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Abstract

This work investigates in detail the evaporation-driven dynamics of reactive silver-ink sessile droplets

that are relevant to high-precision inkjet printing of conductive tracks and pads. A two-dimensional

axisymmetric numerical framework is developed in COMSOL Multiphysics to resolve, in a coupled

way, heat transfer, fluid flow, species transport, and free-surface motion during droplet drying. Sub-
strate temperature, solvent composition, and non-uniform evaporation patterns are systematically

varied to quantify their influence on internal recirculating flows, compositional gradients, and final

silver particle deposition. The results demonstrate that combining moderate substrate heating with a

binary water/ethylene-glycol solvent can generate strong thermocapillary circulations that suppress

the classical coffee-ring effect and promote more homogeneous particle distributions. The modeling

framework therefore provides practical guidance for optimizing ink formulation and thermal process-
ing conditions in printed electronics, and it offers a bridge between commonly used simplified models
and more advanced, fully coupled simulations.

Keywords: sessile droplets; thermocapillary flow; surface-tension g radients; marangoni stresses;
interfacial transport; non-isothermal flows; evaporation dynamics

Key Objectives and Approach
The main objectives of this study are:

¢ To quantify how substrate temperature, non-uniform evaporation flux, and thermocapillary
(Marangoni) stresses affect internal flow, concentration fields, and silver particle deposition in a
reactive sessile droplet [3,6,7]

¢  To identify conditions under which the classical coffee-ring effect is suppressed, leading to more
uniform particle deposition suitable for reliable printed conductive tracks [4,5,21].

*  To compare simplified one-dimensional (1D) and reduced two-dimensional (2D) models against
an advanced 2D axisymmetric model, and to clarify the limits of common modeling assumptions
such as effective thermal conductivity and purely diffusion-limited evaporation [8,11,18].

A full multiphysics model is constructed using COMSOL modules for two-phase laminar flow,
transport of diluted species, heat transfer in solids and fluids, non-isothermal flow, and an Arbitrary
Lagrangian—Eulerian (ALE) moving mesh to capture the deformable liquid—gas interface [3,6]. Ther-
mophysical parameters such as diffusion coefficients, latent heat, contact angle, substrate thickness,
surface tension, and thermal properties are selected to represent realistic water/ethylene-glycol based
silver inks and silicon substrates [1,4,21].

Figure 1 shows side-by-side experimental images and the corresponding simulation results for a
heated sessile droplet. On the left, shadowgraph and infrared measurements illustrate how the droplet
shape and surface temperature evolve with time. On the right, the COMSOL model predicts very
similar temperature fields and droplet configurations, giving confidence that the numerical framework
can capture the main features of the experiment.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Comparison of experiment and simulation for a heated sessile droplet. Left: experimental shadow
images and infrared-measured surface temperature fields at representative times. Right: corresponding mathe-
matical/COMSOL prediction of the temperature field and droplet-on-substrate configuration (example shown at
t = 1 min).

1. Introduction

Inkjet printing is widely used to fabricate micro-electromechanical systems (MEMS), flexible
electronics, and various miniaturized sensors, where picoliter- to microliter-scale droplets of functional
inks are deposited as sessile droplets on a solid substrate [1,21]. Controlling the drying behavior of
these droplets is critical because undesired internal flows can lead to highly non-uniform particle
deposition, as illustrated qualitatively in Figure 1.

A well-known example is the coffee-ring effect: during evaporation of a sessile droplet with a
pinned contact line, an outward capillary flow transports suspended particles toward the periphery,
leaving a dense ring-like deposit and a depleted interior [1,5,21]. This non-uniform deposition reduces
the electrical conductivity and reliability of printed conductive tracks and often requires additional
post-processing steps to mitigate such as multiple printing passes or thermal annealing [19,21].

Substrate heating and the use of binary solvent mixtures provide a powerful strategy to counteract
the coffee-ring effect [4,10,20]. In such systems, a more volatile component (e.g., water) evaporates
faster, enriching the interface with a less volatile component (e.g., ethylene glycol or glycerol). The
resulting surface tension gradients drive Marangoni flows that can oppose the outward capillary flow
and redistribute particles toward the droplet center [7,20,21].

In recent years, several modeling approaches have been proposed to describe the evaporation of
sessile single-component and multicomponent droplets [2,3,6]. These range from relatively simple
diffusion-limited models with fixed geometry to fully coupled, time-dependent simulations that
include hydrodynamics, heat transfer, and composition-dependent properties. Several recent studies
have reported complementary insights into thermal transport and evaporation phenomena in micro-
and nanoscale systems using both numerical and molecular approaches [13-17]. There is a clear need
to relate these modeling levels to each other and to show when a simple model is sufficient and when
an advanced model is required.

The present work contributes to this need by developing and validating an axisymmetric multi-
physics model of reactive silver-ink droplet evaporation on a heated substrate. The study explicitly
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compares the predictions of simplified and advanced models, and it explains how key physical
mechanisms—such as Marangoni circulation and contact-line pinning—modify the drying process
and final deposit pattern [9,12,18].

2. Physical System and Modeling Framework
2.1. Geometry and Physical Setting

The computational domain consists of an initially spherical-cap sessile droplet of reactive silver
ink placed on a structured silicon substrate with patterned wettability. The radial and axial coordinates
are defined in an axisymmetric (r, z) plane, as illustrated in Figures 2 and 3 [2,6].

Figure 2 presents the overall axisymmetric domain. The droplet occupies a spherical-cap shaped
region above the solid substrate, and the free surface is represented by a curved interface separating
liquid and gas. The substrate thickness, radial extent, and domain boundaries are chosen large enough
so that boundary conditions do not artificially influence the droplet-scale behavior [11,12].

Figure 3 zooms into the droplet region and highlights the contact-line area where the liquid, solid,
and gas meet. This near-contact-line region is important because very steep temperature, concentration,
and velocity gradients often occur there, and the evaporative flux can become strongly peaked close to
the contact line [1,6].
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Figure 2. Axisymmetric computational domain (r—z plane) for a sessile droplet on a heated substrate. The liquid
phase is modeled as a spherical-cap profile on a solid substrate region, with the free surface represented by the
curved interface boundary.
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Figure 3. Zoomed view of the axisymmetric droplet geometry (mm scale). This view highlights the initial
spherical-cap shape and the near-contact-line region where sharp thermal and solutal gradients can develop.

Droplets with different initial volumes (approximately 5.2, 3.2, and 2.2 L) are deposited on
heated substrates, which allows exploration of the role of droplet size on evaporation time and internal
flow structures [9,12,19]. The time evolution of contact angle, footprint radius, and droplet height is
measured using digital microscopy and is used both to guide model inputs and to compare overall
evaporation trends [10,21].

Contact-line pinning and hysteresis strongly affect how the droplet footprint evolves during
drying. Figure 4 schematically shows the advancing and receding contact angles, which define the
range over which the contact line remains pinned even as the droplet shape changes [19,21]. When the
actual contact angle remains between the advancing and receding limits, the footprint radius stays
fixed and the contact angle decreases. Once the contact angle becomes smaller than the receding angle,
the contact line can move inward and the footprint shrinks [2,12].

Figure 4. Illustration of contact-angle hysteresis and contact-line pinning. The advancing 6% and receding 6%
angles define the range over which the contact line remains pinned despite changes in droplet shape during
evaporation.

2.2. Governing Equations

The internal flow of the incompressible binary solvent (water/ethylene glycol) is described by the
continuity and Navier-Stokes equations, coupled to energy and species transport [3,6].
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https://doi.org/10.20944/preprints202512.2580.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 December 2025 d0i:10.20944/preprints202512.2580.v1

50f21
Continuity (incompressible):
V-u=0 (1)
Momentum (Navier-Stokes):
Ju 2
o §+u-Vu =-Vp+uV-u+pg ()
Energy (heat transfer in liquid):
pcp (aaf +u- VT) = kV?T (3)
Species transport (binary solvent + solute):
Y;
a—tl +u-VY; =V (D;VY)) 4)

Here, u = (uy, ) is the fluid velocity vector, p is pressure, p is density, i is dynamic viscosity, g
is gravity, T is temperature, ¢, is specific heat capacity, k is thermal conductivity, Y; is the mass fraction
of species i, and D; is its diffusion coefficient [1,3,11]. These equations are solved in both the liquid
and, where appropriate, in the solid substrate for heat conduction.

2.3. Marangoni Stresses at the Liquid—Gas Interface

Surface tension at the interface depends on both temperature and local composition of the more
and less volatile components [4,7,21]. A linearized dependence is used:

o=ar+ (57) =T+ (57 ) 06— ) ©)

where 0y is the reference surface tension at (T, Yp), and Y; is the local interfacial mass fraction.
The tangential stress balance (Marangoni condition) along the free surface is

do
t-(t-n)=o- (6)
with dr (a0 \aT (3o aY.
_ ] 90 _ (0991 (99
= u[Va+ (Vo)) 5= <8T> P (8Y) 2 @)

This formulation separates the contributions of thermal and compositional inhomogeneities to
the Marangoni driving force, which is important in multicomponent droplets where both temperature
and concentration vary along the surface [6,7,20].

2.4. Boundary Conditions and Contact-Line Treatment

At the droplet—gas interface, standard Robin-type conditions are used for heat and mass transfer
to represent exchange with the surrounding air [1,8,18]. The evaporative mass flux is related to the
difference between the interfacial vapor concentration and the ambient value, and the associated latent
heat is included as an energy sink in the liquid energy equation [3,18].

At the droplet-solid interface, continuity of temperature and heat flux is enforced between the
droplet and the substrate, so that heat can conduct from the heated solid into the cooling liquid [11,12].
No-slip velocity conditions are applied at the solid surface, while appropriate symmetry conditions
are used along the axis of rotation.

Figure 5 summarizes the main types of boundary conditions used in the model. Dirichlet con-
ditions prescribe a variable (such as fixed temperature), Neumann conditions prescribe its normal
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gradient or flux, and Robin conditions combine both effects, often representing convective or radiative
exchange with an environment [1,19].

BOUNDARY CONDITIONS
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Figure 5. Schematic summary of standard boundary-condition types used in heat and mass transfer modeling:
Dirichlet (prescribed field), Neumann (prescribed normal gradient or flux), Robin (mixed convective-type condi-
tion), and implicit linear combinations.

Near the three-phase contact line, classical continuum models predict singular evaporative
fluxes and very large velocity gradients. Several regularization strategies have been proposed in the
literature, such as introducing a microscale cut-off, using slip models, or smoothing the contact-angle
evolution [6,18,19]. In the present work, a smooth step function is used to transition between different
evaporation or wetting regimes and to preserve numerical stability (see Section 4.4).

Table 1 summarizes representative parameters used in the simulations, including diffusion
coefficients, latent heat, surface tension, and reference temperatures. These values are consistent with
commonly reported data for water and water-based mixtures under ambient conditions [1,8,21].

Table 1. Representative thermophysical parameters and model constants used for sessile droplet heating and

evaporation.

Symbol Value Description

D 2.82 % 10~ m2 /s lefu51.on Foeff1c1ent of water
vapor in air

Ly 2.264 x 10°]/kg Latent heat of vaporization

A,B,C 8.0713, 1730.6, 23343 Constants for Antoine equation
(water vapor pressure)

R, 46157/ (kg K) Specific gas constant of water
vapor

Ro 1.0 x 1073 m Initial droplet radius

Hy 1.0 x 103 m Substrate thickness

- 0.07N/m Surface tension (reference
value)

T 293.15K Isothermal reference
temperature

3. Numerical Implementation
3.1. Meshing and Time Integration

The computational domain is discretized using finite elements with strong refinement near the
contact line and free surface to resolve steep gradients. Figure 6 shows a representative mesh used for
the axisymmetric droplet problem [3,6].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In Figure 6, small elements follow the curved liquid—gas interface and cluster near the contact
line. This mesh design enables accurate resolution of near-singular evaporative fluxes while keeping
the number of elements manageable. Coarser elements are used in regions farther from the droplet
where gradients are weaker, especially deep in the solid substrate [11,12].

Time integration is carried out with an implicit solver that can adapt the time step based on
estimated error and convergence behavior. Smaller time steps are usually required at early times,
when the geometry and fields change rapidly, and at later times when the droplet becomes very thin
and the free-surface motion accelerates [3,21]
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Figure 6. Representative finite-element mesh for the axisymmetric droplet domain. The mesh is refined near
the free surface and the contact-line region to capture strong local gradients and near-singular evaporative flux
behavior.

3.2. Moving Mesh and Free-Surface Tracking

The evolution of the liquid—gas interface is captured using an ALE moving mesh formulation
[3,6]. In this approach, the mesh nodes move with the interface, and the governing equations are
solved in a deforming coordinate system while maintaining mesh quality.

Figure 7 shows a three-dimensional rendering of the droplet-on-substrate configuration used for
visualization. Although the underlying computation is axisymmetric, this 3D view helps to visualize
the droplet shape and to map scalar fields (such as temperature) onto the surface in a more intuitive
way [6,7].

Figure 7. Three-dimensional rendering of the droplet-on-substrate configuration used for visualization of surface
fields and global geometry (COMSOL view).

The ALE method avoids numerical diffusion of the interface that is sometimes seen in fixed-grid
approaches such as volume-of-fluid or level-set, at the cost of some additional complexity in handling
large deformations and possible mesh tangling. In the present simulations, moderate mesh smoothing

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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and occasional remeshing are sufficient to maintain good element quality throughout the droplet
lifetime [3,21].

4. Results and Discussion
4.1. Initial and Surface Thermal Fields

The simulations are initialized close to an isothermal reference state. Figure 8 shows the initial
surface temperature distribution at t = 0 min for the isothermal case. As expected, the droplet surface

and the exposed substrate have a nearly uniform temperature equal to the reference value, confirming
that the initial and boundary conditions are applied consistently [1,11].

Time=0 min Surface: Temperature (K)

m 0.02F T T T T )
0.018} 4 Bl
0.016 .
0.014 .
0.012 .
0.01F .
0.008 .
0.006 - -
0.004 .
0.002 L N 1
T ] : 1 1 i 293
0 0.005 0.01 0.015 0.02m

Figure 8. Initial surface temperature distribution at { = 0 min under isothermal conditions (T = 293 K). The
uniform temperature field confirms consistent initial and boundary conditions prior to evaporation-driven cooling.

As evaporation progresses under heating, strong surface temperature gradients develop. Figure 9
presents the droplet surface temperature at f = 8.5 min, where evaporative cooling produces lower
temperatures near the upper free surface, while conductive heating from the substrate sustains higher
temperatures near the base region [3,12].

Figures 10 and 11 show independent three-dimensional renderings of the same temperature
field at t = 8.5 min using slightly different visualization settings. These figures demonstrate both
the magnitude of the thermal gradients and the robustness of the post-processing routines, since the
underlying numerical data produce consistent thermal patterns [6,10].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 9. Droplet surface temperature field (°C) at ¢t = 8.5 min. Evaporative cooling produces lower temperatures

near the upper free surface, while conductive heating from the substrate sustains higher temperatures near the
base region.

Time=8.5 min Surface: Temperature (degC)

34

32

i4

z 4 %10"" m

Figure 10. Three-dimensional rendering of the droplet surface temperature field at t = 8.5 min, showing strong
thermal gradients caused by evaporative cooling and substrate heating,.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Time=8.5 min Surface: Temperature (degC)
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Figure 11. Independent three-dimensional rendering of the droplet surface temperature field at t = 8.5 min,
demonstrating consistency and repeatability of the thermal visualization.

These temperature gradients along the free surface directly drive thermal Marangoni flows
through the surface-tension dependence on temperature in Equation (5). The hotter region near the
contact line typically has lower surface tension, while the cooler region near the droplet apex has higher
surface tension, leading to surface flows that can significantly modify internal circulation [4,7,20].

4.2. Flow and Transport Fields

The predicted early-time surface velocity magnitude and solute transport patterns are shown in
Figures 12 and 13, respectively [3,6].

Figure 12 displays the surface velocity magnitude at ¢ = 0 min in the axisymmetric domain. Even
at this early stage, the largest velocities occur near the contact-line region, which is consistent with
the strong shear and recirculation that often develop where the evaporative flux is highest [6,18]. The
velocity field suggests that fluid is drawn along the surface from lower-flux regions toward the edge,
where it then turns inward below the surface, creating a recirculation cell.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 12. Surface velocity magnitude (m/s) at f = 0 min in the axisymmetric domain. The largest velocities occur
near the contact-line region, consistent with strong near-surface shear and recirculation initiation.

Figure 13 shows the surface concentration field at t = 0 min together with total-flux streamlines
in the spatial frame. These streamlines represent the combined effect of advection and diffusion on
solute transport. They highlight the transport pathways that redistribute solute within the droplet
during early evaporation and indicate how particles can be swept toward or away from the contact
line depending on the direction and strength of the internal flow [3,7].

Time=0 min Syrface: Concentration (mol/m’) Streamline: Total
flux (spatial frame)

m 0.02F T T T T ]
0.018+ 1 09
0.016 =1 08
0014 1 07
0.012 [ 4 06
o 1 05
0.008 L 1 04
0.006 - 64
0,004 1 02
0.002f e 01
of : o

0 0005 001 0015 002 m

Figure 13. Surface concentration field (mol/m?) at t = 0 min with total-flux streamlines (spatial frame). Stream-
lines indicate the combined advective and diffusive transport pathways that redistribute solute within the droplet
during early evaporation.

These flow and transport features are essential for understanding how silver particles move and
eventually deposit on the substrate. Under suitable heating and solvent composition, thermocapillary
flows can oppose the purely capillary-driven coffee-ring circulation and promote a more uniform final
deposit [5,20,21].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4.3. Comparison of Liquid Properties

To contextualize evaporation behavior for different fluids, representative property comparisons
are provided in Figures 14-17 and in Table 2. These data emphasize that volatility, viscosity, and
surface tension can vary by orders of magnitude between liquids and therefore strongly affect droplet
lifetimes and internal flows [1,21].

Figure 14 compares normal boiling points for several representative liquids commonly used
in evaporation studies. Water, ethylene glycol, oils, and gasoline cover a broad range of boiling
temperatures, and this correlates with their relative volatility under ambient conditions [1,21].

Boiling Point Comparigon

Figure 14. Comparison of normal boiling points for representative liquids relevant to sessile droplet evaporation
studies, illustrating wide differences in volatility.

Figure 15 shows dynamic viscosities for the same set of liquids. Large viscosity contrasts strongly
influence internal flow resistance and Marangoni circulation strength: for example, highly viscous
ethylene glycol or oils produce slower, more damped flows than low-viscosity liquids such as water or
gasoline [7,22].
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Figure 15. Comparison of dynamic viscosity for representative liquids. Large viscosity contrasts strongly influence
internal flow resistance and Marangoni circulation strength.

Figure 16 compares densities of the same liquids. Although density variations are modest
compared to differences in viscosity and vapor pressure, they still impact gravitational deformation of
droplets and can slightly modify hydrostatic pressure distributions [2,11].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 16. Density comparison of representative liquids commonly used in evaporation studies. Density variations
are modest compared to differences in viscosity and vapor pressure.

Finally, Figure 17 compares vapor pressures at ambient conditions. Gasoline exhibits relatively
high vapor pressure, while water and ethylene glycol have moderate and very low vapor pressures,
respectively. These contrasts highlight the dominant role of volatility in controlling evaporation rates
[1,8].

YVapor Frediwe Comparingn

'...\.-ﬁ-

Figure 17. Comparison of vapor pressures at ambient conditions for representative liquids, highlighting the
dominant role of volatility in controlling evaporation rates.

Table 2. Representative properties of several liquids at ambient conditions relevant to droplet evaporation
behavior. Values are approximate [1,21]

Property Water Coconut Oil Ethylene Glycol Mineral Oil Gasoline
Melting point 0°C 20-28°C ~—11°C <0°C 40 to 60°C
Boiling point 100°C >232°C ~198°C 300-400°C 32-204°C
?;e(l)po(g)pressure 2.3kPa negligible very low very low relatively high
Density 1.00g/mL 0.90g/mL 1.12g/mL ~ 0.85g/mL 0.72g/mL
Viscosity ~ 1mPas 48-53 cP ~ 20cP 30-100cP 0.4-0.6cP

4.4. Model Verification and Numerical Regularization

An axisymmetric geometry used for model verification is shown in Figure 18. This simple
spherical-cap shape allows direct comparison between the COMSOL simulations and analytical or
semi-analytical solutions for diffusion-limited evaporation [2,6,8].
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Figure 18. Axisymmetric spherical-cap droplet geometry used for isothermal model verification, showing the
computational domain and interface shape.

Figure 19 compares the evolution of droplet volume under isothermal conditions predicted by
COMSOL with a 1D analytical solution. The agreement is excellent throughout the drying process,
which confirms that the chosen mesh, time-stepping strategy, and boundary conditions accurately
capture diffusion-limited evaporation in the absence of strong temperature gradients [2,8,18].
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Figure 19. Verification of the numerical model under isothermal conditions. Comparison of droplet volume decay
predicted by COMSOL simulations and a 1D analytical solution shows excellent agreement.

To maintain numerical stability when switching between different evaporation regimes or contact-
line behaviors, a smooth step function is introduced. Figures 20 and 21 illustrate this function,
which provides a gradual transition rather than an abrupt change in model parameters or boundary
conditions [6,19].
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Figure 20. Smooth step function employed in the numerical implementation to enable gradual transitions between
regimes while maintaining solver stability.
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Figure 21. Smooth step function used to introduce gradual transitions between regimes or boundary-condition
states, improving numerical stability and solver convergence.

Figures 22 and 23 show additional verification plots for the isothermal case using the same
axisymmetric droplet geometry. Figure 22 emphasizes that the same geometric assumptions are used
in both isothermal and non-isothermal simulations, ensuring that differences in results truly arise from
thermal effects rather than geometry changes [11,12].
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Figure 22. Axisymmetric droplet geometry shown for consistency across verification and non-isothermal simula-
tions, emphasizing identical geometric assumptions.

Figure 23 independently reproduces the comparison of droplet volume decay between COMSOL
and the analytical solution. This reinforces the robustness of the numerical implementation and shows
that the verification results are repeatable [2,8].
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Figure 23. Independent reproduction of the isothermal droplet volume decay comparison between COMSOL
simulations and the analytical solution, confirming numerical robustness.

4.5. Additional Geometry and Isothermal vs Non-isothermal Comparison

Figures 24 and 25 highlight the axisymmetric geometry and near-contact-line region used for
coupled droplet-substrate simulations under non-isothermal conditions [11,12]. These figures make
clear that the substrate thickness and lateral extent are sufficient to capture important heat-conduction
effects and that the near-contact-line mesh is refined to resolve steep gradients.
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Figure 24. Axisymmetric geometry of the coupled droplet-substrate system, highlighting the droplet footprint,
contact-line location, and substrate thickness.
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Figure 25. Axisymmetric droplet geometry emphasizing the near-contact-line region, where steep gradients in
temperature, velocity, and evaporative flux develop.

Figures 26 and 27 compare droplet volume decay for isothermal and non-isothermal evaporation.
In Figure 26, non-isothermal conditions lead to faster evaporation than the purely isothermal case
because the heated substrate supplies additional energy to the liquid and enhances temperature
gradients that drive thermocapillary flows [1,12].
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Figure 26. Comparison of droplet volume decay for isothermal and non-isothermal evaporation. Non-isothermal
conditions result in faster evaporation due to enhanced heat transfer and thermocapillary effects.

Figure 27 reproduces the same comparison but with an independently generated dataset or
visualization. The two curves again show that thermal effects systematically shorten the drying
time and can modify the relative importance of different evaporation modes (constant radius versus

constant angle) [2,18].
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Figure 27. Reproduction of the droplet volume decay comparison for isothermal and non-isothermal cases,
confirming numerical robustness and the systematic influence of thermal effects.

5. Conclusions

A computational framework has been developed to study coupled heat, mass, and momentum
transport in evaporating sessile droplets relevant to printed electronics. Experimental and model
agreement for temperature fields is demonstrated in Figure 1, where the simulated temperature
distribution closely matches infrared measurements for a heated droplet [4,21].

Strong surface temperature gradients (Figures 9, 10 and 11) and complex flow /transport features
(Figures 12 and 13) highlight the importance of resolving non-isothermal and composition-driven
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Marangoni effects to predict particle redistribution and final deposit morphology [3,7,20]. Verification
against an analytical solution (Figure 19) supports the numerical implementation, while regularization
strategies based on smooth step functions (Figures 20 and 21) improve robustness and convergence
[8,19].

Comparisons of isothermal versus non-isothermal evaporation (Figures 26 and 27) illustrate the
systematic influence of thermal effects on drying time scales and internal circulation, which can be
used to design process conditions that suppress the coffee-ring effect and promote uniform deposits
[5,21]. The present framework thus provides a useful link between simple diffusion-limited models
and more complete multiphysics simulations, and it can guide the optimization of ink formulations
and substrate heating strategies in practical printed-electronics applications [1,4,20].

Nomenclature

Specific heat capacity [J/ (kg K)]
Diffusion coefficient [m?2/s]
Thermal conductivity [W/(mK)]
Latent heat of evaporation [J/kg]
Unit normal vector

Pressure [Pa]

Distance from droplet center [m]
Droplet radius [m]

Time [s]

Temperature [K]

Droplet volume [m3]

Mass fraction [-]

Contact angle [rad or deg]
Dynamic viscosity [kg/(ms)]
Density [kg/m3]

Surface tension [N/m)]
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