of the left droplet at z= 0.3 mm between the leftmost and
left droplet, as shown in Fig. 4(a). Additionally, the increase at point b,
positioned 40 ym from the right edge of the left droplet between the
left and center droplet, is only 0.5%.

Figure 5 presents the normalized evaporation flux along the liquid-
air interface in the x-direction for four cases. The normalized evaporation
flux is defined as the local evaporation flux divided by the maximum
evaporation flux for each case. For the three-droplet evaporation system,
the maximum evaporation flux was estimated to be 0.0021 kg/m’s. For
the five-droplet evaporation system, the maximum evaporation flux was
found to be 0.0017 kg/m’s for the 60 nL case, 0.0016 kg/m’s for the 80 nL
case, and 0.0015 kg/m’s for the 100 nL case. Typically, the evaporation
flux peaks at the contact line for a single-droplet evaporation system.
However, in multiple-droplet evaporation systems, the evaporation fluxes
of the droplets are significantly reduced in adjacent regions due to vapor
accumulation. In the three-droplet evaporation system (case 1), as illus-
trated in Fig. 5, the left edge of the left droplet and the right edge of the
right droplet exhibit the highest evaporation flux, whereas the evapora-
tion flux at both edges of the center droplet is significantly suppressed by
vapor accumulation. This non-uniform evaporation flux distribution
leads to inconsistent coffee-ring patterns among the droplets. To resolve
this non-uniformity, the present study positioned these pure DI droplets
at both ends of the three nanofluid droplets to passively tailor the evapo-
ration fluxes. The DI droplets eventually evaporate completely, leaving
behind only three coffee rings with consistent patterns. In Fig. 5, cases 2—
4 show that the fluxes of the three central droplets become nearly

ARTICLE pubs.aip.org/aip/pof
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identical. As the DI water droplet volume increases from 60 to 100 nL,
the evaporation flux at the left edge of the left droplet decreases from
0.15 to 0.13 g/m’s, representing a 13% reduction, whereas the evapora-
tion flux at the right edge of the left droplet remains nearly unchanged.
With increasing DI water droplet volume, water vapor accumulation
between the leftmost droplet and the left droplet is more significantly
influenced, whereas the variation in water vapor between the left droplet
and the center droplet is comparatively minor, as shown in Fig. 4(b).
Therefore, these numerical findings indicate that the additional DI water
droplets can effectively control the evaporation fluxes among the
droplets.

Generally, the coffee-ring pattern of the droplets is closely associ-
ated with their internal flow dynamics. At room temperature, a small
temperature gradient along the liquid-air interface occurs, leading to
weak thermal Marangoni flow, compared to capillary flow.”"” Figure
6 presents the velocity distributions and streamlines at z=0.005mm
for cases 1 and 4 to illustrate the influence of DI water droplets on the
internal flows. In case 1, radially outward liquid flow is observed inside
the droplets due to the highest evaporation fluxes occurring at both
edges of the left and right droplets, whereas the flow inside the center
droplet is suppressed by the vapor shielding effects. In contrast, in case
4, where two DI water droplets are placed at both ends, the internal
flow within the three central droplets remains nearly uniform, indicat-
ing that the DI water droplets can control the evaporation fluxes
induced by the vapor shielding effect.

B. Tailored control of evaporation flux for uniform
coffee-ring patterns

1. Evaporation characteristics of three-nanofluid-
droplet systems

The present study conducted experiments with three 0.5wt. %
silver nanofluid droplets spaced 80 um apart to evaluate the
vapor-shielding effect on evaporation characteristics and coffee-ring
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where contact radius (R,) refers to the contact radius at the substrate,
defined as half of the measured contact diameter. The center droplet
exhibits the longest evaporation time of 218 * 10, while the left and
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right droplets have nearly similar evaporation times of 185 = 15 and
187 = 105, respectively. In experiments, the total evaporation rate of a
droplet is defined as the total initial mass of the droplet divided by the
total evaporation time. The total mass of the droplet is calculated based
on its volume and density. The total evaporation time is defined as the
time at which the droplet disappeared from the side-view image. The
evaporation rates of the left, center, and right droplets are
33+026x 1077, 28+040x107, and 3.3*036x10 "g/s,
respectively. The prolonged evaporation time of the center droplet is
attributed to vapor accumulation from neighboring droplets, suppress-
ing its evaporation rate compared to the side droplets. Figure 7(b)
presents the normalized contact angle (0/0,) and normalized contact
diameter (D/D,) for the three nanofluid droplets during evaporation.

In the early stage of evaporation, all three droplets exhibit a pinned
stage, maintaining a constant contact diameter while the contact angle
gradually decreases. In addition, it shows that the contact diameter
begins to shrink as evaporation progresses to approximately 80% of
the total evaporation time, indicating that capillary flow drives nano-
particles toward the contact line and the accumulation of particles hin-
ders the depinning process."’

2. Evaporation characteristics of five-droplet evapora-
tion systems

The evaporation behavior of the five-droplet evaporation system
is examined to clarify the effect of DI water droplet volume on vapor
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FIG. 8. Side-view images of the evaporating droplet for cases 2 and 4.
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FIG. 9. (a) Droplet volume variation of the evaporating five droplets and (b) normalized contact angle and normalized contact diameter of the evaporating five droplets.
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accumulation. Figure 8 shows side-view images of the evaporation pro- Len o Right

cess for cases 2 and 4. When the DI water droplet volume equals the TR e “6i 2

nanofluid droplets (60nL), the three central droplets exhibit slower %: Al T I

evaporation due to significant vapor accumulation than the DI water R n RS il
1

| 1£03pm, |

H
e
]
g

droplets. As the volume of the DI water droplets increases to 100 nL,
the differences in evaporation time among all five droplets become
smaller, indicating a more uniform evaporation behavior across the
system. Interestingly, the contact diameter of the nanofluid droplets
remains nearly unchanged due to strong pinning from particle accu-
mulation at the contact line, whereas the DI water droplets without
nanoparticles exhibit the typical pinning-depinning behavior. This
result shows the distinct roles of nanoparticles and DI water in affect-
ing contact line behavior and overall evaporation characteristics.

[F] 04 06 os 1(0) [53 X X [X] 1 [] %) 0.6 [X]
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Height (pm)

) B R T
Normalized distance  Y'0) Normalized distance Y00 Normalized distance

¥

Figure 9(a) delineates the normalized volume changes, V /Vj, for W
a five-droplet system during evaporation. The total evaporation times 6 T P Right
observed in case 2, case 3, and case 4 are 256 *= 2, 282 *= 14, and A
290 * 15, respectively, corresponding to the evaporation time of the ?:_;‘47*"'-‘ pm _— HEERLAN
center droplet. The total evaporation time of the five-droplet system 'E‘ i) A A f \
1\ '_‘ 1.3+0.2 pm| | [ 1[1320.1um il

increases with the volume of DI water droplets because vapor mole-
cules accumulate much more between droplets. In case 2, the evapora-
tion times of the droplets from leftmost to rightmost are measured to
be 208 =4, 238 =4, 256 = 4, 241 = 7, and 211 % 7s, respectively.
Accordingly, the measured evaporation rates are 2.87 = 0.28 x 10”7,
246+024% 1077, 228%005x 1077, 238+0.28x 107, and
2.82+0.32 x 10" g/s. The nanofluid droplet located at the center is
affected by vapor accumulation from the neighboring nanofluid drop-
lets on both sides, whereas the leftmost and rightmost DI water drop-

\ / |
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lets evaporate more rapidly at the outer edges, where vapor ) Conn2
accumulation does not occur. As shown in case 4, it is interesting to o — i
note that when the volume of DI water increases to 100 nL, the evapo- 5
ration times of the five droplets are measured as 284 * 19, 280 * 13, g LU p— il
290 = 15, 279 + 13, and 291 * 13 5. The evaporation rates are found X x §10 T PP
to be 3.40*0.22x 1077, 2.13*0.40 x 1077, 2.07 £0.12x 1077, N g\ Al Al [\
222+ 0.13x 107, and 3.45 + 0.24 x 10~ g/s, indicating nearly iden- s R o R
tical evaporation times for all five droplets, because the enhanced SRR o NP e o B
vapor accumulation suppresses the evaporation rates of the smaller ,L -
droplets, ultimately balancing their evaporation times with those of the e
larger ones. @ ;;‘*1

Figure 9(b) presents the normalized contact angle, 0/0,, and nor- ~ .
malized contact diameter, D/Dy, for the five-droplet evaporation sys- v 0

EL

. . 6 08 1) 01 04 06 08 1007 04 08 08
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tem. Similar to the observation in Fig. 8, the DI water droplets exhibit
pinning-depinning contact-line behavior. In contrast, the nanofluid
droplets demonstrate prolonged pinning due to the enhanced pinning
effect of the nanoparticles. The DI water droplets remain in the pin-
ning stage until approximately 65% of the total evaporation time,
whereas the three nanofluid droplets sustain this state until around
80% due to particle accumulation at the contact line. Furthermore, var-
iations in DI water droplet volume have no noticeable effect on the
contact line behavior of the nanofluid droplets.
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3. Comparison of coffee-ring patterns

Height (jom)

S|
4
3
2|
I

Figure 10 illustrates the coffee-ring patterns obtained using a 3D
laser microscope for cases 1 and 4. Nanoparticles accumulate preferen-
tially in the contact line region, forming a “coffee-ring” pattern due to
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capillary flow during evaporation in three-droplet (case 1) and five- (d) Case 4
droplet (case 4) evaporation systems. In case 1, the left droplet shows
denser deposition on its left side, while the right droplet exhibits more FIG. 11. The measured profiles for particle deposition height.
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pronounced deposition on its right side, consistent with previous find-
ings.”> Moreover, less deposition occurs near the sides adjacent to
neighboring droplets due to the vapor shielding effect, whereas
increased particle deposition is observed at the top and bottom regions
of the center droplet because there are no neighboring droplets in the y
direction. This result indicates that the deposition patterns are directly
influenced by local variations in evaporation flux caused by vapor
accumulation. In case 4, when two DI water droplets of 100nL are
used, the particle concentration in the adjacent regions between the
droplets significantly decreases. Compared to case 1, the particle distri-
bution along the x-direction becomes nearly uniform. This result
agrees with the CFD analysis, as observed in Fig. 6. On the other hand,
more nanoparticles are deposited at the top and bottom ends along the
y-direction due to higher local evaporation flux.

Figure 11 quantitatively analyses particle deposition heights along
the x- and y-directions. For case 1, the left droplet shows a deposition
height of 4.8 = 0.2 um on its left side and 1 * 0.3 um on the right side,
while the right droplet exhibits an opposite tendency. For the center
droplet, due to the nearly symmetric vapor accumulation, only slight
differences are observed, measuring 2.8 = 0.2 um on the left side and
2.6 £0.3 um on the right side. In the y-direction, all three droplets
exhibit similar particle deposition heights. When DI water droplets of
the same volume (60 nL) are placed at both ends, the particle deposi-
tion height at the left side of the left droplet decreases to 3.7 = 0.3 um
due to the vapor shielding effect. When the DI water volume is
increased to 100 nL, the coffee-ring patterns of the three central drop-
lets become nearly uniform. This result suggests that the vapor accu-
mulation effect becomes more pronounced as the DI water droplet
volume increases, gradually reducing the nanoparticle deposition
height on the left side of the left droplet. The y-direction profiles con-
sistently show similar deposition heights for all three central droplets,
because of negligible effects of vapor accumulation.

The present study compares particle deposition heights measured
at six different positions, as illustrated in Fig. 12, to characterize
the uniformity. The uniformity of the particle deposition height is
defined as

g
U= (1 —:) x 100%, (10)
H

ARTICLE pubs.aip.org/aip/pof

where ¢ denotes the standard deviation of the heights measured at six
positions for each case, H represents the average height measured at
six different positions. The height uniformity within the three-droplet
array in case 1 is calculated to be approximately 46%. Introducing DI
water droplets of equal volume at both ends improves uniformity to
61%. When the volume of the DI water droplets is further increased to
100 nL, the height uniformity markedly increases to 93%, indicating
nearly uniform particle deposition across all six measured positions.

IV. CONCLUSIONS

This study suggested a new method for controlling evaporation
flux and particle deposition by placing de-ionized (DI) water droplets
at both ends of a nanofluid droplet array. The main conclusions are as
follows:

(1) Numerical simulations were performed on five DI water drop-
lets without nanoparticles to analyze the evaporation flux and
internal flow characteristics that affect particle movements
inside droplets. In multiple-droplet evaporation systems, vapor
molecules accumulate between them, reducing the local evapo-
ration flux in adjacent regions. Specifically, the internal flow
velocity was found to be lower in areas of vapor accumulation.

(2) Based on the insights from the CFD simulation results, the pre-
sent study conducted the proof-of-concept experiments for the
five-droplet configuration, which consisted of three nanofluid
droplets of equal volume and two DI water droplets. It was
found that the three central nanofluid droplets exhibited an
increase in total evaporation time due to vapor accumulation.
As the volume of the DI water droplets increased, the vapor
shielding effect became more pronounced, increasing the total
evaporation time. The DI water droplets also exhibited tradi-
tional pinning-depinning behavior during evaporation, whereas
the nanofluid droplets maintained a pinned contact line due to
the accumulation of nanoparticles near the contact line, which
prevented the contact line from moving inward.

(3) In addition, it was experimentally demonstrated that local varia-
tions in evaporation flux induced by vapor accumulation
resulted in non-uniform coffee-ring patterns. In particular,
more uniform and consistent coffee-ring patterns were obtained
when two DI water droplets were placed at both ends of the

SE *1 Left 2° 3 Center 4 *5 Right 6°*

Nanofluid Nanofluid

Nanofluid

Height (pm)
Uniformity (%)

Position

(a)

93%

FIG. 12. Comparison of particle deposition
heights and uniformity of particle deposi-
tion heights.
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nanofluid droplet array by tailoring the local evaporation flux.
Furthermore, when the volume of each DI water droplet
increased to 100 nL, the resulting deposition height in the x-
direction became nearly uniform after complete evaporation.
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