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A model is developed for liquid drop impact on a solid surface that captures the thin film gas flow
beneath the drop, even when the film’s thickness is below the mean free path in the gas so that gas kinetic
effects (GKE) are important. Simulation results agree with experiments, with the impact speed threshold
between bouncing and wetting reproduced to within 5%, while a model without GKE overpredicts this
value by at least 50%. To isolate GKE, the pressure dependence of the threshold is mapped and provides
experimentally verifiable predictions. There are two principal modes of contact leading to wetting and both
are associated with a van der Waals driven instability of the film.
DOI: 10.1103/PhysRevLett.124.084501

Liquid drop impact on solid surfaces [1] is of interest in
situations ranging from inkjet printing [2,3] to aeronautics
[4,5]. It is also a complex, multistage, and multiscale
process. Of all the phenomena associated with drop impact,
splashing has received the most attention because of its
complexity and the unexpected role of the ambient gas
[6–10]. Experimental studies of the splashing mechanism
have revealed that drops can “skate on a film of air” for an
unexpected duration before touchdown [11,12], culminating in the discovery that drops can “bounce off walls” when
contact is entirely prevented [13–15]. Recent experiments
have revealed the strongly multiscale nature of this phenomenon: millimeter sized drops are suspended by air films
four orders of magnitude smaller (i.e., by nanofilms)
[12,16–20].
Despite experimental advances, the precise mechanism
by which ambient gas pressure changes can alter splashing
remains a topic of debate. The physical effects proposed for
the gas film’s behavior include (1) gas kinetic effects (GKE;
also known as rarefied gas effects) [8,21–23], which
become relevant for gas micro- and nanofilms, (2) inertia
[24], and/or (3) compressibility [6,7], any of which can
influence the stages of (i) precontact impact and (ii) postcontact wetting [25,26]. A full understanding of splashing
would require all physics to be captured from the nano- to
millimetric scale, with stage (i) providing an initial condition for (ii). Despite recent progress in this direction [27],
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unambiguous conclusions remain elusive, so that isolating
the specific physics at each stage remains an important
route to further understanding.
This Letter focuses on the impact stage, where recent
experimental analyses of drops bouncing off walls provide
a perfect test bed for model verification. In particular, one
would like to predict the transitions from drop bouncing to
contact-induced wetting and, in doing so, address discrepancies between Kolinski et al.’s [13] experiments, where
the air film height reaches ∼2 nm before contact, compared
to de Ruiter et al.’s [14,15], where heights below 100–
200 nm are never observed. Notably, there are similarities
to the collision of droplets, where transitions between
bouncing and coalescence are pressure dependent and have
been captured by a computational model developed by Li
[28] that incorporates GKE [29], and are further explored in
[30]. Interestingly, there have been no equivalent studies,
experimental or computational, investigating the pressure
effect in the transition between bouncing and wetting for
drops impacting solids. Li’s theory is not applicable
for this case, so in this Letter a more general computational
model is developed to provide new physical insight
and experimentally verifiable predictions for the impact
phenomenon.
The drop impact problem is axisymmetric so that
cylindrical coordinates (r; z) are used (Fig. 1). We simulate
water-glycerol drops with radius R ∼ 1 mm, surface tension σ and density ρl similar to and viscosity ∼10 times
larger than that of water, as used in the experiments of
Refs. [13,14], in a broad range of ambient pressures p0 to
connect with previous experiments and make new predictions that highlight the physics associated with GKE. Since
we are interested in skating and bouncing drops, especially
near bouncing-wetting thresholds, we consider impact

084501-1

Published by the American Physical Society

PHYSICAL REVIEW LETTERS 124, 084501 (2020)

z

m

.8 m

0
R=

r

Φ ¼ ΦC þ ΦP ;

40 nm

0.5 μm

100 μm

are determined by solving the lubrication problem for the
air film.
For this lubrication problem, we need to consider an
auxiliary problem of steady, incompressible and inertia-free
gas flow in an infinite channel with parallel walls, one of
which moves with respect to the other at a constant velocity
vw parallel to itself, in presence of a constant pressure
gradient ∇pg . This flow is a superposition of a Couette flow
component driven by the wall’s motion with no pressure
gradient, and the pressure-driven Poiseuille flow with
immobile walls. Considering a planar surface of area S
spanning the channel and perpendicular to the walls, the
mass flow rate Φ is the sum of the Couette and Poiseuille
contributions,

1
ΦC ¼ Sρg vw · nS ΔΦ
C;
2

FIG. 1. The profiles of a water-glycerol drop (as described in
the text) impacting a smooth solid surface at 0.76 m=s at times
t ¼ 0 (the initial condition; blue), 0.5, 1, 1.5, 2, and ≈2.6 ms (the
moment of contact; red) obtained in our simulations. For the latter
case, the profile of the bottom surface is shown separately, with
the same scale in the horizontal direction, but magnified 2000
times in the vertical direction; an inset enlarges the vicinity of the
contact.

speeds V generally ≲1 m=s so that inertia and compressibility in the gas are negligible and GKE are isolated, see
Supplemental Material, Sec. I [31].
The restriction to moderate speeds allows us to make
simplifying assumptions in the development of a lubrication model for the gas, which are justified in the
Supplemental Material, Sec. I [31]. First, when far from
the solid surface, the drop’s deformation is negligible.
Second, as the drop approaches the surface, significant drop
deformation occurs only when the characteristic gap thickness h ≪ R. Consequently, the drop’s dynamics require
only an accurate model for the air film where it is thin,
where standard lubrication theory assumptions can be made
[7,58–60].
The idea then is to solve the incompressible NavierStokes equations for the liquid drop with the air captured by
lubrication theory and manifesting itself through the drop’s
boundary conditions. Specifically, the normal stress in the
drop is assumed equal to the sum of the Laplace pressure
and the gas pressure in the film pg ðr; tÞ while the shear
stress is equal to that in the gas next to the drop surface,
τg ðr; tÞ. Away from the lubrication zone, the effect of the
gas is negligible. To close the problem, pg ðr; tÞ and τg ðr; tÞ

ΦP ¼ −

ð1Þ

Sρg h2 nS · ∇pg Φ
ΔP ;
12μg

ð2Þ

where nS is the normal to the surface S in the direction in
which Φ is measured. These are the usual expressions for a
continuum Stokes flow, except for the kinetic factors ΔΦ
C;P ,
which are functions of the Knudsen number Kn ¼ λ=h,
where λ is the mean free path of the gas molecules and h the
channel height. These factors describe the influence of the
GKE. Similarly, for the shear stress vector on the drop
surface,
τg ¼ τC þ τP;
τC ¼

μg vw =h
;
ΔτC

ð3Þ
1

τP ¼ 2

h∇pg
;
ΔτP

ð4Þ

which are classical lubrication theory expressions modified
by kinetic factors ΔτC;P . Equations (1)–(4) are valid for the
full range of Knudsen numbers, from the Navier-Stokes
limit Kn → 0 to the ballistic limit Kn → ∞; equivalent
expressions are common in rarefied gas dynamics literature
(see, e.g., [61,62]). By construction, all kinetic factors are
unity (ΔΦ;τ
C;P ¼ 1) at Kn ¼ 0, where classical theory is valid.
Henceforth, in the Letter we will make the simplest
reasonable assumption that both the solid and the drop
surfaces scatter gas molecules diffusely. Then by symmetry
τ
ΔΦ
C ¼ ΔP ¼ 1 (see the Supplemental Material, Sec. II [31])
and only two nontrivial kinetic factors remain, ΔτC and ΔΦ
P.
The consequences of allowing for partially specular reflection off the solid surface are considered in the Supplemental
Material, Sec. V [31].
The Couette and Poiseuille flow problems for a rarefied
gas in an infinite channel have been studied extensively by
solving the kinetic Boltzmann equation and tabulated data
τ
from which ΔΦ
P and ΔC can be deduced are available in the
literature [63–67]. Based on this, interpolating formulae for
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τ
ΔΦ
P and ΔC have been obtained for use in our computations
(see the Supplemental Material, Sec. II [31]). These
formulae reproduce the literature data that span the range
from very low to very high Kn to better than 2% and in
addition preserve high- and low-Kn asymptotics and thus
are expected to be very accurate for all Kn. Notably, even
for Kn ¼ 1, corresponding to approximately 100 nm air
film heights, the kinetic factors are considerably higher
than their classical value of unity (ΔτC ∼ ΔΦ
P ∼ 10), so GKE
are expected to be very significant during drop impact.
Equations (1)–(4) are the lubrication model for the gas
film, which we assume remain valid locally even when the
film thickness h (and therefore Kn) and the radial speed on
the drop surface vr are functions of r and t. Let Φðr; tÞ be
the mass flow rate through the cylindrical surface of radius
r spanning the air film. Then from mass conservation

∂Φ
∂h
¼ −2πrρg :
∂r
∂t

ð5Þ

Using Eqs. (1) and (2), after some transformations we
obtain
∂ 2 pg
∂pg
þ g1 ðr; tÞ
¼ g2 ðr; tÞ;
2
∂r
∂r

ð6Þ

where
∂
½ln ðrh3 ΔΦ
P Þ;
∂r


6μg
∂
∂h
g2 ðr; tÞ ¼ 3 Φ
ðrhvr Þ þ 2r
:
∂t
rh ΔP ∂r
g1 ðr; tÞ ¼

ð7Þ
ð8Þ

Equation (6) requires two boundary conditions which are
taken to be
∂pg
∂r

¼ 0;

pg ðr ¼ r0 Þ ¼ p0 ;

ð9Þ

r¼0

where r0 is the boundary of the air film (see the
Supplemental Material, Sec. III [31]). Equation (6) is
solved numerically in parallel with the Navier-Stokes
equations for the drop; from pg , the shear stress at the
boundary can be found using Eqs. (3) and (4).
A critical ingredient, discussed later, is van der Waals
(vdW) interactions between the drop and the solid. As is
standard in the literature [28,29,68–70], these interactions
are included by adding a disjoining pressure term
pd ðr; tÞ ¼ −

AH
;
6πh3 ðr; tÞ

ð10Þ

where AH is the Hamaker constant, to the normal stress
condition on the drop boundary bordering the air film.

Our computational approach was implemented using
[71] and FREEFEM++ [72,73] finiteelement software (see the Supplemental Material,
Sec. III [31]).
The computational model can also be applied, with
minor modifications, to the head-on collision of two
identical drops, where a plug flow replaces the Couette
component so that only one nontrivial kinetic factor
remains, ΔΦ
P . If desired, this can be incorporated into an
effective μg making it space and time dependent inside the
gap, thus justifying Li’s approach [28]. Therefore, we can
benchmark our results against Li’s, where the gas flow is
computed in full, as well as experimental data, and
excellent agreement is obtained at significantly reduced
computational cost due to the lubrication approach (see the
Supplemental Material, Sec. IV [31]). Notably, Li’s
approach fails for drop impact, where two kinetic factors
are required.
To validate our approach for impact on a solid, we
compare to experimental results by Kolinski et al. for
R ¼ 0.8 mm water-glycerine drops with kinematic viscosity 10 cSt in 1 atm air [13] (exact parameters are in the
Supplemental Material, Sec. I A [31]). These more viscous
drops were considered instead of, say, the water drops
studied extensively by de Ruiter et al. [15], to reduce the
effect of drop oscillations prior to impact (see the
Supplemental Material, Sec. I B [31]). A typical case is
shown in Fig. 1.
First, we compare the results for the impact velocity
threshold between bouncing without contact and contactinduced wetting. We find nearly perfect agreement, with
the numerical threshold at 0.74 m=s compared to 0.75 m=s
experimentally. For comparison, without GKE (ΔτC ¼
ΔΦ
P ¼ 1), at 1.1 m=s contact has still not occurred (details
below).
Second, we look at the evolution of the air film profile
for a 0.55 m=s impact. There is excellent qualitative
agreement, with both a “dimple” on the axis and a “kink”
near the edge reproduced (Fig. 2; see also a video
comparison in the Supplemental Material [31]). One can
see that both the impact duration and the maximum radius
of the film are reproduced correctly; however, closer
inspection shows that the film is thicker computationally,
with the minimum height around 80 nm compared to about
50 nm experimentally. A likely explanation, given the
excellent agreement for the wetting threshold, is a bias in
the experimental TIR method used by Kolinski et al. (noted
in Ref. [18]). The discrepancy in the lowest film height
right before the wetting threshold (around 20 nm computationally vs only a few nm experimentally) is likely of the
same nature.
We can now exploit our computational model to make
new predictions that isolate GKE by considering the
dependence on ambient pressure p0 . In Fig. 3 the minimum
air film thickness as a function of time has been plotted,
COMSOL MULTIPHYSICS
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FIG. 2. Experimental (left) and computational (right) results for the time dependence of the air film thickness profile for drop impact
with impact speed V ¼ 0.55 m=s. The film thickness is indicated by the colorbar. The experimental colormap is replotted from
Ref. [13]. The inset of the computational colormap shows the profile at the time of maximum spreading of the droplet (indicated by the
white dashed line); the dashed line in the inset corresponds to the thickness of 500 nm. “Dimple collapse” is discussed in the
Supplemental Material, Sec. VII [31].

with different curves corresponding to the same impact
speed (0.4 m=s) but different p0 . This creates a transition
between bouncing and wetting at a threshold pressure. In
fact, a bouncing regime does not exist at all for p0 < 0.2
atm (Fig. 4).
Interestingly, despite suggestions in the literature [74,75]
that GKE alone are sufficient to induce contact, we have

observed there is never contact without vdW interactions
(e.g., see Fig. 3 and the Supplemental Material, Sec. VI
[31]). The regime diagram (Fig. 4) shows the existence
of two different modes of contact, both driven by vdW
forces, with first contact either at the kink (kink mode)
or (as in Fig. 1) within the air film (film mode).
These modes have been observed experimentally [15],

2

0.1 atm
0.12 atm
0.15 atm
0.215625 atm
0.23 atm
1 atm
no GKE

1

no GKE

1.8

-1

10

10

10

-2

0.8
contact
bouncing

0.6
2.5

Time to contact, ms

10

2

Impact speed, m/s

Minimum film thickness, μm

10

0.4

0.2

-3

0

1

2

3

4

5

6

0

contact

0

FIG. 3. Air film thickness at the thinnest point as a function of
time for V ¼ 0.4 m=s and different ambient pressures, with (solid
lines) and without (dashed lines for the three lowest pressures)
vdW interactions. Dips around 2–2.5 ms are time intervals during
which the film is thinner at the “kink” near the edge than in the
flat part of the film. Starting with the lowest pressure, for the first
two solid curves contact occurs before the dip (film mode of
contact), for the next two curves it occurs at the kink during the
dip (kink mode), and for the last three curves there is no contact
(bouncing regime). Without vdW, there is never contact.
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FIG. 4. Regime diagram with bouncing and contact (wetting)
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for a drop in vacuum without vdW interactions), with the lines to
guide the eye, and film thickness profiles at the time of contact in
the two modes. The value of the threshold for Kn → 0 (formally
corresponding to p0 → ∞ and equivalent to no GKE) is approximate (see the Supplemental Material, Sec. VII [31]).
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but simulations reveal additional details, such as the
characteristic wavelength of the instability, which is in
agreement with linear instability theory (see the Supplemental Material, Sec. VI [31]). Such details would be
missed by imposing a cut-off distance at which to initiate
contact, as is often considered (see the Supplemental
Material, Sec. VI [31]).
For both modes of contact, the instability is initiated
when the distance from the surface is a few tens of
nanometers, which is larger than recorded in experiments
of Kolinski et al. [13]. On the contrary, in experiments of de
Ruiter et al. [14], which use glass surfaces that are not
atomically smooth, contact is initiated when the air film is
hundreds of nanometers thick, likely due to surface defects.
As pointed out by Kolinski et al. [13], even though the rootmean-squared roughness of these surfaces is on the order of
1 nm, this is not an implausible explanation, since a single
asperity penetrating the air film is sufficient for contact
leading to wetting. The critical thickness will then vary
from sample to sample depending on the statistical properties of the surface topography.
Notably, there is also a third “dimple collapse mode” (see
Fig. 4) in which contact occurs at the drop axis just before
the lift-off, existing at very low impact speeds (< 0.01 m=s
at 1 atm). This mode is responsible for “bouncing drops”
eventually wetting the surface and there is some very recent
unpublished experimental evidence for its existence [76].
Promisingly, the threshold between the first two modes
can be identified independently of the film profile: as the
inset of Fig. 4 demonstrates, near to the transition in mode,
a tiny change in the impact speed can yield a massive
reduction in the time for the drop to wet the surface; this can
be measured routinely using a side-on high speed camera.
In contrast to recent dynamic wetting results [26], GKE
remain critical even at 1 atm as in their absence contact
does not occur at 1.1 m=s and is unlikely to until 2 m=s
(see the Supplemental Material, Sec. VII [31]). This is more
than a factor of two higher than experiments and the GKE
model predict. The large influence of GKE is due to
significant decrease of both of the effective viscosities in
the air film, which simultaneously reduces the pressure
buildup (leading to a smaller film thickness) and speeds up
the development of the instability leading to contact.
Formally, eliminating GKE corresponds to p0 → ∞ (see
Fig. 4) while assuming that the gas remains ideal and the
drop is not deformed when moving through air. For the
experiments considered here, such conditions should be
satisfied for pressures at about 10 atm (see the
Supplemental Material, Sec. I [31]) where one should
observe contact thresholds more than double that observed
for 1 atm.
The computational model can now be developed in
complementary directions. Splashing can be tackled, where
the main challenges are numerical, but many other recent
experimental results also reveal unexpected flow structures

that their authors claim are driven by GKE. Examples ripe
for theoretical investigation include sawtooth contact line
instabilities [77], double contacts upon impact [78],
“extreme wetting” [79], and the Leidenfrost effect [80–82].
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