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ABSTRACT

Flow structure near three phase contact line (TPCL) of evaporating liquids plays a significant role in liquid wetting and dewetting, liquid film
evaporation, and boiling. Despite the wide focus it receives, the interacting mechanisms therein remain elusive and in specific cases,
controversial. Here, we reveal the profile of internal flow and elucidate the dominating mechanisms near TPCL of evaporating droplets, using
mathematical modeling, trajectory analysis, and infrared thermography. We indicate that for less volatile liquids such as butanol, the flow
pattern is dominated by capillary flow. With increasing liquid volatility, e.g., alcohol, the effect of evaporation cooling, under conditions,
induces interfacial temperature gradient with cold droplet apex and warm edge. The temperature gradient leads to Marangoni flow that
competes with outwarding capillary flow, resulting in the reversal of interfacial flow and the formation of a stagnation point near TPCL. The
spatiotemporal variations of capillary velocity and Marangoni velocity are further quantified by mathematically decomposing the tangential
velocity of interfacial flow. The conclusions can serve as a theoretical base for explaining deposition patterns from colloidal suspensions and
can be utilized as a benchmark in analyzing more complex liquid systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0197919

The intersection between liquid, solid and vapor phases, i.e., three
phase contact line (TPCL), exists whenever a finite volume of liquid
gets contact with a solid surface.1–3 The dynamics and phase change
near TPCL indicate great importance in many industrial processes.
Specifically, in phase change thermal management, the liquid micro-
layer that forms in nucleate boiling exhibits concentrated high heat
flux.4–6 An efficient liquid supply to this region is critical for prevent-
ing dry-out and avoiding thermal degradation. In inkjet printing and
quantum dot fabrication, the flow state inside drying droplets greatly
affects the way of particle/crystal assembly.7–9 Specifically, the flow
state near TPCL decides the dynamics of contact line and the pathway
of particle distribution.10

Studies on flow pattern inside evaporating droplets have received
wide focus so far.11–15 For the basic case of pure liquid droplets, the
internal flow changes with the wetting state,16,17 the strength of evapo-
ration mass flux,18 and the induced interfacial stresses.19,20 In the past
decades, continuous research efforts have been paid to quantify the
evaporation fluxes and droplet motion, with theoretical analysis,21–23

numerical modeling,22,24 and experimental measurements.24,25

However, in comparison to the in-depth understanding of evaporation
kinetics, far less is known on the details of flow patterns near droplet
contact line,26 where concentrated interactions take place between
evaporation mass flux, capillary stress, and thermal Marangoni stress
(natural consequence due to evaporation cooling);27 these effects con-
siderably complicate the flow dynamics, and may lead to instabilities
in that region.28,29

In this research, we visualize the flow pattern near TPCL of evap-
orating droplets with particle tracking and trajectory analysis. The gov-
erning mechanisms are further evaluated through detailed
mathematical modeling based on the lubrication theory. In the experi-
ments, we utilize fluorescent micro-tracers (fluorescent polymer
microspheres: excitation/emission 468/508 nm, diameter 1.0lm) to
track the flow field inside deposited droplets of 0:56 0:002 ll (see
experimental methodology in the supplemental material). The droplet,
sitting on transparent slide glass (1.36 0.2mm), is irradiated by a
green laser sheet (468 nm) and focused with 20� lens from the
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bottom. In order to account for the effect of volatility, we utilized
1-butanol and 2-propanol (IPA) as the test liquids, which have similar
surface tensions (rButanol ¼ 24:57N=m; rIPA ¼ 23:0N=m), latent
heats (LButanol ¼ 584 kJ=kg; LIPA ¼ 663 kJ=kg), and dynamic viscosi-
ties (lButanol ¼ 2:573mPas; lIPA ¼ 2:012mPas), but different satura-
tion vapor pressures (psat;Butanol ¼ 580 Pa; psat;IPA ¼ 4420 Pa). The
initial temperatures of the liquid and the substrate are kept as the same
before droplet deposition—both in equilibrium with the ambient. It
takes 306 5 s for IPA droplets and 7506 30 s for butanol droplets to
fully evaporate at environmental condition of 20 �C and 50% RH.
Results indicate that the droplet experiences a fast spreading stage right
after its contact with the slide glass, i.e., the inertia regime (R / t1=4

� t1=2)30–32 (Regime I). The flow state near TPCL in this stage is hard
to trace due to the rapid motion of contact line and the narrow field of
focus with 20� lens. As the droplet reaches a maximal radius, the con-
tact line pins onto the slide glass and the flow pattern inside the droplet
gets stable (Regime II). At the final stage when the droplet becomes
very thin, a “rush hour” in the flow field takes place—flow velocity
increases dramatically until the droplet fully dries out (Regime III).33

In this research, we focus on regime II with steady flow state and char-
acterize the flow structure near TPCL by tracking the trajectory of the
fluorescent particles.

Shown in Fig. 1 (Multimedia view), the tracer particles, in the
case of butanol droplets, move continuously toward the contact line
along the droplet bottom—most of these particles move all the way
toward TPCL (marked as yellow arrows), with a few of them move
slightly backward but finally return back to TPCL (circled with dashed
box)—an indicative of weak instability in the azimuthal direction at
the contact line as reported in previous studies.34 The overall particle
behaviors lead to the formation of so-called “coffee ring” patterns as
the droplet fully dries out, as marked with red frame in Fig. 1(a). Yet/
However in the case of IPA, the tracer particles universally change
their direction at a position around 20 � 30 lm from the TPCL as
demonstrated by dot arrows in Fig. 1(b). The significant difference in
the flow pattern by solely changing the liquid volatility drives us to fur-
ther explore the interaction between phase change and fluid dynamics
therein, in a quantitative way.

Specifically, we formulate a mathematical model for the problem
of droplet evaporation on a thermally conductive substrate based on

the lubrication theory.35,36 The lubrication approximation is valid for
droplets with contact angles typically less than 40�, which is the case of
this work in complete wetting and partial wetting scenarios using
organic solvents on glass or metal substrates. The model takes account
of the continuity, momentum and energy transport equations in the
liquid phase, and heat conduction in the solid phase. At the liquid–gas
interface, we derive the expression of interfacial mass flux by combin-
ing the Hertz–Knudsen equation,37,38 the chemical potential difference
between liquid and gas,39 and the ideal gas assumption. Other bound-
ary equations include the jump energy balance, the stress balance and
the kinematic boundary condition at the liquid–gas interface, as well as
the continuity of heat flux and no-slip boundary condition at the liq-
uid–solid interface. The force singularity that may arise from moving
contact line and no-slip assumption is eliminated by assuming an
ultrathin liquid film/precursor film existing at the solid surface in front
of the TPCL.40,41 See numerical methodology in the supplemental
material.

As demonstrated by the side view of flow fields inside evaporating
droplets at the steady stage (Fig. 2), the flow pattern in the case of low
volatility butanol is dominated by an outwarding capillary flow
[Fig. 2(a)]. In comparison, flow inside a high volatility IPA droplet
forms a convection vortex [Fig. 2(b)]. Taking a close view on the con-
tact line region of the IPA droplet [Fig. 2(c)], we can find a stagnation
point with zero velocity that forms at the liquid–gas interface where
the flow direction diverges. The position of the stagnation point locates
at a dimensionless distance of �0.05 from TPCL with dimensionless
contact radius �1.4 as in Fig. 2(c). This corresponds to a distance of
�35lm from TPCL with droplet contact radius �1mm, indicating
quantitative correspondence with the trajectory analysis as shown in
Fig. 1 (bottom view) where the position is found to be 20–30lm from
the TPCL for IPA droplets with�1mm contact radius.

There have been discussions on the formation mechanisms of the
stagnation point over the years. Recent studies42–44 have suggested that
the temperature distribution at the droplet surface changes direction at
different conditions, which results in the change of surface tension gra-
dient and therefore the reversal of interfacial flow. In the work by Xu

FIG. 1. Trajectory of tracing particles reveals the flow field near TPCL of evaporat-
ing drops. (a) An overall outwarding flow is observed along the bottom of a butanol
droplet (psat;Butanol ¼ 580 Pa)—small disturbances exist while the particles ultimately
move toward and get deposited near TPCL. (b) Flow near the bottom of an IPA
droplet (psat;IPA ¼ 4420 Pa) changes its direction at a position �20 lm from the
TPCL, eliminating the coffee ring effect with more particles deposited in the central
region. Multimedia available online.

FIG. 2. Simulation results of the temperature and velocity fields inside evaporating
droplets on highly conductive substrates, e.g., copper. (a) Butanol droplets show
small temperature gradient and outwarding capillary flow; (b) IPA droplets indicate
apparent temperature gradient due to evaporation cooling, and a convection vortex
forms inside the droplet; (c) A close view to the contact line region (IPA droplet)
reveals the formation of a stagnation point where the flow direction diverges.
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and Luo,42 they calculated the temperature distribution at the liquid–
air interface based on a static assumption with fixed droplet geometry
and ignoring the convection by fluid flow inside the droplet. A maxi-
mum point in the interfacial temperature is found at a position
�10 lm close to the TPCL. In the work of Ristenpart et al.,43 similarly,
they considered a quasi-steady thermal transport process, and applied
the Laplace’s equation DT ¼ 0 to derive the temperature field inside
the droplet as the Peclet number (Pe, indicating the relative magni-
tudes of convective and conductive heat transfer) is small. The temper-
ature gradient at the droplet surface, even though monotonic, is
predicted to change with the ratio of liquid to solid thermal conductiv-
ity, and therefore the direction of interfacial flow changes. In subse-
quent studies,44 a criterion for flow reversal is proposed for droplets on
substrates with finite thickness, where the flow reversal is attributed to
the change of temperature gradient at the droplet surface.

However, according to available experimental results with infra-
red thermography in previous studies45,46 as well as in some other
numerical work24 including ours, the temperature gradient along the
droplet surface (ignoring hydrothermal instability) is typically found
to be monotonic with a cold droplet apex and a hot edge, including the
cases that were predicted as in opposite direction based on the theory
of Xu and Luo,44 and Ristenpart et al.,43 e.g., methanol and ethanol on
PDMS, or water on glass of thickness 1mm.

To address this inconsistency, we further checked the mathematical
formulation and derivations in those studies that stand for the point of
view that the change in temperature gradient leads to flow reversal inside
an evaporating droplet. We find that, first, the mathematical modeling by
Xu et al.44 and Ristenpart et al.43 mainly considered the thermal transport
process with fixed droplet geometry, i.e., the energy equation and thermal
boundary conditions with interfacial phase change. The lack of momen-
tum equation results in the “lack” of influence from bulk flow in their
numerical/theoretical results, i.e., the capillary flow driven by Laplace
pressure and the preferential evaporation at the contact line. Therefore,
solely the Marangoni stress that arises from temperature gradient is
accounted to explain the flow pattern inside the droplet.

Second, in their formulation of interfacial mass flux, the expres-
sion derived in the work of Deegan et al.11 is utilized, which is basically
derived from the analogy of vapor diffusion to an electrostatic field,
expressed as JðrÞ / ðR� rÞ�k; k ¼ ðp� 2hÞ=ð2p� 2hÞ, where J is
the interfacial mass flux along radius r-axis, R is the contact radius,
and h is the contact angle. The expression is reliable for isothermal
state when the evaporation mass flux is small, while the error can be
large when the droplet becomes highly volatile and the effect of evapo-
ration cooling becomes non-negligible. For example, the deviation in
evaporation rate can reach �30% with and without taking account of
the evaporation cooling effect for an acetone droplet with 1mm con-
tact radius and 40� contact angle on the PTFE substrate.24 By further
taking account of the reduction of saturation vapor pressure due to
evaporation cooling, Dunn et al.24 provided a better fitting to the evap-
oration flux. With modified expression of interfacial mass flux, the
temperature distribution along the droplet surface is predicted as
warmest near the contact line and coolest at the center of the droplet
in all situations they considered, which corresponds with our model
with Hertz–Knudsen type derivation of evaporation flux taking
account of the surface curvature, the liquid–gas temperature difference,
as well as the reduction in saturation vapor pressure due to evapora-
tion cooling [mass flux shown in Fig. 4(b)].

Third, the thermal properties of liquids and solids are usually
coupled (see representative examples in supplementary material).
For example, high surface tension arises from strong interactions
between liquid molecules, which also makes the liquid less volatile.
Substrates with low thermal conductivity usually have low surface
energy, leading to large contact angles, e.g., polymer materials—
this makes the interfacial mass flux near TPCL less divergent, and
thus less apparent effect of evaporation cooling therein. Based on
our experimental results with infrared camera as well as in avail-
able literature,45–47 commonly utilized liquids represented by buta-
nol, water, and IPA, on solid substrates, e.g., copper, glass, PDMS,
exhibit positive temperature gradient in radial direction, that is,
warm edge and cold apex, as shown in Fig. 3.

In the experiments by IR imaging (Fig. 3), water droplets have
contact angle of 30� 6 5� on glass, and 90� 6 5� on copper (with oxide
layer) and PDMS. Butanol and IPA exhibit highly wetting states with
small contact angles, 5� � 10�, on glass, copper and PDMS. The exper-
imental data of butanol and IPA provide comparable information on
the effect of substrate conductivity and liquid volatility. Results show
that both butanol and IPA exhibit large gradient of interfacial tempera-
ture on copper substrates and smaller on glass and PDMS. This is
because on highly conductive substrates, the thermal resistance in the
liquid phase becomes dominant in thermal transport, and therefore
the temperature difference between droplet apex and edge becomes
eminent. Additionally, on copper substrates, the temperature gradient
in the case of IPA droplet is larger than that of butanol droplets
due to stronger evaporation cooling effect (Psat;IPA;20�C ¼ 4420 Pa;
Psat;Butanol;20�C ¼ 580Pa). On less conductive PDMS substrates, the
evaporation cooling effect weakens, but still the center part of the
droplet has visibly lower interfacial temperature than the edge part.
These experimental findings correspond with our numerical predic-
tions on the effect of substrate conductivity.36

Then, the question comes that, if the temperature gradient at the
liquid–air interface is positive with cold droplet apex and warm contact
line in all cases that are investigated, then what causes the observed
flow reversal and the formation of stagnation point at the droplet sur-
face? This leads us to take a further look at the mathematical deriva-
tions, especially the expression of interfacial flow velocity, as well as its
decomposition.

In our mathematical model, the dimensionless form of surface
velocity, uS, derived from the momentum equation, is expressed as,

uS ¼ � h2
2l

@p
@r � h

l
@TS
@r , where h is the position of the liquid–air interface,

l is the dynamic viscosity of the liquid, p is the liquid side pressure,
and TS is the interfacial temperature. This can be further separated

into (a) capillary velocity, uCa ¼ � h2
2l

@p
@r, where the height and shape of

the liquid–gas interface (the latter affects the pressure gradient, @p@r) play

a decisive role, and (b) Marangoni velocity, uMa ¼ � h
l
@TS
@r , where the

gradient of interfacial temperature, @TS
@r , is the decisive factor. Taking a

further view at the liquid side pressure, p, the expression is derived as

p ¼ � e2r
Ma

1
r
@
@r r @h

@r

� �
þ 1

r2
@2h
@h2

� �
� A

h3, where e ¼ H0
R0

is the initial aspect

ratio of the droplet, r is the surface tension, Ma is the Marangoni
number, demonstrating the strength of Marangoni flow, and A is the
Hamaker constant, indicating the strength of van der Waals interac-
tion. Here, the van der Waals force, Ah3, only becomes significant in the
precursor film region when the thickness of liquid film is down to the
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nanometer (nm) scale, and is negligible at the macroscopic and transi-
tional regions with mm to lm scale film thickness. The term
1
r
@
@r r @h

@r

� �
þ 1

r2
@2h
@h2

� �
in the expression of p indicates the surface curva-

ture, i.e., geometry of the liquid–air interface. Due to the existence of
interfacial tension r, the surface curvature generates Laplace pressure,
and therefore out-warding capillary flow, which tends to flatten the
droplet. The gradient of interfacial temperature, @TS

@r , as analyzed before,
is positive in the r-direction, which generate inward flow along the
liquid–air interface (from contact line to droplet center), opposite to
the direction of capillary flow.

With changing droplet geometry (e.g., spreading, receding)
[Fig. 4(a)] and spatiotemporally varying mass flux [Fig. 4(b)], the rela-
tive strength of capillary flow and Marangoni flow changes with time.
At the initial stage, after a droplet is deposited onto a solid surface, the
capillary effect dominates and induces internal flow directing from the
droplet apex to the edge [shown by the flow field and the decomposi-
tion of surface velocity at dimensionless time t¼ 0.15 in Figs. 4(c.1)
and 4(c.2)], driving fast droplet spreading. As temperature gradient
establishes across the droplet due to evaporation cooling, the
Marangoni flow enhances with time as shown by the transition of flow
pattern from Figs. 4(c.1) to 4(e.1), with corresponding decomposition
of interfacial velocity as shown in Figs. 4(d.2) and 4(e.2).

For liquids with low volatility, the Marangoni effect is not strong
enough to compete with the capillary effect, and the flow direction is
overall outwarding as demonstrated by Fig. 5(a). For highly volatile
droplets on thermally conductive substrates, the mechanisms can be
described by Fig. 5(b). In such cases, the effect of evaporation cooling
can be strong enough to generate Marangoni flow that overweighs the
outward capillary flow near TPCL, which causes the formation of stag-
nation point (uS ¼ 0) where the flow direction diverges.

For suspended particles in a volatile droplet such as alcohol, those
that are transported to a position below the stagnation point will get to
deposit near the contact line as the liquid film dries to a critical thick-
ness (comparable to the particle size) due to preferential evaporation.

FIG. 3. Temperature field (top view) of evaporating droplets with different volatility
(water, butanol, IPA) on solid substrates with different thermal conductivity (1 mm
PDMS, 1.1 mm slide glass, 1 mm copper) visualized by infrared thermography.
Temperatures (�C) at representative locations are marked in red.

FIG. 5. Schematic of flow structure and the dominating mechanisms near TPCL
of (a) low volatility liquids, e.g., butanol, where the flow pattern is dominated by
out-warding capillary flow and the mathematical expression is marked in blue;
and (b) high volatility liquids, e.g., IPA, where the thermal Marangoni effect (the
flow direction and the mathematical expression are marked in red) is strong
enough to reverse the flow direction and forms a stagnation point at a position
near TPCL.

FIG. 4. Simulation results for an IPA droplet on a copper substrate: (a) evolution of
droplet profile (side-view geometry); (b) distribution of interfacial mass flux along
radius r at different dimensionless time t; [(c.1)–(e.1)] temperature (indicated with
color) and flow field (indicated by vectors) with interfacial mass flux (marked with
arrows) at dimensionless time t¼ 0.15, 1, 10; [(c.2)–(e.2)] decomposition of interfa-
cial velocity (uS: total tangential velocity; uCa: capillary velocity; uMa: Marangoni
velocity) (with stagnation points marked as SP where uS ¼ 0) at corresponding
moments t¼ 0.15, 1, and 10.
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Particles that are transported to a position higher than the stagnation
point will be recirculated to the center area and move back again for
reallocation. Therefore, the deposition pattern does not only depend
on the capillary flow and the strength of thermal Marangoni flow
(effect of evaporation cooling) but also relies on the motion of contact
line. For achieving uniform deposition patterns from single compo-
nent droplets, it is necessary to achieve smooth contact line receding
that matches the deposition speed of the suspended particles.48

To summarize, this study reveals the flow structure near TPCL of
low-contact-angle evaporating droplets. With increasing liquid volatil-
ity, the thermal Marangoni stress enhances with the strengthened
effect of evaporation cooling. The generated Marangoni flow competes
with out-warding capillary flow, and in cases, induces the reversal of
interfacial flow and forms a stagnation point near TPCL. We observe
this effect with particle tracking, and further quantify the dominating
mechanisms with infrared thermography, numerical modeling, and
mathematical analysis. The conclusions can serve as a theoretical base
for various industrial processes that involve liquid evaporation and
controllable depositions, e.g., phase change thermal management,6

evaporation-type fabrication of thin films,49,50 etc. The proposed
mechanisms can be utilized as a benchmark for analyzing more com-
plex liquid systems with multi-solvents, surfactants, or colloidal
suspensions.51,52

See the supplementary material for (1) PDF file: Part 1.
Experimental Method (1.1 Particle Tracking and Trajectory Analysis,
and 1.2 Infrared Thermography), Part 2. Thermophysical Properties,
and Part 3. Numerical Model; (2) Video files of particle tracking near
TPCL of droplets of butanol (speed up by 20 times) and IPA (normal
speed).
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