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Abstract—We studied fluid flows in evaporating sessile ethanol droplets subjected to heating by CW laser
radiation via the light-absorbing substrate. The flow dynamics under the combined effect of evaporative cool-
ing and localized laser heating were investigated using a fully coupled nonisothermal flow finite element
model incorporating the Arbitrary Lagrangian—Eulerian moving mesh methodology to accurately capture
the motion of the droplet surface due to evaporation in the constant contact angle mode. The competition
between Marangoni flows driven by these two thermal mechanisms and the resulting control over the flow
pattern, average temperature and droplet evaporation time is elucidated. It is shown that flow switching to the
laser-induced circulation pattern is characterized by flow velocities more than an order of magnitude faster
than the pre-laser state. This flow reorganization significantly increased the droplet’s average temperature
and drastically reduced the total evaporation time. The findings of the study provide new foundations for
active control of droplet dynamics in microfluidic and coating technologies.
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INTRODUCTION

The manipulation of internal flows within liquid
droplets has recently emerged as an important
research area driven by rapid advancements in micro-
fluidics, high-throughput chemical diagnostics, and
the development of sophisticated lab-on-a-chip plat-
forms [1—8]. These miniaturized systems are pivotal
for a wide range of applications, including biochemis-
try, targeted medicine, food science, and the detection
of environmental or man-made threats.

A variety of external stimuli have been employed to
actuate and control fluid flow, including electric [9],
magnetic [10], and acoustic fields [11], as well as bulk
thermal gradients [12] and mechanical stress [13].
Among these, optical methods [14], particularly those
utilizing laser radiation, stand out as exceptionally
promising. The proliferation of advanced, cost-effec-
tive laser systems offers unparalleled spatiotemporal
and spectral control of energy deposition. Key attri-
butes of laser light—such as high monochromaticity,
coherence, spatial directivity, and the ability to be
tightly focused—coupled with options for high-inten-
sity continuous-wave (CW) or pulsed operation, pro-
vide remarkable flexibility for manipulating fluidic

processes in small-scale environments like droplets
[15—18].

The Marangoni effect, which describes fluid flow
driven by gradients in surface tension (G) presents a
highly efficient mechanism for achieving this optical
control [19, 20]. This effect manifests in two primary
forms: solutal Marangoni flow, arising from concen-
tration gradients in multicomponent solutions, and
thermal Marangoni (or thermocapillary) flow, which
is present even in single-component liquids and results
from the temperature dependence of ¢ (do/dT). For
applications involving laser actuation, the thermal
Marangoni effect is particularly advantageous. This is
because a precise, localized temperature distribu-
tion—the driving force for the flow—can be readily
established and dynamically controlled by applying
laser energy either directly to the absorbing fluid or,
for transparent liquids, to an underlying substrate.

One of the most interesting and important areas of
fluid dynamics where laser-assisted control is particu-
larly desired is the evaporation of highly volatile liquid
droplets, such as ethanol [21—23]. Rapid evaporation
from the droplet surface, which is most pronounced at
the three-phase contact line, induces strong evapora-
tive cooling. This non-uniform cooling combined
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with heat inflow from a massive substrate establishes
its own spontaneous thermal gradient across the inter-
face, thereby driving an intrinsic thermocapillary flow
even in the absence of external heating.

This spontaneous, cooling-driven flow directly
interacts and competes with the classic capillary-
driven flow responsible for the ubiquitous “coffee-
ring effect” —a major challenge in applications requir-
ing uniform deposition of solutes [24—26]. Therefore,
when external laser radiation is applied to manipulate
an evaporating droplet, the resulting photothermally-
induced Marangoni flow does not occur in a quiescent
liquid. Instead, it is actively superimposed upon, and
competes or collaborates with, both the intrinsic evap-
orative (thermocapillary) flow and the capillary flow.
Understanding the dynamics of this complex interplay
is critical for achieving true control over particle trans-
port and final deposit morphology in systems utilizing
volatile solvents.

The objective of the present study is, therefore, to
fundamentally investigate the fluid dynamics induced
by the thermal Marangoni effect in evaporating vola-
tile liquid droplets when subjected to controlling CW
laser radiation. We specifically examine the detailed
characteristics of the liquid motion, encompassing
both the evaporation-induced flows and the flows due
to the targeted laser heating of the droplet. Since eth-
anol, chosen as a representative highly volatile liquid,
is transparent across the visible and most of the near-
infrared range, the applied laser light is assumed to be
effectively absorbed by the substrate beneath the drop-
let, which then conveys the heat to the liquid primarily
via conduction.

METHODOLOGY OF THE STUDY
1. Governing Equations and Simplifications

The fluid flow within the droplet is fundamentally
governed by the laws of conservation of mass, momen-
tum, and energy, collectively represented by the
Navier—Stokes equations [27, 28]:

(1) The Continuity Equation (Conservation of
Mass):

dp
—-—+V. =0.
dt (pu)

(2) The Momentum Equation (Navier—Stokes
Equation, Conservation of Momentum):

p(%—ltl+(u~V)u) =-Vp+V-K+F.
(3) The Energy Equation (Conservation of Energy,
expressed in terms of temperature 7):

pCp(aa—?+(u-V)T):—V~q+Q+K:S,

where p is the density, u is the velocity vector, p is
pressure, K is the viscous stress tensor, F is the volume

BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES: PHYSICS

S559

force vector, C, is the specific heat capacity at constant
pressure, q is the heat flux vector, Q represents internal
heat sources, and .S is the strain-rate tensor.

We model the liquid within the droplet as Newto-
nian, which establishes the constitutive relation for the
viscous stress tensor:

K = 2us—(§u—x)(v-u)1,

where u is the dynamic viscosity, A is the bulk viscos-
ity, and I is the identity matrix.

To simplify the numerical solution under the
assumption of moderate-power laser irradiation, we
treat the liquid as incompressible and assume constant
density (p = const). This is justified by the relatively
small temperature variations, which renders the Bous-
sinesq approximation unnecessary in this specific
context.

Under the incompressible assumption (V -u = 0)
and utilizing the Newtonian constitutive relation, the
governing equations are reduced to the simplified, more
manageable form used for computational analysis:

(1) Simplified Continuity:
V-u=0.

(2) Simplified Momentum (Incompressible
Navier—Stokes):
p(%+ (u- V)u) =-Vp+uVu+F.

Given the small size of the modeled droplet (con-
tact area radius is R = 1 mm), the effect of gravity is
considered negligible. Consequently, the initial drop-
let shape (at = 0) is determined solely by the surface
tension forces and is assumed to be a spherical seg-
ment defined by a specified contact angle, of which we
considered three representative values: 6 = 25°, 45°,
and 65°.

The temperature distribution 7 (r,z) within the
droplet—which is the fundamental driver of the ther-
mal Marangoni effect—is computed by solving the
energy conservation equation for heat transfer in fluids:

oC, (aa—f+(u.V)T) —V.(kVT)+0.

Where k is the thermal conductivity. This equation
simultaneously accounts for transient heating (the
dT /dt term, or thermal storage), heat conduction (the
V- (kVT)term, i.e., diffusive heat flux) and heat con-

vection (the pC,(u-V)T term), representing the
transport of heat carried by the moving fluid. The term
Q represents any volumetric heat sources. In this
work, where the laser is assumed to be absorbed by the
substrate, Q is set to zero within the fluid. Instead, the
heating is applied as a prescribed temperature bound-
ary condition at the liquid—substrate interface.
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Fig. 1. The ethanol droplet being modelled: (a) distributions of temperature and resulting surface tension on the droplet surface
as functions of the radial distance r in the plane of liquid-substrate interface; (b) temperature dependence of ethanol’s surface
tension used to calculate 6(r) in (a); (c) side view of the axisymmetric ethanol droplet being modelled. Shown on the left half is
the temperature and flow velocity distribution for the steady-state flow pattern induced by the combined effect of nonuniform
evaporative cooling and heat influx through the isothermal substrate, which typically preceded the activation of laser irradiation
in our modelling. The big blue arrow indicates the direction of the thermal Marangoni stress driving the flow, which results from
the gradient of surface tension shown in (a). On the right half we show the nonuniform mesh of triangular elements that was used
for the numerical solution of the Navier-Stokes and heat equation. The mesh is refined at the free surface of the droplet to sup-
press nonphysical flows. Black arrows indicate the magnitude and direction of the nonuniform evaporative mass flux at the drop-
let surface; (d) 3D representation of the axisymmetric sessile ethanol droplet being modelled.

The thermal model is fully coupled with the
Navier—Stokes equations governing the fluid flow as
illustrated in Figs. 1a—1c. The velocity field u, calcu-
lated by the Navier—Stokes equations, is fed into the
convective term (u - V)7 of the heat equation, ensur-
ing that the fluid motion itself redistributes the heat.
The resulting temperature field 7 is used to calculate
the temperature-dependent surface tension o(7) at
the droplet surface (Figs. 1a, 1b). The gradient of this
tension, V, is then applied as the primary Marangoni
force boundary condition at the free surface, which in
turn drives the fluid velocity u (see the left-hand side
of Fig. 1c¢).

For volatile liquids such as ethanol, the evaporative
phase transition at the liquid-gas free surface is a crit-
ical physical process. This process results in evapora-

tive cooling, a non-uniform heat loss (g.,,,) that must

be applied as a boundary condition to the energy equa-
tion at the droplet’s free surface:

=J(r)- L,

Qevap
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where, L, is the latent heat of vaporization, and J(r) is

the local evaporative mass flux (kg m”’ s_l) on the
surface as shown schematically with black arrows in
the right-hand side of Fig. 1c.

In this work, we adopt the widely recognized meth-
odology of Hu and Larson [29] to calculate this flux.
This model assumes the evaporation is a quasi-static,
diffusion-limited process, where the mass flux is gov-
erned by the diffusion of ethanol vapor from the drop-
let surface into the surrounding ambient air.

The ethanol vapor concentration field (C) in the
air is assumed to obey the Laplace equation
(VZC = (0), analogous to an electrostatic potential
problem. The boundary conditions are:

(1) At the droplet surface: The vapor concentration
is fixed at its saturated value, Cy,, = pg, (T;)/(R,T}).

(2) At the substrate: The flux is zero (impermeable
wall).

(3) In the far-field: The concentration is that of the
ethanol-free ambient air, i.e., C,,,,, = 0.

Vol. 89  Suppl. 4 2025



LASER-ASSISTED CONTROL OF INTERNAL FLOWS

Solving this problem shows that the evaporative
flux J (r) is highly non-uniform. For a spherical cap
droplet as assumed in this work, the flux increases
towards the contact line and in fact diverges at the very
edge of the droplet for all 6 < 90° (as illustrated by the
black arrows in Fig. 1c) Hu and Larson provide a well-
established approximate analytical expression for the
flux J (r)as a function of the radial distance r from the

droplet center:
rz -M8)
J(r):Jo(l_Pj s
where R is the contact radius of the droplet, J,, is a ref-

erence evaporative flux, A(0) is an exponent that
depends on the contact angle.

This non-uniform flux J (r), which is strongest at

the edge (r — R), creates the intrinsic temperature
gradient for evaporative cooling. This, in turn, drives a
spontaneous thermocapillary flow that competes or
collaborates with the flow generated by the external
laser heating.

1I. Computational Domain and Numerical Method

The flow and heat equations are solved numerically
in the time domain using the Finite Element Method
(FEM) implemented in Comsol Multiphysics soft-
ware. We employ a non-uniform mesh of triangular
elements for spatial discretization (see the right-hand
side of Fig. 1a). To resolve the curved surface of the
droplet with contact area radius R = 1 mm we apply to
it additional mesh refinement with a mesh element
size of 3 um, which was found, by the mesh conver-
gence study, to be sufficient to suppress non-physical
flows in the droplet due to discretization of the
smoothly curved droplet surface with a mesh of first-
order, straight-edged triangular elements.

To facilitate the modeling and reduce computa-
tional cost, we use effectively a 2D axisymmetric for-
mulation to represent the 3D geometry of the evapo-
rating droplet (Fig. 1d). The results obtained from this
simplified 2D treatment of the problem under study
are considered indicative of the flow characteristics
within a truly three-dimensional droplet, although
checking the wvalidity limits of the axisymmetric
approximation and a rigorous, fully three-dimensional
generalization of the obtained results is reserved for
future work.

111. Fluid Flow Boundary Conditions

The computational domain, apart from the sym-
metry axis, has two boundaries: the free liquid surface
and the liquid-substrate interface.

A. Free liquid surface. At the free surface, the fol-
lowing conditions are imposed for the Navier—Stokes
equations:
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(1) Kinematic Condition: The velocity of the fluid
(ug,;4) must match the velocity of the mesh (u,,,.¢,) in
the direction normal to the interface, accounting for
mass flux (M ;) due to evaporation:

(uﬂuid - umesh) Ch = Mf'
(2) Dynamic (Stress) Condition: The stress bal-

ance requires that the viscous and pressure forces are
balanced by the force generated by surface tension, F,:

(-pI + K)n; = F,.

The surface tension force, which drives the Maran-
goni flow, is defined as:

F, =oxn +V,0,
where ¢ is the surface tension coefficient, % is the
mean curvature of the surface, and V| is the surface
gradient operator. The term VG explicitly represents
the force due to the surface tension gradient—the ther-
mal Marangoni effect.

B. Liquid—substrate interface. At the interface with
the substrate, a Navier slip boundary condition is
applied to model the fluid-wall interaction more real-
istically than a simple “no-slip” condition.

(1) No Penetration (Normal Component): The
liquid velocity normal to the wall is set to zero:

U Ay = 0.
(2) Navier Slip (Tangential Component): Instead
of imposing a zero tangential velocity (the “no-slip”
condition), the tangential stress (K, ) is set to be pro-

portional to the tangential velocity (ug;,):

Kn, = _Euslipﬂ
B
where u;, = u — (u - Ry, ) Ay, is the velocity tangen-
tial to the wall, U is the dynamic viscosity, and 3 is the
slip length. This condition physically represents the
fact that the extrapolated tangential velocity would be
zero at a distance 3 outside the wall.

1V. Thermal Boundary Conditions

The temperature field 7'(r,f), governed by the
energy conservation equation, requires specific
boundary conditions at the domain interfaces:

A. Liquid—substrate interface. We assume the liq-
uid in the droplet to be in good thermal contact with a
massive substrate maintained at constant temperature
so that the temperature of the liquid adjacent to this
interface can be considered fixed to the substrate tem-
perature, which is, prior to laser irradiation, 20°C.

As the laser is turned on, its radiation is assumed to
be effectively absorbed by the substrate. In this work,
for maximum clarity of the demonstration of the laser
effect on the internal flow patterns in evaporating
Vol. 89

Suppl. 4 2025



S562

droplets, we take up the simplest possible approach to
the laser action on the substrate: we assume that the
laser creates a region of time-invariant axially-sym-
metric elevated temperature distribution at the center
of the droplet’s contact area. This distribution of addi-
tional temperature at the liquid—substrate interface is
assumed to be gaussian mimicking a typical laser beam
intensity profile. The laser is considered to be of mod-
erate power to ensure that the liquid temperature is
high enough to produce an obvious effect on the fluid
flows in the droplet but remains below the boiling
point. Based on this we deemed the reasonable ampli-
tude of the imposed additional temperature distribu-
tion to be 50°C, so that the maximum temperature of
the substrate at the center of the droplet’s contact area
is 20°C + 50°C = 70°C. For the gaussian spot size
parameter r, we take two representative values: r, = 0.1
and ry = 0.25 mm.

B. Liquid—gas free surface. The main thermal con-
dition at the free surface is dominated by evaporative
cooling, as detailed above. The net heat flux across the
free surface must balance the heat transfer due to con-
duction and evaporation:

n(kliquidVT) = Qevap + qconv, rad»

where evaporative heat loss (g.,,,) is the endothermic
heat sink caused by the phase change, calculated using
the Hu and Larson methodology as gq,.,, = /() L,.
The characteristic feature of the evaporative heat loss
is that, following J (r) dependence, it is nearly uni-
form at the top part of the droplet’s surface but
increases near the contact line (as shown with black
arrows in Fig. 1c), i.e., evaporation-caused cooling of
the droplet is the strongest near its contact line. Con-
vective and Radiative Losses (g.ony, ag) 18 the term
accounting for heat exchange via natural convection
and thermal radiation between the free surface and the
surrounding air, and can be approximated as:

qconv, rad = htol (Tsurface - ];mbient) H

where 4, is the total heat transfer coefficient, which is
typically very small and will, therefore, be neglected in
this work compared to the evaporative term, i.e., we
assume:

n(k“quidv T) = qevap‘

V. Free Surface Dynamics
and Moving Mesh Implementation

To accurately capture the deformation and move-
ment of the droplet’s free surface driven by internal
flow and evaporative mass loss, the Moving Mesh
(ALE, Arbitrary Lagrangian—Eulerian) interface is
utilized. This approach allows the computational
mesh nodes to follow the movement of the physical
boundary, thereby maintaining mesh quality in the
immediate vicinity of the interface.
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The instantaneous position of the free surface is
governed by the kinematic boundary condition, which

dictates that the velocity of the mesh (u,,,) in the
direction normal to the interface must equal the fluid
velocity u normal to the interface, plus a term account-

ing for the mass loss due to evaporation (M;):
(u _umesh) “h= va

where # is the normal vector to the interface and M, is
the evaporative mass flux. This condition ensures that
the mesh accurately tracks the recession of the free
surface caused by the combined effects of fluid flow
and evaporation.

The simulation is performed under the assumption
of a moving contact line with a constant contact angle
06 = const, effectively ignoring contact line pinning.
This choice is based on observations that for moderate
evaporation rates on certain substrates, after some pin-
ning, which may occur at initial evaporation stages,
the contact line breaks free and recedes while main-
taining a constant (receding) contact angle.

To implement this, the contact angle 6 (the angle
between the free surface tangent and the substrate at
the contact point) is constrained to the prescribed
value (0 =25°,45°, or 65°) and the velocity of the con-
tact point on the substrate is calculated by the solver
such that the constant angle constraint is satisfied
throughout the simulation. This allows the contact
radius to decrease over time as the droplet volume
diminishes due to evaporation. This implementation
requires Comsol’s robust mesh deformation algo-
rithms to handle the simultaneous movement and
shrinkage of the entire computational domain as the
droplet recedes.

RESULTS AND DISCUSSION

Figure 2 presents the results of modelling evapora-
tion of a sessile ethanol droplet with contact angle 6 =
45° and contact area radius R = 1 mm. To clearly dis-
tinguish between flow patterns caused by evaporation
and by the applied laser radiation (laser beam gaussian
radius ry = 0.1 mm), the latter is turned on 10 seconds
after the evaporation started (i.e. at = 10 s as indicated
by the dashed vertical line marked as ‘laser on’ in the
left panel of Fig. 2) to allow enough time for the evap-
oration-induced flow to firmly establish before start-
ing to heat the substrate beneath the droplet with laser.

The left panel of Fig. 2 shows the temporal dynam-
ics of the total volume of the evaporating droplet with-
out Vy(?) (black curve) and with V(¢) (red curve) the
laser irradiation. Shown in dark blue color is the tem-
poral dependence of the average temperature 7,,,(?) of
the droplet’s liquid during evaporation. The colored
insets on the right-hand side of Fig. 1 show instanta-
neous snapshots of temperature and flow velocity dis-
tributions within the droplet at different time points
over the course of evaporation.
Vol. 89
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Fig. 2. Temporal evolution of the droplet volume over the course of evaporation without (V;(#)) and with (¥,()) laser irradiation
activated at = 10 s. The blue curve shows the average liquid temperature evolution corresponding to V(#). Vertical dashed lines
indicate the moments of laser heating activation and flow pattern switching. Shown on the right are the snapshots of instanta-
neous temperature and flow velocity distributions within the droplet at different time points during evaporation. The parameters
of the droplet and irradiating laser beam are: R =1 mm, 6 = 45°, ry = 0.25 mm.

The first snapshot (at = 0.1 s) corresponds to the
very beginning of the evaporation process. As seen
from the temperature distribution the droplet has very
nearly homogeneous temperature corresponding to
the initial condition of 7= 20°C. However, the effect
of the evaporative cooling is already noticeable near
the surface of the droplet and causes weak Marangoni
flow towards the contact line where evaporation is the
strongest and surface tension G is higher because of a
slightly lower temperature.

At =15, as seen from the next snapshot, a charac-
teristic evaporation-induced flow pattern is develop-
ing with some small secondary vortices still present
near the top of the droplet. Finaly at # = 2 s this flow
pattern is fully established and persists up to the
moment of turning on the laser at = 10 s. It is inter-
esting to note that contrary to what might be expected
from the fact that evaporative cooling is the strongest
near the edge of the droplet, the coldest area turns out
to be at its top, with the resultant Marangoni flow cir-
culating counter-clockwise: from the periphery to the
top of the droplet along its surface and from the center
to the edge at its bottom. This is explained by the effect
of the isothermal substrate, which imposes its fixed
temperature to the liquid at the bottom of the droplet.
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Therefore, the flow pattern established before turning
on the laser must be considered a consequence of not
only nonuniform evaporative cooling, but its compet-
itive combination with the heat influx to the droplet
from the isothermal substrate.

Turning on the laser at # = 10 s creates nonuniform
distribution of increased temperature on the substrate
bringing about rapid switching of the flow pattern,
which occurs in a timespan of less than 1s, as evident
from the snapshots at # = 10, 10.3 and 11s. Att =10 s
the heating of the liquid by the substrate is already vis-
ible at the center of the droplet’s bottom but the flow
pattern has not had time to change yet. The transition
from the old to the new flow pattern can be readily
observed at the 7= 10.3 s snapshot, while at 7= 11 sthe
new pattern is clearly firmly established and persist up
to the complete drying of the droplet, as illustrated by
the last shown snapshot at # = 60 s. The characteristic
feature of the laser-induced flow pattern is that the
liquid heated by the substrate at the center of the drop-
let’s contact area rises to the top of its surface so that it
becomes warmer than the periphery. The resulting
thermal Marangoni flow directed clock-wise picks up
the heated liquid and carries it toward the periphery.
As seen from the color legend bars of the flow velocity
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Fig. 3. Temporal evolution of the droplet volume and average temperature over the course of evaporation. Shown on the right are
the snapshots of instantaneous temperature and flow velocity distributions within the droplet at different time points during evap-
oration. The parameters of the droplet and irradiating laser beam are: R =1 mm, 6 = 45°, ry = 0.1 mm.

distributions, the laser-induced circulation is more
than an order of magnitude faster than the oppositely
directed circulation, which dominated the flow pat-
tern before turning on the laser.

As seen from the left-hand side panel of Fig. 2, the
laser irradiation not only switches the flow pattern in
the droplet but also increases the overall average tem-
perature of the droplet: from the sharp step-like tem-
perature rise near ¢ = 10 s to the gradual and increas-
ingly fast heating of the droplet throughout its entire
evaporation process. The increasing heating rate is
explained by shrinking of the evaporating droplet
while keeping the spot size of the applied laser irradia-
tion fixed. This means that the heat influx relative to
the decreasing volume of the droplet is increasing, i.c.,
the heating of the shrinking droplet by the same laser-
imposed distribution of elevated temperature becomes
increasingly effective.

Rising temperature of the droplet increases its
evaporation rate as seen by the red curve in Fig. 2 rep-
resenting the reduction of the droplet volume with
time with laser irradiation applied at # = 10 s. As one
can see, the evaporation rate is increased immediately
after the laser is turned on and brings about a signifi-
cant cut in evaporation time as compared with evapo-
ration without laser heating (black curve).

Turning on the laser and switching of the flow pat-
tern in the droplet do not necessarily have to occur at
the same time. To illustrate this, we present in Fig. 3
the dynamics of the evaporation process for the same
droplet irradiated by a laser beam with spot size of r, =
0.1 mm instead of 7y = 0.25 mm as was used in the pre-
vious case.
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As seen from the presented snapshots of tempera-
ture and flow velocity distributions, turning on the
laser in this case does not bring about instantaneous
switching of the flow pattern up until the moment of
about 1 = 77.5 s, when the switching does occur, after
which the laser-induced flow pattern persists till the
final stages of evaporation. Neither the turn-on of the
laser leads to major heating and increased evaporation
rate of the droplet, apart from the small step-like
increase in average temperature due to the local heat-
ing of the liquid near the hot spot at the center of drop-
let’s contact area. A much larger step-like rise in tem-
perature accompanies the switching of the flow pat-
tern at r = 77.5 s, after which laser-induced speeding-
up of evaporation becomes obvious from comparing
the red and black curves in the left panel of Fig. 3. A
sharp rise in average temperature at the flow switching
time and its subsequent rapid growth afterwards can be
explained by a more efficient heat removal from the
heated spot on the substrate by the much faster circu-
lation of liquid after the flow switching.

Let us next demonstrate the effect of the droplet
contact angle on the dynamics of the laser-assisted
evaporation. Figure 4 below illustrates the details of the
evaporation process of a droplet with a contact angle of
6 = 65° and the same contact area radius R = 1 mm,
subjected to laser heating (r, = 0.25 mm) at 7= 10 s.

From examination of the figure one can conclude
that the evaporation process in this case proceeds
analogously to that shown in Fig. 2, although it takes
somewhat longer time due to a larger initial volume of
the droplet. The flow pattern induced by the com-
bined effect of evaporative cooling and heat influx
through the isothermal substrate (before turning on
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Fig. 4. Temporal evolution of the droplet volume and average temperature over the course of evaporation. Shown on the right are
the snapshots of instantaneous temperature and flow velocity distributions within the droplet at different time points during evap-
oration. The parameters of the droplet and irradiating laser beam are: R =1 mm, 8 = 65°, ry = 0.25 mm.
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Fig. 5. Temporal evolution of the droplet volume and average temperature over the course of evaporation. Shown on the right are
the snapshots of instantaneous temperature and flow velocity distributions within the droplet at different time points during evap-
oration. The parameters of the droplet and irradiating laser beam are: R =1 mm, 6 = 65°, ry = 0.1 mm.

the laser) and the flow pattern imposed by the laser
irradiation (after flow switching) are very similar to
those observed in the previously studied case, with the
liquid circulating, respectively, counter-clockwise and
clockwise. The flow switching occurs right after turn-

ing on the laser, but this time with a short but notice-
able delay of about 3s.

This delay also increases, as compared with the
previously studied case, when the laser beam radius is
7o = 0.1 mm as illustrated in Fig. 5.
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Fig. 6. Temporal evolution of the droplet volume and average temperature over the course of evaporation. Shown on the right are
the snapshots of instantaneous temperature and flow velocity distributions within the droplet at different time points during evap-
oration. The parameters of the droplet and irradiating laser beam are: R=1 mm, 6 = 25°, ry = 0.1 mm.

As seen from the figure, it takes almost 140s for the
flows to switch to the laser-induced pattern after turn-
ing on the laser, so that most of the evaporation pro-
cess proceeds virtually unaffected by the laser irradia-
tion in terms of the flow pattern, evaporation rate and
average temperature dynamics. The flow patterns
before and after switching are again very similar to
those in the previously studied cases.

Finally, let us examine the case of laser-assisted
evaporation of a droplet with a small contact angle of
0 =25° R=1mm, r, = 0.1 mm (Fig. 6).

The distinctive feature of the evaporation process
in this case is that no equilibrium flow pattern is
reached before turning on the laser, as evidenced by
the small ripples in the average temperature curve
before # =10s in the left panel of Fig. 6. This is illus-
trated in more detail by the snapshots of temperature
and flow velocity distributionsat 7= 1s, 2sand 3 son
the right-hand side of the figure. As evident from the
snapshots, the flow distribution continuously cycles
back and forth between the 2- and 3-vortex patterns.
This is a result of competition between the nonuni-
form evaporative cooling, which strives to set up
Marangoni flow from the top of the droplet surface
towards the contact line, and the effect of the isother-
mal substrate, which, by heating the droplet from
below, tries to impose the oppositely directed Maran-
goni flow.

Turning on the laser at = 10 s instantaneously dis-
rupts this delicate interplay and the flows adopt at
once the pattern characteristic of the laser-assisted
evaporation, as shown above. This pattern then per-
sists to the final stages of evaporation, which takes, in
this case, as little as 50s due to the small initial volume
of the droplet.
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CONCLUSIONS

Thus, in this work we have numerically investigated
the temporal dynamics of fluid flows in sessile ethanol
droplets evaporating in the constant contact angle
mode both without and with laser irradiation, which
heats the transparent droplet via light-absorbing sub-
strate. The investigation elucidated the complex ther-
mal-capillary interplay governing the internal fluid
dynamics and droplet lifetime, demonstrating the
potential for precise external control. It was shown
that before laser activation, the flow pattern is dictated
by a competitive thermal balance: nonuniform evapo-
rative cooling at the free surface strives to induce ther-
mal Marangoni flow toward the contact line, where
the cooling is the strongest. On the other hand, the
heat influx from the isothermal substrate attempts to
impose the opposite Marangoni flow by fixing the lig-
uid temperature at the droplet bottom to that of the
substrate. This initial competition results in a stable
flow pattern, characterized by the coldest point at the
droplet’s apex and a counter-clockwise liquid circula-
tion (periphery to center along the surface), although
this balance is shown to be unstable for small contact
angles 0 = 25°, leading to continuous oscillation
between 2- and 3-vortex patterns. Activating the laser
at ¢ = 10 s instantaneously disrupts this delicate bal-
ance, causing the flow pattern to rapidly switch to the
laser-induced pattern. This new regime is character-
ized by a strong clockwise circulating flow (center to
periphery) driven by the substrate-heated liquid rising
at the droplet center. This laser-induced circulation is
significantly faster (more than an order of magnitude)
than the native evaporation-driven flow. Crucially,
this robust flow pattern facilitates a more efficient heat
removal from the heated area, leading to a marked
increase in the droplet’s average temperature and a
Vol. 89
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significant reduction in the total evaporation time.
The study also revealed that the time required for this
decisive flow switching is highly dependent on both
the laser spot size and the contact angle. While a larger
laser spot (r, = 0.25 mm) causes switching to be near-
instantaneous (less than a few seconds), a smaller spot
(r, = 0.1 mm) can introduce a substantial delay (up to
~140 s for 0 = 65°), during which the evaporation pro-
cess remains virtually unaffected by the applied laser
irradiation.

The results obtained in the-chemieal analysis and
medical diagnostics—for rapid mixing of liquid in
multicomponent droplets, for the implementation of
laser-controlled movement of droplets on superhy-
drophobic substrates, including lab-on-chip systems.
The demonstrated effects can also be used as an addi-
tional mechanism for controlling liquid flows in
evaporating droplets in order to tailor the distribution
of impurity deposits on the substrate after total dry-
ing of the droplet.

The demonstrated ability to precisely and dynami-
cally switch internal fluid flow pattern via controlled
laser irradiation can find practical application in
advanced active flow control. The findings of the
study enable one to optimize new microfluidic systems
for heat management and droplet transport, and are
particularly relevant to inkjet printing, material syn-
thesis, fabricating functional materials on surfaces,
and developing lab-on-a-chip devices.
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