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Extesive explorations have been carried out on the flow structure and
spreading law of three phase contact line. With numerical modelling, trajectory analysis, infrared
thermography, and mathematical decomposition, we show that the wetting dynamics of volatile droplets

can be scaled by the spatial-temporal interplay between capillary, evaporation, and thermal
Marangoni effects. We quantify these complex interactions using phase diagrams. A spreading law of
evaporative droplets is derived by extending Tanner’ s law (valid for non-volatile liquids) to a
full range of liquids with saturation vapor pressure spanning from 101 to 104 Pa and on substrates
with thermal conductivity from 10-1 to 103 W/m/K. We further derive a universal criterion for the
transition of flow pattern near three phase contact line of evaporating droplets, and quantify the
spatiotemporal variations of capillary velocity and Marangoni velocity by mathematically decomposing
the tangential velocity of interfacial flow.
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Three phase contact line (TPCL, [E5U% —FH5#%) plays a decisive role in the dynamics of partial
wetting systems (Bonn, D. ef al. Rev. Mod. Phys. 81.2,2009), and directly affects the efficiency of various
phase change processes. “Contact line” as it is named, the TPCL is not a simple geometric line but is rather
a region with complex structures. The dynamic structure can be more complex with relative motion taking
place at the liquid-solid interface. Additionally, the region of TPCL has been evidenced to dominate the fast
evaporation of partial-wetting liquids as well as liquids from nanochannels and nanopores (Xie, Q. ef al.
Nat. Nanotech. 13.3, 2018).

Over the past decades, several theoretical hypotheses on the dynamic structure of contact line have
been proposed to describe the various wetting dynamics; this includes the precursor film theory by Nobel
Laureate De Gennes (1932-2007) (C.R. Acad. Sci. Ser: B, 1979). On the other hand, since the inner region
of TPCL is in the scale of tens of nanometers high, it is difficult to be detected with all kinds of optical
techniques due to the light wavelength limitation. Consequently, direct experimental evidence is rather
limited for the detection of nanoscopic structures of TPCL. Additionally, no explicit conclusions have been
reached on the quantitative effect of the nanoscale surface geometry and the multiscale energy barriers on

TPCL development.
2. WD HK

This project aims to fully reveal the dynamic structure of three phase contact line (TPCL) at micro and
nanoscale, and to quantify the role of surface energy barriers and liquid properties on the nanoscopic
structure of TPCL. Due to the limitation of temporal resolution of the current Atomic Force Microscope, it
has been hard to trace the fast evolution of nanostructure of TPCL with sufficient information for physics
analysis. Additionally, due to my change of affiliation, it has been inconvenient to make further
modifications to the existing atomic force microscope. As a result, I have changed my research method for
the study of three phase contact line. Specifically, I focus on the microflow and spreading dynamics of
TPCL combining experimental, numerical, and theoretical approaches. The efforts aim to address the
controversial issues on the spreading law and flow transition of TPCL as discussed in existing literature in
the past decade, and to propose general conclusions and criterions for controllable flow state and contact
line motion.

3. WrEDTIk

Research methodologies (Particle Tracking and Trajectory Analysis, Infrared Thermography, and

Direct Numerical Simulation) are referred to two recent publications in Applied Physics Letters (Editor’s

Pick, DOI: 10.1063/5.0197919) and Journal of Fluid Mechanics (DOI: 10.1017/jfm.2024.385).
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4.1 Spreading law of evaporative droplets

Droplet spreading is ubiquitous and plays a significant role in liquid-based energy systems, thermal
management devices, and microfluidics. While the spreading of non-volatile droplets is quantitatively
understood, the spreading and flow transition in volatile droplets remains elusive due to the complexity
added by interfacial phase change and non-equilibrium thermal transport. Here we show, using both
mathematical modeling and experiments, that the wetting dynamics of volatile droplets can be scaled by
the spatial-temporal interplay between capillary, evaporation, and thermal Marangoni effects. We elucidate
and quantify these complex interactions using phase diagrams based on systematic theoretical and
experimental investigations. A spreading law of evaporative droplets is derived by extending Tanner’s law
(valid for non-volatile liquids) to a full range of liquids with saturation vapor pressure spanning from 10!
to 10* Pa and on substrates with thermal conductivity from 10! to 10> W/m/K (Figure 3). Besides its
importance in fluid-based industries, the conclusions also enable a unifying explanation to a series of
individual works including the criterion of flow reversal and the state of dynamic wetting, making it

possible to control liquid transport in diverse application scenarios.
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Figure 3 Phase diagram for the spreading rate of droplets along with demonstrations of flow and
temperature fields in representative conditions. Contour lines of the spreading exponent are marked out

with corresponding values.

4.2 Flow structure near three phase contact line of low-contact-angle evaporating droplets

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, etc. 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 modelling, 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 (Figure 4). 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.
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Figure 4 Trajectory of tracing particles reveals the flow field near TPCL of evaporating drops. (a) An

overall outwarding flow is observed along the bottom of a butanol droplet (psatButanoi = 580 Pa) - small

disturbances exist while the particles ultimately move towards and get deposited near TPCL. (b) Flow
near the bottom of an IPA droplet (psa,ipa = 4420 Pa) changes its direction at a position ~ 20 pm from the

TPCL, eliminating the coffee ring effect with more particles deposited in the central region.

4.3 Hertz-Knudsen Type Expression of Interfacial Mass Flux for Partial-Wetting Liquids

Hertz—Knudsen equation, also known as Knudsen-Langmuir equation, is derived based on the
statistics of vapor molecules detaching from/adsorbing onto the liquid surface, and has been commonly
utilized in evaluating the evaporation and condensation mass flux due to its simplicity and efficiency.
Despite its wide utilization, two empirical parameters contained in the relation (the evaporation and
condensation coefficients) inexplicably span 3 orders of magnitude in a series of approaches to correlate
experimental data.

In this research, we mathematically derive the expression of interfacial mass flux for evaporation of
droplets and thin films based on the Hertz-Knudsen equation, the chemical potential difference across the

liquid-air interface, and the ideal gas assumption, as Eq. (1),

= b sty (i (6 = 8a) + 1 (Ts = T) + in (). (1)
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where Py sac is the saturation vapor pressure, M is the molar mass of the liquid, ﬁg is the gas constant,
Tg is the temperature of gas phase, p is the pressure of the liquid phase, P, is the total pressure of the

gas phase, L is the latent heat of vaporization, Ty is the temperature at the liquid-gas interface, and Xvapor

is the relative vapor concentration - ratio of vapor pressure to the saturation vapor pressure in the gas phase.



After scaling, the expression becomes Eq. (2),
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Through systematic experiments on droplet evaporation and spreading, we found that this expression
overpredicts the interfacial mass flux by 100~500 times (in comparison to the experimental values).
Additionally, the more volatile the liquid is, the more it overpredicts. The order of magnitude of
overprediction corresponds with a number of work on water at 1 bar, e.g., Pruger (1940) and Delaney et al.
(1964) as summarized in Fig. 3 (evaporation coefficients), as well as Berman (1961) (film condensation)
and Maa (1969) (direct condensation) as in Fig. 4 (condensation coefficients) in the work of Marek &
Straub (2001). The variation trend of overprediction, i.e., more overprediction for more volatile liquids
(weaker molecular bond at the interface), also corresponds with Fig. 7 in the work of Marek & Straub
(2001) where weaker hydrogen bonds lead to smaller evaporation coefficients (J. Fluid Mech., 2024, doi:
10.1017/jfm.2024.385).

Based on the degree of overprediction and the trend, we propose the modification formula,

Ja* = 500 w_]a, 3)

logmax—10gmin

for Jakob number Ja, where a unified correction is made for all test liquids with varying volatility.

In the modification formula, we evaluate the liquid volatility by the order of magnitude of Ja (or rather,
saturation vapor pressure). [0g;,q, 1S the maximal order of magnitude of Ja, log,,;, is the minimal order
of magnitude of Ja for liquids that are available in nature and in normal fluid dynamics research, i.e.,
logmax = 0, logmin = —4 based on our calculations (note that there might be cases that exceed this range
in extreme conditions, but we do not consider such cases which are rare in nature and lab). With this general
fitting, we correctly predict the evaporation mass flux for additional testing cases, e.g., by randomly setting
the substrate temperature for a randomly selected liquids in our lab, which validates the proposed formula.

We are currently in progress with a series of continuous experiments to further validate the proposed

expression of interfacial mass flux in different scenarios of evaporating partial wetting liquids. In the
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expression, the liquid side pressure, p = — ?\4—: (%6_1“ (r a_r)) — 3 contains the curvature effect of liquid-

air interface (Laplace pressure) as well as the van der Waals force in the simplest form, — :;3, which only
becomes significant when the liquid film thins to sub-micro and nano scale. We are also conducting a series
of theoretical investigations on the adaptability of the proposed expression in correctly describing the

evaporation near contact line with better mathematical description of the interacting physics in this region.
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