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Abstract

In the last ten years, advances in experimental techniques have enabled re-
markable discoveries of how the dynamics of thin gas films can profoundly
influence the behavior of liquid droplets. Drops impacting onto solids can
skate on a film of air so that they bounce off solids. For drop–drop collisions,
this effect, which prevents coalescence, has been long recognized. Notably,
the precise physical mechanisms governing these phenomena have been
a topic of intense debate, leading to a synergistic interplay of experimental,
theoretical, and computational approaches. This review attempts to synthe-
size our knowledge of when and how drops bounce, with a focus on (a) the
unconventional microscale and nanoscale physics required to predict tran-
sitions to/from merging and (b) the development of computational models.
This naturally leads to the exploration of an array of other topics, such as
the Leidenfrost effect and dynamic wetting, in which gas films also play a
prominent role.
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1. INTRODUCTION

The ability of liquid volumes to transition between merging/wetting and bouncing behaviors is
common to a myriad of flow configurations. The simple question on which this review is focused
is: When do drops bounce? Observations of such phenomena go back at least to the nineteenth
century, with Osborne Reynolds noting that water droplets can skate across a liquid surface for a
few seconds before merging (Reynolds 1881) and Lord Rayleigh discovering that drops in a jet
can bounce off each other (Rayleigh 1899). These historical aspects have been covered in previous
reviews (Neitzel&Dell’Aversana 2002,Kavehpour 2015).From a practical viewpoint, understand-
ing when drops bounce is crucial for a range of processes, such as in global climate prediction,
where the collision of water droplets governs cloud physics (Grabowski &Wang 2013), or in ma-
rine science, where raindrops promote air–sea exchange of minerals and gases (Wanninkhof et al.
2009). Sometimes, one would like to prevent bouncing, such as during a potential nuclear disaster
(Hamdan et al. 2015), where drops in a spray need to wet hot rods to cool them, or in multima-
terial 3D printing, where drops form the building blocks of complex bespoke objects (Kyobula
et al. 2017). However, often, bouncing is to be encouraged, such as in internal combustion en-
gines, where droplets’ merging with the wall leads to greater pollutant release (Reitz 2013). These
processes, and numerous others, occur across a range of scales, from microdrops in a cloud up
to millimetric raindrops, and environments, such as elevated pressures in a combustion chamber
(Zhang et al. 2016) down to reduced pressures at altitude, and we would like to understand how
these conditions affect the collision outcome.

Whilst Reynolds believed the air to be unimportant, Rayleigh understood that drop merging
is related to “whether the air can be anywhere squeezed out during the short time over which
the collision extends” (Rayleigh 1899, p. 329), leading him to use different gases to confirm his
hypothesis (for further details, see Neitzel & Dell’Aversana 2002). This is by no means obvious, as
the relatively low density and viscosity of air, compared to, e.g., water, could, and often has, led one
to believe that the air is irrelevant (i.e., dynamically passive). Today, it is widely recognized that the
gas has an important role to play. The apparent weakness of air is compensated for by geometrical
factors: As a drop approaches another drop or a solid, the air forms a thin layer and it becomes
increasingly difficult to squeeze it out; it acts as a lubricant. Ironically, the relevant equations are
those of Reynolds (1886). This effect is compounded when droplets become closer and deform,
to create flattened surfaces, so that the lubrication force from the air can prevent surfaces from
ever contacting and induce bouncing.

In recent times, huge advancements in experimental techniques have enabled collision events
to be resolved with unprecedented accuracy, with high-speed cameras capable of temporally re-
solving millimeter-sized drop-scale dynamics (Thoroddsen et al. 2008). Perhaps most excitingly,
an array of new techniques have emerged that resolve the film trapped between impacting surfaces.
In many cases, there has been synergistic feedback between experimental and theoretical analyses,
with successes in predicting the bubble sizes entrapped under impacting droplets ( Josserand &
Thoroddsen 2016). Arguably, however, experimental progress is currently ahead of its theoretical
counterpart, so that the advantages of the latter, in providing deep understanding of the physical
mechanisms at play, resolution of all spatio-temporal scales, and cheap methods for optimizing
a process, have not been fully exploited. Recent advances in this direction are the focus of this
review.

From a theoretical perspective, the aforementioned phenomena are fascinating and challeng-
ing, as the conventional fluid mechanical model (described in undergraduate textbooks) predicts
that drops will bounce regardless of the impact speed. The failure to predict merging is because
the air/gas film trapped between impacting surfaces reaches the height of micrometers and below,
where the conventional model is inaccurate, so that physics usually associated with the microscale
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ρl: liquid density

γ: surface tension
coefficient

and nanoscale needs to be incorporated to describe a seemingly innocuous macroscopic phe-
nomenon.Without such effects computational observations of merging must be mesh dependent.
This review describes how recent advances in modeling and computation have put theory on the
cusp of catching up with experimental developments to enable new symbiosis between the two.

In this review it is shown that several drop-related phenomena share the same underlying
physics. To isolate the fundamental physics, we focus on head-on collisions of droplets, which
for drop–drop cases will be of the same liquid and size, with the resulting dynamics assumed to be
axisymmetric.The computation of 3Doff-center/oblique impacts requires no additional physics—
just a bigger computer! Similarly, an array of interesting topics are sidelined to the Future Issues
section, as we focus here on Newtonian fluids with clean interfaces (i.e., no surfactants) and the
transition between merging and bouncing, with little interest in postmerging or postbouncing
(such as coefficients of restitution for the event) dynamics—again, this is because such aspects can
be handled routinely by robust computational frameworks.

2. EXPERIMENTAL OBSERVATIONS

Consider a droplet of radiusR colliding head onwith another droplet of the same radius or impact-
ing a solid (see Figure 1) under “isothermal conditions”—a term we use to represent conditions
in which evaporation is negligible. Due to the symmetry of the drop–drop problem, we can con-
sider a single droplet impacting a plane of symmetry so that in both cases drops impact a surface
(either a plane of symmetry or a solid) at speed U (so that the relative speed in the drop–drop
case is V= 2U ). It is then natural to describe the problem in axisymmetric cylindrical coordinates
(r, z, θ ). The film thickness, from drop-to-drop or drop-to-solid, is h(r, t) in the lubrication region
(so that free surfaces are at z = ±h/2 and z = h, respectively). The Weber number in the liquid,
Wel = ρ lV 2R/γ , which characterizes how deformed inertial droplets become, is usually consid-
ered the primary parameter (in the drop–drop literature this is often based on the diameter 2R and
so is double the one used here). However, other parameters are important, such as an Ohnesorge
number to characterize viscous effects (see Supplemental Appendix A: Problem Formulation for
details), so that interpreting experiments only in terms ofWel does not give the full picture—even
for a given liquid this can be varied using R or V.

U
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r

U
R

U

a b

Figure 1

(a) Drop–solid bouncing of a silicone oil droplet of radius R = 0.69 mm at Weber number Wel = 2.2 based on speed U. Panel adapted
from de Ruiter et al. (2015b). (b) Drop–drop bouncing of a tetradecane droplet with R = 0.17 mm at Wel = 4.7. Red outlines are our
new numerical calculations (see Section 5.5). Panel adapted with permission from Pan et al. (2008).
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p0: ambient pressure
in the gas phase
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Figure 2

The merge to bounce followed by bounce to merge behavior seen for tetradecane droplets with increasing
Weber number Wel, leading to two transitions that need to be predicted. At lower Wel the drops remain
spherical up to merging, whereas at higher Wel the drops are flattened. Figure adapted with permission from
Pan et al. (2008).

2.1. Drop–Drop Bouncing

Let us start with a basic fact: When the gas is removed, colliding drops of the same liquid always
merge, as shown by Willis & Orme (2000) with ambient pressure p0 ≈ 10−6 atm.

Early experiments considered the collision of water droplets ∼100 µm in diameter in air at
atmospheric pressure, where coalescence is usually observed for head-on collisions (Qian & Law
1997). However, Jiang et al. (1992) discovered that hydrocarbon droplets display a richer range of
outcomes: For low speeds V (or Wel) drops merge, at higher V they bounce, and at the highest V
they again merge. Hence, there can be two transitions: from merge to bounce (the soft transition)
and from bounce to merge (the hard transition) (see Figure 2).

2.1.1. Ambient pressure dependence. As seen throughout this review, studying the dynamics
of droplets at different ambient gas pressures gives vital clues as to the underlying physics gov-
erning the gas film’s behavior. Qian & Law (1997) utilized this approach and discovered that by
ramping up p0 water drops could also be made to bounce. For head-on collisions, they found that
(a) for sufficiently low p0, the bouncing regime disappears and drops always merge; (b) at higher
p0 the bouncing window broadens (i.e., there is a larger range of Wel for which bouncing is ob-
served); and (c) gas type is important—for a given p0 bouncing is more likely in nitrogen than
helium.

2.1.2. Recent developments. Experiments have shown thatmerge–bounce boundaries can also
be manipulated by changing the droplet size (Huang & Pan 2021) and viscosity (Al-Dirawi &
Bayly 2019). Notably, Huang & Pan (2021) discovered that larger water droplets of R = 0.5 mm
at atmospheric pressure can also bounce, in the window 1.6 < Wel < 4.2.

2.2. Drop–Solid Bouncing

Field-wide interest in drop impact was sparked by the surprising discovery of Xu et al.
(2005) that lowering p0, or using a different ambient gas, could suppress drop splashing (see
https://youtu.be/_u-eNgrQOf8).This led to an explosion of interest in the impact phenomenon
and an array of new techniques deployed to understand how the gas influences splashing: Is
it caused by the air film prior to contact, after contact, or both, or by some entirely different
mechanism?
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2.2.1. Discovery of drop bouncing from solids. In 2011–2012 a series of articles used
new experimental techniques to reveal the dynamics of the air film, e.g., Driscoll & Nagel
(2011), Bouwhuis et al. (2012), and de Ruiter et al. (2012). In particular, Kolinski et al. (2012)
described how drops can skate on a film of air before finally contacting the substrate. The
discovery of a noncontact drop bouncing came in 2014–2015 from Kolinski et al. (2014) (see
https://youtu.be/Jd54tMI7xFw) and de Ruiter et al. (2015b) [see supplemental movie 7 from
de Ruiter et al. (2015b) for the case from Figure 1] and was, arguably, an unexpected outcome
of the research into splashing. To be clear, this is a noncontact mode of rebound, in contrast
to drop bouncing on superhydrophobic surfaces, where drops spread across hydrophobic pillars.
From a side-on view these processes look similar (see https://youtu.be/XXmOoHEiRCM) so
that imaging from underneath the solid is needed to confirm contact.

2.2.2. Transitions and relations to drop–drop collisions. As in drop–drop collisions, in drop–
solid impact the transition between bouncing and merging (i.e., wetting) is often characterized by
the Weber number (Wel = ρ lU 2R/γ , as V = U ). For water drops of radius R = 1.03 mm, de
Ruiter et al. (2015b) found that bouncing disappears for U > 0.48 m/s, corresponding to Wel ⪆
4. In Kolinski et al. (2014), a more viscous water–glycerol mixture is used to find U > 0.75 m/s,
corresponding to Wel > 7.6. In the drop–drop terminology, these are the hard (higher in Wel)
transitions, and the value for water drops ofWel ≈ 4 is remarkably close to that seen for drop–drop
collisions of R = 0.5 mm water drops in Huang & Pan (2021). Interestingly, for R = 0.35 mm,
no bouncing is seen for drop–drop collisions at any Wel, but drops that are this small are not
considered in the drop-on-solid articles.

A soft (lower inWel) transition is also seen in these experiments—after the drop has performed
several bounces it stays near the surface and oscillates gently until eventually wetting it [see sup-
plemental movie 7 from de Ruiter et al. (2015b)]. Replacing impact speed with the vertical speed
of the center of mass, de Ruiter et al. (2015b) showed that wetting occurs for U < 0.02 m/s, cor-
responding to Wel < 0.004. This is far away from the corresponding soft transition of Wel ≈ 1.6
seen for drop–drop collisions by Huang & Pan (2021). The reason could be (a) that a no-slip solid
slows down the gas’s drainage (Pan et al. 2009) or (b) the different geometries, as in the drop–drop
case the gas film is trapped between approaching spheres whereas in the drop–solid case the drop
is pressed into the surface by gravity and the film is planar so that the gas is harder to remove.

2.2.3. Phenomenology of the film. In contrast to drop–drop collisions, drop–solid experi-
ments have been able to measure the profile of the gas film trapped between the liquid and solid.
This is achieved by observing the process from beneath the substrate, using total internal reflec-
tion (TIR) [see https://youtu.be/Nf810Ompreg from Kolinski et al. (2014)] or interferometry
(de Ruiter et al. 2015b) (see Figure 3a). These experiments show the formation of a dimple in the
film at the axis of symmetry whose edge creates a region of relatively high curvature, which we
shall refer to as the inner kink—this process, usually followed by touchdown and bubble entrap-
ment, has been discussed in detail by Josserand &Thoroddsen (2016) and often follows the theory
presented by Mandre et al. (2009). When this touchdown is prevented, the drop skates over the
gas layer, led by an outer kink, creating a relatively flat film between the two kinks (see Figure 3a).

2.2.4. Modes of touchdown. As shown by de Ruiter et al. (2015c) (see Figure 3a), for lower
Wel ⪅ 1, the lowest film height is at the outer kink, whereas for Wel ⪆ 1 it occurs along the film
or at the inner kink (where touchdown is usually seen for higher-speed impacts, such as those
associated with splashing). The result is two modes of contact, the outer kink mode, associated
with prolonged skating, and the film mode, associated with more rapid touchdown.
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(a) Film phenomenology of millimeter-sized water drops as the Weber number Wel is increased, with two sets of curves shifted
vertically to allow for easy comparison, and (b) different regimes (colored regions) of contact observed as the ambient pressure p0 is
lowered for water drops of radius R = 0.93 mm. Panels adapted with permission from (a) de Ruiter et al. (2015c) and (b) Zhang et al.
(2021a).

A notable difference between the findings of Kolinski et al. (2014) and de Ruiter et al. (2015b,c)
is, for impacts above the hard transition, the characteristic film height observed just before contact.
Kolinski et al. (2014) showed heights of ≈2 nm before contact and commented that these values
“are far less than those predicted for the onset of instability in thin viscous films” (p. 5), whereas
de Ruiter et al. (2015c) noted “sudden collapse of the air layer” when the “film thickness decreases
below ∼200 nm” (p. 11)—two orders of magnitude larger!

One way to ensure the smoothness of the underlying substrate is to coat it with a layer of
liquid, which is sufficiently thin or viscous that it mimics impact on a smooth solid (Lo et al. 2017;
Pack et al. 2017; Zhang et al. 2021a,b). This is known to improve the repeatability of experiments
and the stability of air films to encourage skating (Li et al. 2015, Langley & Thoroddsen 2019)
by masking the solid’s roughness. Notably, this allowed Pack et al. (2017), and later Zhang et al.
(2021a,b), to discover a new dimple mode where surface waves focus under the center of the drop
to produce touchdown, often in a complex interplay with air bubble entrapment and jetting. This
mode only existed for low viscosity liquids, as the waves are damped for more viscous ones [see
video in supplemental material of Zhang et al. (2021b)].

2.2.5. Ambient pressure dependencies. Zhang et al. (2021a) performed the equivalent ex-
periment to that of Qian & Law (1997) for drops impacting film-coated solids and explored the
influence of ambient pressure p0 on transitions. As the film’s dynamics can be captured, the regime
diagram, shown in Figure 3b, is also able to identify the modes of contact. To summarize, these
authors found, very similar to the drop–drop case, that (a) for sufficiently low p0, the bouncing
regime disappears and drops always merge; (b) at higher p0 the bouncing window initially broad-
ens (i.e., there is a larger range of Wel for which bouncing is observed); and (c) the outer kink
mode seen for drop-on-solid impact is now only recovered at reduced p0.
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2.3. Drop Impact on a Film/Bath/Sessile Drop

It is relevant to make some comments on other drop–surface collisions. Since the work on
hydrodynamic quantum analogs (see https://youtu.be/sGCtMKthRh4 and Bush 2015), the
community has become acutely aware that air films can prevent droplets from contacting liquid
baths in special circumstances (e.g., a vibrated surface). Notably, even in the absence of oscilla-
tions, drops can sometimes float on a surface for ∼30 min (Couder et al. 2005). Physically, there
is little to add to what has already been said, although typically we now have more parameters.
As one may expect, a gas cushion between the impacting droplet and the surface beneath causes
interfaces to deform and the coalescence to be delayed (i.e., drops can appear to temporarily float
or rebound). Subsequent coalescence has been covered by Kavehpour (2015).

2.3.1. Impact on an initially planar surface. The limiting cases correspond to a very thin, un-
deformable liquid film, which has more in common with drop impact on a solid, and a deep bath,
where the presence of the lower solid is irrelevant and the deformation of the bath is often more
extreme than the drop’s. Varying the film thickness between these limits leads to a rich variety of
behaviors. With regards to transitions, which are our focus, Pan & Law (2007) and Tang et al.
(2016) showed that for some fixed Weber numbers, increasing the film height can lead to fasci-
nating transitions from merging to bouncing to merging, and to bouncing again. Furthermore,
Pan & Law (2007) discussed how the contact position varies with parameters, and Duchemin &
Josserand (2020) considered gravity-driven drainage. Later work characterized the gas film’s be-
havior using interferometry (Tang et al. 2019) and considered a detailed parametric study of the
system (Sanjay et al. 2022). Recent articles have extended the basic cases to consider the case where
the film/bath and the drop are different liquids (Cuttle et al. 2021, Wu & Saha 2022).

2.3.2. Impact on a curved surface. A drop impacting a sessile drop on a solid has also been
considered (e.g., Abouelsoud&Bai 2021),where solid wettability (i.e., sessile drop shape) becomes
important. A map of bounce–merge transitions is given by Moon et al. (2018).

2.3.3. Ambient pressure dependence. It has long been known that the ambient gas conditions
alter the merging behavior (Schotland 1960). For example, Bach et al. (2004) considered the im-
pact of microdrops with a bath and demonstrated changes in the bounce–merge transition when
varying p0 or the ambient gas used.

3. CONVENTIONAL FLUID MECHANICAL DESCRIPTION

There are several modeling frameworks that could be considered, such as molecular dynamics or
kinetic theory for the gas, but these microscopic/mesoscopic approaches are, at present, compu-
tationally intractable for the phenomena we are interested in. They can, however, provide vital
information that can be fed into a macroscopic model based on the Navier–Stokes–Fourier (NSF)
paradigm (Shikhmurzaev 2007) to extend the conventional accuracy of this model; this is the ap-
proach we take. The main ideas are described here, focusing on the equations for a gas lubrication
model, while in Supplemental Appendix A: Problem Formulation, we provide full mathematical
descriptions for the models introduced and identify dimensionless parameter groups. Initially, we
consider the isothermal case.

3.1. Full Navier–Stokes Model

Conceptually, the simplest approach is to solve the incompressible Navier–Stokes equations (NS
equations) in the liquid and gas.Then, the full problem formulation requires boundary conditions:
conventionally, at liquid–gas interfaces, that the velocity is continuous, viscous stress from the

www.annualreviews.org • Gas Microfilms in Droplet Dynamics 97

https://youtu.be/sGCtMKthRh4
https://www.annualreviews.org/doi/suppl/10.1146/annurev-fluid-121021-021121


FL56CH05_Sprittles ARjats.cls December 10, 2023 9:52

µg: gas dynamic
viscosity

fluids balances with capillary stress, and there is a kinematic equation, and at liquid–solid interfaces,
that we have no slip. The initial condition requires the shape (which is usually assumed to be a
sphere) and velocity profile (which is typically uniform with speed U in the liquid) of the drop.

3.2. Navier–Stokes-in-Liquid with Lubrication-in-Gas Model

Due to the relatively low gas-to-liquid viscosity ratio, the gas only deforms the drop when thin
films are formed and lubrication forces are generated (see Section 3.3 for estimates). Therefore, a
popular approach is to solve the NS equations in the liquid (or some variant thereof ) coupled to a
lubrication model for the gas—outside the lubrication region the gas is assumed to be dynamically
passive. Considering simultaneously drop–drop and drop–solid cases, so that their similarities be-
come clear, if Ur(r, t) is the radial speed of the liquid at the gas–liquid interface, then the usual
lubrication approach, based on the incompressible NS equations, assuming inertia is negligible in
the film, gives

∂h
∂t

+ 1
r

∂ (rQr )
∂r

= 0, 1a.

Qr = −h3
12µg

∂pg
∂r︸ ︷︷ ︸

Poiseuille

+ f hUr/2︸ ︷︷ ︸
Plug/Couette

, 1b.

where f = 2 for the drop–drop case (with plug flow) and f = 1 for the drop–solid case (Couette
flow) (see Figure 4a). Alongside the normal stress, which is dominated in the gas film by pg, the
drop’s boundary conditions require knowledge of the shear stress:

τg = h
2

∂ pg
∂r

+ (2 − f )
µgUr

h
. 2.

This model operates as a surface differential equation for the liquid drop’s dynamics that calcu-
lates the stress the drop feels from the gas in the lubrication region.Notably, the parameterization
of the free surface as h = h(r, t) will fail to describe the whole drop, but it will capture the lubri-
cation region, and as we shall discover, we are usually in a fortuitous case where gas pressures are
only significant in thin regions, where our model is most accurate.

Couette Poiseuille

h

a b
Ur

μg

μg,C

μg,P

QC+QP

10210010–2

10–7

10–6

10–5

Kn = λ/h

Figure 4

(a) Decomposition of the gas layer’s dynamics into a mass flow rate from Couette QC and Poiseuille QP
components. (b) Fits for the effective viscosities µg,P and µg,C (see Equations SB1a and SB1b), as a function
of Knudsen number Kn = λ/h, that capture calculations from the Boltzmann equation (symbols) (for details,
see Chubynsky et al. 2020). Panel b adapted from Chubynsky et al. (2020) (CC BY 4.0).
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ρg: gas density

µl: liquid dynamic
viscosity

3.3. Paradoxes: Insight from Rigid-Sphere Models

A key focus in the early literature of drop–drop collisions was on meteorological applications
where droplets are typically ∼10–100 µm and the assumption that they remain approximately
spherical during impact is more reasonable, as surface forces dominate volumetric ones (of viscos-
ity or inertia). In particular, the Stokes and inertial drag on the spheres (creating pressure ∼µgV/R
and ∼ρgV 2) is weak during approach compared to the capillary pressure ∼γ /R, so that Cag =
µgV/γ j 1 andWeg = ρgV 2R/γ j 1. For example, for a drop of water of R∼ 10 µm at standard
ambient conditions, the terminal velocity for falling under gravity is Vterminal ∼ 10−2 m/s so that
Cag ∼ 10−6 and deformation only kicks in at h ∼ R

√
Cag ∼ 10 nm. Furthermore, in this initial

stage, before deformation, given the small gas-to-liquid viscosity ratio (µg/µl j 1), one can think
of rigid spheres (i.e., no slip abiding, for the gas; see Davis et al. 1989) and expect the lubrication
model to be valid. This simplified arena is interesting for us, as it has led to several breakthroughs
in understanding and the development of models incorporating unconventional physics.

These considerations demarcate drop collisions in gas from those in liquid, where µg typically
takes larger values, so that the drops feel each other hydrodynamically, so to speak, well before
reaching a lubrication regime. Mathematically, this makes the drop-in-liquid case more complex.
Computationally, however, drop-in-gas is potentially worse due to the multiscale nature of the
phenomenon.

3.3.1. Analytical results for rigid spheres. Early works focused on the atmospheric (cloud
physics) problem of knowingwhen colliding droplets will merge andwhen they will bounce, giving
the so-called collision efficiency. This work commenced with Hocking (1959), who considered
spheres sedimenting and assumed Stokes flow; this work was refined by Davis & Sartor (1967),
based on expressions from Stimson et al. (1926), and then by Hocking & Jonas (1970). In these
articles, the conventional model was used and shown to prevent contact of rigid spheres, with
Ur = 0. In particular, local to r = 0, the height is approximately parabolic, h(r, t) = h0(t) + r2/R
[so h0(t) = h(0, t)], and �h/�t = −v, so that with Ur = 0, using Equation 1a,b, with �pg/�r|r=0 =
0 and pg(r → ∞) → p0, we find

pg − p0 = 3µgvR
2(h0 + r2/R)2

.

Integrating the pressure over the surface gives a singular repulsive force proportional to h−1
0 . Con-

sequently, an artificial merging height was introduced, and Hocking & Jonas (1970) commented,
“the collision efficiencies of droplets of radius less than 20 µm is shown to vary considerably with
the critical minimum gap between the droplets below which collision is assumed always to occur”
(p. 722).

3.3.2. Analytical results for flat interfaces. Deformation makes matters worse, as the film
flattens and it becomes even harder for the gas to escape and initiate merging. Here, one can
imagine two no-slip planar [h = h0(t)] discs of radius R with �h/�t = −v, �pg/�r|r=0 = 0, and
pg(r = R) = p0 to find

pg − p0 = 3µgv

h30
(R2 − r2 )

and, hence, a more singular force, which is proportional to h−3
0 .

4. BEYOND CONVENTIONAL LUBRICATION: EXTRA PHYSICS

The conventional framework fails. Not only is contact prevented, as confirmed by simulations
with deformable interfaces (see Section 4.1), but variations in ambient gas pressure cannot

www.annualreviews.org • Gas Microfilms in Droplet Dynamics 99



FL56CH05_Sprittles ARjats.cls December 10, 2023 9:52

influence droplet dynamics, most notably moving merging–bouncing transitions. This is because
the pressure can be considered with respect to p0, meaning that this parameter drops out of the
model entirely, so that the gas is characterized only by its viscosity, which does not depend on p0
and, furthermore, varies little for the different gases used in experiments.

This section considers various candidates for the missing physics, which we see fits best into a
lubrication framework for the gas.

4.1. Intermolecular van der Waals Forces

Films on solids or free liquid films are destabilized at sufficiently small scales by van der Waals
(vdW) forces, which can drive interfaces into contact. For the collision of liquid drops in a liq-
uid medium, the incorporation of this physics is commonplace (see Chan et al. 2011). Within a
lubrication framework, vdW forces can appear as a disjoining pressure,

pd = − A
6πh3

, 3.

that acts on each interface. Here A is the Hamaker constant for the particular liquid–gas–liquid
or solid–gas–liquid system considered, typically of the order of 10−21–10−18 J.

The importance of this force has also been discussed for collisions in a gas, including for
drop-on-drop (Pan et al. 2008, Li 2016) and drop-on-solid (Kolinski et al. 2014) cases. Notably,
simulations of drop–drop collisions by Pan et al. (2008) and drop–solid ones by Chubynsky et al.
(2020) demonstrate that vdW forces are required for contact, but that the values of Wel obtained
for the transitions are wildly different from those observed in experiments (see Section 5.4.1 for
details). Both articles consider gas kinetic effects (GKE) as crucial to predicting transitions by re-
ducing the filmheight to scales at which vdW forces are relevant (typically∼10 nm; seeChubynsky
et al. 2020) and merge the interfaces.

4.2. Gas Kinetic Effects

The conventional formulation loses accuracy when the mean free path in the gas λ becomes com-
parable to relevant length scales in the problem—for us, the characteristic film height—after which
the Boltzmann equation is required for accurate solutions. For air at atmospheric pressure ( patm ≈
105 Pa) we have λ ≈ 70 nm, so that once film heights reach ∼100 nm, which is routinely achieved,
we expect GKE to become important.

The introduction of GKEwas first considered to overcome the paradox in the collision of rigid
spheres. Specifically,Davis (1972) andHocking (1973) incorporated aMaxwell slip condition, valid
for small Knudsen numbers Kn = λ/h, at the gas–sphere boundary that permitted contact in finite
time, thus removing the need for an artificial cutoff with a physical parameter. Sundararajakumar
& Koch (1996) went beyond the small Kn assumption using the linearized Boltzmann equation in
a lubrication framework. Extensions of rigid sphere work to nonaxisymmetric collisions have re-
cently been provided by How et al. (2021), as have considerations of the effect of internal flow by
Ababaei & Rosa (2023).

As shown in the sidebar titled Modeling Gas Kinetic Effects: Flow in a Channel, for a lubri-
cation problem GKE can be neatly wrapped up in effective viscosities, which are functions of the
local Knudsen number, Kn(r, t) = λ/h(r, t). Two effective viscosities have to be introduced, one
associated with Poiseuille flow, µg,P(Kn), and the other for Couette flow, µg,C(Kn). Importantly,
the actual gas viscosity µg remains independent of p0.
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MODELING GAS KINETIC EFFECTS: FLOW IN A CHANNEL

Within a fewmean free paths λ of gas–solid or gas–liquid surfaces there is a Knudsen layer of strong nonequilibrium
flow (Hadjiconstantinou 2024) that cannot be described by the NSF formulation; in particular, the constitutive
relations fail. This requires a solution of the Boltzmann equation (Cercignani 2006, Struchtrup 2005), subject to
boundary conditions typically given by Maxwell’s model (Maxwell 1879), that assumes diffuse scattering of a given
molecule with probability α and specular reflection with probability 1 − α.

Ideally, we would like to couple a solution of the Boltzmann equation in the gas with a conventional approach
in the liquid. In the general case this is complex, as the Boltzmann equation requires the solution of a distribution
function in unsteady six-dimensional space using methods that differ from those typically deployed on the NS
equations.However, for Kn= λ/hj 1 (in practice,Kn⪅ 0.1), this layer is thin so that its influence can be attributed
to boundary conditions. This apparent slip across the layer combined with actual slip at the solid is captured by a
Navier slip condition. In terms of the effective viscosity, this gives µg,P = µg/(1 + 6CαKn), where C ≈ 1 depends
on the molecular collision model used.

We have already seen that Kn > 0.1 in many flows of interest so that the entire film must be described by the
Boltzmann equation. However, applications of the lubrication approach, considered by Fukui & Kaneko (1988) for
microscale gas flows between rigid solids and by Sundararajakumar & Koch (1996) and Zhang & Law (2011) for
drop-based free surface flows, significantly reduce the complexity of the problem. These authors showed that the
conventional lubrication approach can simply be modified by kinetic factors that account for differences in the mass
flow rate and shear stress obtained from theNSF solution versus that of the Boltzmann equation. For a channel with
a moving upper surface and a given pressure gradient, the problem then reduces to finding the mass flow rate Qr

and the shear stress τ g on the upper surface from the Couette and Poiseuille components (plug flow is unaffected).
Wrapping the kinetic factors in effective viscosities gives an intuitive picture of how flow differs at larger Kn. A

variety of approaches have been used to find these viscosities, as reviewed by Sharipov & Seleznev (1998), and they
can now be rapidly obtained using numerical methods ranging from polynomial expansions (Siewert 2003) to direct
simulation Monte Carlo methods (Bird 1994). Chubynsky et al. (2020) used data from solutions to the Boltzmann
equation to provide formulae, and for α = 1 (see Figure 4b) these are given by

µg,P = µg

1 + 6.88Kn + (6Kn/π ) log(1 + 2.76Kn + 0.127Kn2 )
, SB1a.

µg,C = µg

1 + 2Kn(1.1466 − 0.095 exp(−0.662/Kn) − 0.0516 exp(−3.3003/Kn))
. SB1b.

Notably, it was ensured that the correct behavior is retained in the asymptotic limits of Kn, where analytic results
are available—as can be seen in Equation SB1a, the slip expression is recovered as Kn → 0 (with C = 1.1466). The
accuracy of these expressions is important, as transitions can be relatively sensitive to their precise form (as they
would be to changes in actual gas viscosity).

Several extensions to this simplest approach are possible and of interest (see the Future Issues section).

To include GKE, we leave mass conservation in the film unchanged (Equation 1a), but now
generalize the mass flux (Equation 1b) and shear stress (Equation 2) to give

Qr = −h3
12µg,P

∂ pg
∂r

+ f hUr/2, 5a.

τg = h
2

∂ pg
∂r

+ (2 − f )
µg,CUr

h
. 5b.

For the conventional model, we have µg,P = µg,C = µg, and there is no link to the ambient
gas pressure. In contrast, with GKE firing, larger Kn reduces the effective viscosities in the film
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(see Figure 4b), allowing gas to escape more easily, promoting contact and thus reducing the
critical Wel predicted. Notably, this can be achieved by increasing the mean free path,

λ = λatmpatm
p0

, 6.

by either (a) reducing p0 or (b) increasing λatm by changing the gas type—for example, it is al-
most three times larger in helium than in nitrogen/air. Therefore, this model has the potential to
describe the observations from Section 2.

4.3. Compressibility

The assumption of incompressibility requires that changes in the density of the fluid are negligi-
ble compared to the reference value. For the liquid, this requires the Mach number to be small,
as we will assume, although this can be violated (see Lesser & Field 1983, Rein 1993). A more
questionable assumption is that the gas flow is incompressible.

For rigid sphere collisions in a gas, either GKE or compressibility can overcome an inadequacy
of the conventional model and permit contact (Gopinath et al. 1997).

When the interface is deformable, and can respond to high pressures, both experiments (de
Ruiter et al. 2012) and simulations (Chubynsky et al. 2020) for drop bouncing suggest that in-
compressibility is reasonable in the gas. This is supported by estimates for the maximum excess
pressure by Mandre et al. (2009) and Hicks & Purvis (2011), both showing that incompressibility
should hold for a millimeter-sized drop of standard liquid impacting up to 1 m/s, as confirmed
in experiments by Zhang et al. (2021a). Furthermore, compressibility alone seems insufficient to
allow for contact when interfaces can deform and surface tension is included (Mandre et al. 2009,
Mani et al. 2010). However, it is likely that in certain regimes compressibility will come into play
(for example, for higher impact speeds), and here the models proposed byMandre et al. (2009), for
a barotropic gas, or by Hicks & Purvis (2013), who consider a full analysis of the energy equation,
can be implemented.

4.4. Gas Inertia

One possible link between the ambient pressure and the model is via inertial effects in the gas,
which are traditionally neglected in lubrication models, but whose terms have been included
by Mani et al. (2010) and Hicks & Purvis (2013), and later shown to be negligible. In contrast,
without making the lubrication assumption, Jian et al. (2018) showed small corrections to bubble
entrapment caused by inertia, and this deserves further attention.

4.5. Thermal Fluctuations

The reason that bouncing was observed in drop–drop collisions well before drop–solid ones is
that the surfaces of droplets are typically remarkably smooth, varying only due to thermal fluc-
tuations driving thermal capillary waves on the characteristic scale of ℓT = √

kBT/γ , where kB is
Boltzmann’s constant and T is the system’s temperature (Aarts et al. 2004). For typical conditions,
ℓT is of the order of nanometers so that disjoining pressure is relevant well before this scale is
reached, although it is likely that the fluctuations generate the initial perturbation, as seen for thin
films on solids (Fetzer et al. 2007).

4.6. Qualitative Description of the Transitions

Based on the extra physics introduced, an attractive argument for the transitions observed in drop–
drop collisions, following that presented by Zhang & Law (2011), is as follows: (a) (regime I,
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merging) at low Wel the drops remain spherical for a significant period, producing a relatively
weak lubrication force so that the interfaces converge into the range at which vdW forces can
pull them together; (b) (regime II, bouncing) at intermediate Wel, drops deform and a stronger
flattened interface lubrication force keeps the interfaces out of the vdW range; and (c) (regime III,
merging) at higher Wel, the inertia of the drops is sufficient to overcome the stronger lubrication
force and push the drops back into the vdW range.

Here, GKE reduce the lubrication force so that drops can merge more easily, an effect that is
enhanced at reduced ambient pressures. For drop-on-solid cases gravity is likely to play a role in
the soft (I to II) transition and is not accounted for in these arguments.

5. COMPUTATIONAL MODELING

The problem considered requires the solution of the axisymmetric NS equations within the
droplet whose boundary conditions are provided by a surface differential equation on a deforming
interface. Consequently, several simpler modeling approaches have been considered and are dis-
cussed here. Notably, the viscosity of the gas is always included so that inviscid–inviscid balances
are not considered.

Solving two-phase free boundary problems, even in three dimensions, is now a relatively rou-
tine task when all length scales and timescales within the problem are commensurate (Tryggvason
et al. 2001, Popinet 2018). However, commonly drops on the scale of millimeters are dominated
by lubrication forces in the gas whose thickness could be on the nanoscale—a scale separation of
106. Clearly, having mesh components (nodes, cells, or elements) spanning this range is impossible
when the mesh is uniform and incredibly challenging when it is not, even in axisymmetric cases,
let alone in fully 3D scenarios.

5.1. Weakly Deformable or Prescribed-Shape Theories

A step beyond the consideration of rigid spheres is to assume either (a) that deviations from the
equilibrium shape are small (e.g., as inGopinath&Koch 2002), allowing an expansion of the shape
in suitable (Legendre for the axisymmetric drop) modes, or (b) that the shape can be defined by a
few geometric parameters, as in Zhang & Law (2011), where a truncated sphere of evolving radius
is used. In the former case (a), it is often assumed that the drop is governed by potential flow
and the gas by viscous lubrication; agreement with experiments seems reasonable for Wel ⪅ 0.1
(Gopinath & Koch 2002) and could or should now be validated by new simulation capabilities.
These impressive articles are stepping stones toward the fully deformable case and can predict
many key features.

Gopinath & Koch (2002) discovered the formation of a dimple between colliding droplets that
can entrap a bubble, which is a common theme in drop–solid impacts but more difficult to observe
in drop–drop cases. However, such bubbles were seen by Wang et al. (2003), where they acted as
nucleation sites for internal superheating microexplosions.

Similarly, despite many simplifying assumptions (the film was assumed to be flat, viscous dis-
sipation was approximated, etc.), the inclusion of GKE and vdW forces allowed Zhang & Law
(2011) to describe qualitative features of experiments (although the quantitative values were off ),
such as the merge–bounce–merge transitions.

For drop impact on baths, attempts to incorporate liquid viscous dissipation have led to quasi-
potential models (Dias et al. 2008) for drop bouncing (Galeano-Rios et al. 2017, Alventosa et al.
2023); extending these to consider the gas dynamics would be of interest.
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ALE-FEM VoFBIM

a b c
Gas lubrication

regions
Cells resolve

gas �lm

Figure 5

Hierarchy of computational modeling approaches: (a) boundary integral method (BIM) for an inviscid liquid, with gas lubrication;
(b) arbitrary Lagrangian–Eulerian finite-element method (ALE-FEM) for a viscous liquid with gas lubrication; and (c) computation of
both phases using the volume of fluid (VoF) method. Panel b adapted from Chubynsky et al. (2020) (CC BY 4.0). Panel c adapted with
permission from Sharma & Dixit (2021).

5.2. Inviscid Liquid: Viscous Gas Lubrication

A popular class of models consider the liquid flow to be inviscid, with potential flow assumed, and
the gas flow to be governed by lubrication; this allows one to solve a spatially 1D problem for the
interface shape, for example, using the boundary integral method (see Figure 5a). These models
build on the work of Smith et al. (2003), who neglected surface tension, and have often focused on
the bubble entrapped under an impacting droplet. Early work considered the dynamics local to the
impact position, in both 2D (Mandre et al. 2009) and 3D (Hicks & Purvis 2010) configurations,
while extensions to the full drop were considered by Duchemin & Josserand (2011).

A key result of this work, for both drop–drop collisions (Smith et al. 2003,Hicks & Purvis 2011)
and drop–solid impacts (Duchemin & Josserand 2011), is to show that when surface tension is
neglected, a corner in the free surface develops that is able to puncture the gas film and establish
contact, whereas, when it is included (as in, e.g., Mandre et al. 2009), the conventional model
predicts that drops will skate indefinitely on the gas. In the future, it would be interesting to
focus these models on the drop bouncing phenomenon, including GKE and vdW forces to enable
touchdown. However, experiments on drop bouncing typically show that altering the viscosity of
either the liquid or the gas affects the transitions, so that an inviscid assumption in either is usually
not possible.

5.3. Navier–Stokes in Both Phases (No Lubrication)

Once full deformation of the droplet is considered and the liquid flow is governed by the NS
equations, the interior flow must be solved for using one of an array of possible methods. These
can be divided into schemes in which nodes lie on the interface, such as arbitrary Lagrangian–
Eulerian methods that exploit finite elements (ALE-FEM) (see Anthony et al. 2023), and those
in which they do not, as in Eulerian schemes such as volume of fluid (VoF) methods (see Popinet
2018). For two-phase flow problems, VoF-type approaches are more popular, and conceptually
simpler, as cells are just placed across the entire domain, including the gas film (see Figure 5c).

Over the last 50 years since Foote (1975), simulations have routinely shown that numerical
methods based on the conventional incompressible NS equations in the bulk can reproduce ex-
perimental behavior if the outcome of the collision event is imposed (Nobari & Tryggvason 1996,
Pan et al. 2008, He et al. 2019, Liu & Bothe 2019)—i.e., a rupture time and position is chosen.
For example, Pan et al. (2008) used experiments to prescribe transitions in simulations, with the
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sensitivity of results to this choice shown. These authors understood that “some essential physics
is missing in the simulation” (p. 9) and that vdW forces alone were insufficient—to describe the
experiments GKE are also required. Similarly, Nobari & Tryggvason (1996) noted that the “prin-
ciple weakness of the simulations presented here is the ad-hoc way the film between the drops is
ruptured for coalescing drops” (p. 755).

For drop–solid impacts, the gas phase has often been neglected (Fukai et al. 1995), with success
at describing some features, while including it results in the formation of gas bubbles ( Josserand
& Zaleski 2003, Fu et al. 2021). Recent progress was presented in an interesting article by Sharma
& Dixit (2021), who considered a VoF approach with mesh resolutions that reach ∼1 µm for the
impact of a millimeter-sized droplet. Their results were based on the conventional model, but
they nevertheless captured many experimental trends and were able to validate several proposed
scaling laws for the process. As there is no physical mechanism to induce rupture in their model,
the criterion for contact is that the film height goes below the resolution of themesh—with further
resolution one may expect bouncing to occur in all cases.Notably, their resolution was of the same
magnitude as the heights at which de Ruiter et al. (2015b,c) saw film collapse, and this may explain
why there is slightly better agreement with these experiments than those of Kolinski et al. (2014).

Similar techniques, with consistent conclusions to those above, have been used to consider
drop impact on baths/films ( Josserand & Zaleski 2003, Pan & Law 2007, Alventosa et al. 2023),
including using different liquids for the bath and drop (Fudge et al. 2021).

A breakthrough came from Li (2016). For a fully deformable drop, this was the first compu-
tational model to incorporate vdW and GKE, exploiting an effective viscosity approach, using
ALE-FEMwithin the liquid and gas phase in a highly spatially adaptive manner—with five orders
of magnitude just to capture the film with a single layer of elements. Shapes for drop bouncing
agreed with those from Pan et al. (2008), but the real advance was the quantitative prediction of
transitions between merging and bouncing from the experiments of Qian & Law (1997), notably,
recovering the effects of ambient gas pressure via GKE and demonstrating dependencies on drop
viscosity, which elude the models of Section 5.2.

The disadvantage of this class of models is the huge computational cost associated with
resolving (i.e., meshing) the gas film alongside the drop.

5.4. Navier–Stokes Liquid: Viscous Gas Lubrication

To overcome the multiscale burden associated with the models of Section 5.3, Chubynsky et al.
(2020) developed a computational model similar to that of Li (2016), including GKE and vdW in
an ALE-FEM framework (see Figure 5b), but with the gas dynamics manifesting as a boundary
condition for the liquid’s flow, through the lubrication approach, in keeping with the philosophy
of Section 5.2.

5.4.1. Drop–solid modeling. The focus of Chubynsky et al. (2020) was drop bouncing on solid
surfaces. From a modeling perspective, this requires a second effective viscosity, associated with
Couette flow, which cannot fit into the approach of Li (2016). It is this component that Lo et al.
(2017) showed is crucial to predicting drop bouncing transitions.

Chubynsky et al. (2020) were able to reproduce the transition between bouncing and merg-
ing observed by Kolinski et al. (2014), with the numerical threshold at Wel = 7.4, compared to
Wel = 7.6 experimentally. GKE were shown to be crucial to predicting transitions: Neglecting
GKE (but keeping vdW forces) moves the Weber number to Wel > 16 and probably as high as
≈50 (for details, see Chubynsky et al. 2020) (see Figure 6c), while neglecting vdW forces leads to
rebound in all cases. Notably, vdW forces bring fascinating additional effects that manifest them-
selves most strongly in the film mode, with vdW-driven surface waves seen to grow and induce
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Figure 6

Computations from Chubynsky et al. (2020) for water-glycerol drops of radius R = 0.8 mm and viscosity µl = 11.55 mPa · s showing
(a) qualitative agreement with the experiments of Kolinski et al. (2014) for film height evolution at Weber number Wel = 4.1 (though
with a difference in absolute height, as discussed in the text); (b) identification of short and long times-to-contact with, respectively, film
and outer kink contact modes (insets); and (c) a regime diagram identifying modes of contact [see Chubynsky et al. (2020) for more
details on the location of the no-GKE (gas kinetic effects) transition]. Figure adapted from Chubynsky et al. (2020) (CC BY 4.0).

contact. The linear stability theory in Chubynsky et al. (2020) predicts the growth rate. An in-
teresting question is what to choose as the initial perturbation for these waves, with Chubynsky
et al. (2020) attributing this to thermal fluctuations, even though in computations, at present, it is
numerical noise that triggers the instability. Clearly, this issue deserves further attention.

5.4.2. Drop–solid film heights. Figure 6a shows that excellent qualitative agreement was ob-
tained with Kolinski et al. (2014) for the film profiles, with both a dimple on the axis and an outer
kink near the edge reproduced (see also the comparison at https://youtu.be/YX8ChCLhBoo).
However, Chubynsky et al. (2020) showed the film heights close to the transition are around
20 nm, compared to ≈2 nm reported by Kolinski et al. (2014) and ≈200 nm by de Ruiter et al.
(2015b,c). The likely reason for the discrepancy with Kolinski et al. (2014) is a bias in the exper-
imental TIR method used, as described by Shirota et al. (2017), and this is supported by more
recent experiments (Kaviani & Kolinski 2023). In contrast, the larger heights from de Ruiter et al.
(2015b) initially suggest the presence of isolated asperities in the solid, on an otherwise nanomet-
rically smooth surface, puncturing the air film and prematurely inducing contact, with Kolinski
et al. (2014) noting that bouncing is repeatable for impact onto freshly cleaved mica but sporadic
for cleaned glass and silicon substrates. However, similar heights for film collapse are reported
by Zhang et al. (2021a), where an oil film is used to mask asperities, making the picture rather
murkier and suggesting that additional effects, such as the electrostatic interactions suggested by
de Ruiter et al. (2015c), should be considered.
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5.4.3. Drop–solid contact modes. Chubynsky et al. (2020) predicted three modes of contact:
the film and kink modes already seen (Figure 6b), as well as a mode in which contact occurs at the
drop axis just before the liftoff.However, in contrast to themode described by Zhang et al. (2021a),
this one exists at very low impact speeds, is not dependent on the liquid having low viscosity, and
is a soft transition—we call it a soft dimple mode.

Virtual experiments conducted by Chubynsky et al. (2020) showed the strong influence of p0 on
transitions, created by GKE, with no bouncing seen below a critical value, as commonly reported
in experiments. Also shown (see Figure 6b) was that the time-to-contact can often be used as
a signature of the contact mode, with the film mode associated with an earlier contact than the
outer kink mode. Whilst an entrapped bubble was predicted in certain cases, ALE-FEM is not
well suited to going through topological transitions, so the influence of this on the dimple mode
of contact remained unexplored (for simulations in which it is captured, see Sharma&Dixit 2021).

Interestingly, for water-glycerol drops with µl ≈ 10 mPa · s, the transition seen by Zhang et al.
(2021a) is at a lower Wel than that seen for the same parameters by both Chubynsky et al. (2020)
and Kolinski et al. (2014). The reason for this discrepancy is unknown, as the film coating used by
Zhang et al. (2021a) was assumed to act as a rigid undeformable surface.

5.5. Open-Source Computational Framework for Navier–Stokes Liquid
with Gas Lubrication

The success of the computational model developed in Chubynsky et al. (2020) has motivated
us to develop and release an open-source version of this code, available at https://github.com/
PLewinJones/drop_impact, in the superb finite element library oomph-lib (Heil et al. 2022), for
both drop–drop and drop–solid cases. This code produced the outlines in Figure 1, and scripts
are provided for users to reproduce these cases.

We take this opportunity to revisit drop–drop collisions with our new framework, which allows
us to compare to experimental data fromQian&Law (1997) andHuang&Pan (2021) for droplets
of tetradecane of radius R≈ 150 µm (ρ l = 762 kg/m3,µl = 2.13 mPa · s,µg = 1.84 × 10−2 mPa · s,
γ = 26.5 mN/m, A = 5 × 10−20 J) at different impact speeds, with a focus on the influence of
ambient pressure and gas type. In particular, the inset of Figure 7b shows that we are able to cap-
ture the experimental transitions relatively well, in both nitrogen and helium, with the exception
of a single nitrogen data point, an outlier that we believe is due to experimental inaccuracies. Fur-
thermore, in contrast to the experiments, we can access the film profiles at merging, as shown in
Figure 7a. There, we can see the film (contact near the inner kink, at an early time) and outer kink
modes previously described, but also a late film mode during which the drop spends significant
time spreading out before contact is initiated at a point between the inner and outer kinks.

To more quantitatively establish a regime diagram, we contour plot the time-to-contact tc and
radius rc (normalized by characteristic scales Ti =

√
ρlR3/γ and R, respectively) of all the contacts,

as shown in Figure 7b,c. The transition between early film and outer kink/late-film modes can
be clearly seen in Figure 7c and is highlighted by a dashed line. In contrast, no clear demarca-
tion can be made between outer kink and late-film modes. In this region, the outcome is quite
sensitive to parameters—as one can see from Figure 7a, where vdW-driven waves are growing in
different regions and competing to complete merging. Notably, the regime diagram looks quite
different from those already shown for drop–solid collisions, and it remains to be established if
this is because the processes are different or if it is simply due to the different parameter regime.

Soft transitions are also seen and a typical profile for contact is shown in the inset of
Figure 7c. Contact occurs during the rebound phase (centers of mass moving apart) at the only
kink; therefore, this mode is associated with a large tc (see Figure 7b).
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Figure 7

Comparison of computations and experiments for tetradecane droplets of radius R = 150 µm. (a) Computed profiles of droplets
merging in different modes. Their positions on the regime diagram are shown. (b) (Inset) Comparison of computations (solid lines) with
experimental data from Huang & Pan (2021) (squares) and Qian & Law (1997) (circles) for the transition between bouncing and merging
in nitrogen and helium, as ambient pressure p0 is varied. The main plot shows the collapse of simulation data and experiments when
using the Knudsen number KnR = λ/R as a dimensionless coordinate, with a mean free path λatm = 69 nm for nitrogen and λatm =
184 nm for helium. Contours show the time-to-contact tc, normalized by the inertial timescale Ti =

√
ρlR3/γ . The white region

corresponds to bouncing. (c) (Inset) Computed profile for a soft transition, which merges during rebound. The main plot shows
contours for the radial position of contact rc, normalized by the droplet size R.

Figure 7b shows that the experimental data for the two gases can be collapsed onto a single
transition curve if we use the Knudsen number based on drop size KnR = λ/R as a dimensionless
coordinate, using Equation 6 to find λ(p0). In other words, introducing GKE has allowed us to
understand how the gas type shifts the transitions. In future, it would be interesting to attempt
to go one step further and choose our macroscopic length scale based on the predicted minimum
film height in an attempt to collapse data for different liquids too, for example, using the models
of Mandre et al. (2009) or Huang & Pan (2021).

6. LEIDENFROST LEVITATION AND BOUNCING

When liquid drops are gently deposited onto a hot solid surface, above a critical temperature the
lifetime of the drop abruptly increases (Biance et al. 2003) due to the so-called Leidenfrost effect,
with the drop levitating on its own vapor layer and thus thermally shielded from the hot solid;
this effect is reviewed by Quéré (2013). The quasi-static equilibrium state is now relatively well
understood, with experiments for the film profile (Biance et al. 2003, Burton et al. 2012) aligning
with theory (Sobac et al. 2014) and computation (Chakraborty et al. 2022), when the flow remains
axisymmetric.

Recent experiments have focused on understanding behavior around the Leidenfrost temper-
ature, with two separate values being identified: a high temperature for the formation of a vapor
layer T+

L from a wetted state and a lower one T−
L for collapse of the vapor layer, with an interme-

diate metastable regime. Beautiful experiments by Harvey et al. (2021) show this cycle (see their
supplemental video 3), and Chantelot & Lohse (2021b) have interpreted the metastable regime
in the framework of directed percolation in order to provide a new method for defining T+

L . The
physics underlying the vapor collapse and, hence, T−

L are fascinating, remain unclear, and de-
serve further attention. For example, a stability analysis conducted by Aursand et al. (2018) claims
thermocapillarity (aided by GKE) is the main destabilizing mechanism, Zhao & Patankar (2020)
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posited that vdW forces are the dominant physics, and recent work by Harvey & Burton (2023)
points to a hydrodynamic inertia-driven instability.

6.1. The Dynamic Leidenfrost Effect

A dynamic Leidenfrost effect (Tran et al. 2012, Staat et al. 2015, Shirota et al. 2016, Lee et al.
2020) is encountered when droplets impacting a hot surface are able to avoid contact by producing
a strong vapor/gas cushion. This is a combination of drop bouncing and levitation, with recent
experiments showing that both the ambient gas and the vapor generated from the evaporating
droplet play a role in the drop’s dynamics (Chantelot & Lohse 2021a). Full simulations of the
dynamic Leidenfrost phenomenon, which could test the assumptions of recent theories, such as
Gordillo & Riboux (2022), remain incomplete.

6.1.1. Phenomenology of the film andmodes of touchdown. Leidenfrost impacts studied by
Chantelot & Lohse (2021a) showed features similar to their isothermal counterparts, particularly
in the initial stages where a dimple forms and the ambient gas dynamics appear more important
than the vapor’s. In contrast, as the drop spreads over a vapor film, the inner kink’s position be-
comes dynamic (being driven upward), unlike the isothermal case, so that the film thickness now
depends on the evaporation.

Two main modes of contact were reported by Chantelot & Lohse (2021a) for the hard transi-
tion: a short-time film mode contact (see Figure 8a) and a later-time dimple mode (Figure 8b)
associated with contact at the film’s center during rebound.However, there is a region of parameter
space, spanning both contacts and bouncing, where the authors observed a novel mode in which
the gas film oscillates (see Figure 8c). As with the isothermal case, capillary waves for low-viscosity
liquids generate complex behavior (see Figure 8b) that can cause dimple mode touchdown.
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Figure 8

Experimental results by Chantelot & Lohse (2021a) showing total internal reflection images for (a) a film mode and (b) a dimple mode
of contact, alongside side-on images showing how the latter coincides with jetting and air cavity formation. (c) A regime diagram across
impact speed U (material parameters vary with temperature, so the Weber number Wel is less easily defined) and substrate temperature
Ts for ethanol drops. Filled symbols indicate experiments in which gas film oscillations were observed. Arrows indicate the position of
panels a and b on the regime diagram. Figure adapted from Chantelot & Lohse (2021a) (CC BY 4.0).
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qv: heat flux in the
vapor normal to the
solid

kv: thermal
conductivity of the
vapor

Ts: temperature of the
solid

Tl: temperature of the
liquid

j: mass flux from the
liquid

L: latent heat of
evaporation

ρv: density of the
vapor

6.1.2. Pressure dependence. Interestingly, the Leidenfrost temperature depends on p0 for the
quasi-static case, but this can be attributed to the thermodynamics (van Limbeek et al. 2021). The
dynamic Leidenfrost temperature also depends on ambient pressure (van Limbeek et al. 2018),
and the picture there is less clear and deserves further attention, with lower pressures leading to
an unexplained increased dependence of TL on impact speed.

6.2. Modeling the Leidenfrost Effect: Statics and Dynamics

Sobac et al. (2014) proposed a model to calculate the shapes of axisymmetric quasi-static
Leidenfrost droplets that matches an evaporation-driven viscous lubrication description of the
film to a Young–Laplace-type model for the upper surface of the droplet. In this model, it is as-
sumed that heat transfer in the gas is dominated by conduction so that the temperature varies
linearly between the solid, which has a fixed temperature (for extensions, see van Limbeek et al.
2017), and the drop (assumed to be at the boiling temperature). Then, the heat flux into the drop,
qv = kv(Ts − Tl)/h, is balanced by the loss of energy through evaporation, so that j = qv/L. The
layer is assumed to only be composed of vapor. Predictions for the film’s shape are generally in
excellent agreement with experiments, showing that for static droplets these assumptions appear
reasonable.

To go beyond the quasi-static case, Chakraborty et al. (2022) considered an extension of the
models of Sobac et al. (2014), for the evaporation, and Chubynsky et al. (2020), for the dynamics,
in balancing a Navier–Stokes description in the liquid with a lubrication approach in the film.The
evaporative flux into the film requires the conservation of mass Equation 1a to be generalized, to
give

∂h
∂t

+ 1
r

∂ (rQr )
∂r

= kv(Ts − Tl )
ρvhL

, 7.

and as a first step, there is no GKE or vdW so that the flux is given by Equation 1b and stress by
Equation 2. The Sobac et al. model can be recovered for the film by considering an equilibrium
state, �h/�t = 0 in Equation 7; neglecting internal flow, so that Ur = 0 in Equation 1b; and thus
not requiring τ g.

The model of Chakraborty et al. (2022) shows good agreement with that of Sobac et al. and,
therefore, experiments when internal flow is neglected. Furthermore, it can capture the dynamics
of the chimney instability, in which the vapor film punctures the center of the drop, and could
be extended to study dynamic Leidenfrost cases. Interestingly, however, when internal flow is
included in the computational model, this flow drives larger water drops to transition into new
shapes not seen experimentally; as discussed by Chakraborty et al. (2022), this is likely due to
symmetry-breaking in the experiments (see Section 7.2).

7. SOME RELATED TOPICS

Thin films of gas influence the dynamics of free surface flows in an array of other configurations,
and a few are briefly considered here; readers are referred to Supplemental Appendix B: Details
of Future Issues for more.

7.1. Permanent Noncoalescence

If two liquid–gas interfaces are moving tangentially to each other (i.e., axisymmetry is lost), air
can be dragged into the lubrication region between them to prevent contact and, in certain cases,
create a stable levitated equilibrium state. This can occur, for example, by moving an underlying
liquid surface (Pirat et al. 2010, Castrejón-Pita et al. 2016, Gauthier et al. 2016) or by mobilizing
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the droplet, for example, to run downhill (Law & Chu 2019). Alternatively, flow can be (axisym-
metrically) induced into the film through the thermal Marangoni surface force (see Neitzel &
Dell’Aversana 2002).

7.2. Symmetry-Breaking

Off-center collisions and oblique impacts lead to a loss of axisymmetry and an additional parameter
associated with the angle of approach is needed in the model. However, even in initially axisym-
metric cases, contact usually occurs at a point away from the drop center to kill the symmetry.
Particularly surprising are the experimental results of Lo et al. (2017) for the soft transition, show-
ing that rapid symmetry-breaking only requires small surface tilts [see video 1 of the multimedia
from Lo et al. (2017)].

For Leidenfrost cases, larger puddle-like drops often break their symmetry due to the self-
excitation of droplet wave modes (Brunet & Snoeijer 2011, Ma et al. 2017, Bouillant et al. 2021).
However, more recently, smaller Leidenfrost wheel droplets were observed by Bouillant et al.
(2018) to also spontaneously break symmetry (see https://youtu.be/glRGl-eYuXo)—leading to
rapid droplet motion in a random direction. Similar breaking of axisymmetry was seen by Yim
et al. (2022) in the creation of internal cells for larger droplets [see supplemental movie 1 from
Yim et al. (2022)]. Theory for the wheels from Brandão & Schnitzer (2020) and computation of
the cells from Yim et al. (2022) have provided important insight into these mechanisms.

7.3. Trampolining

The picture of Leidenfrost droplets coming to rest in a static state has recently been shattered by
observations in Liu & Tran (2020) and Graeber et al. (2021) of spontaneous droplet trampolin-
ing [see Figure 9c and supplemental movie 1 from Graeber et al. (2021)]. Similarly, evaporation
can drive hydrogel spheres to perform self-sustained bouncing on hot surfaces (see Waitukaitis
et al. 2017 and https://youtu.be/vPSZYHaDUqI); models developed here could be extended to
describe this, now using elasticity in the drop (see Binysh et al. 2022).

7.4. Dynamic Wetting

For drops impacting solids at higher speeds, one is often interested in whether they splash, with
a particular interest in how the ambient gas affects this process (see Figure 9a). It is now well
recognized that the entrapped bubble is far from where splashing occurs (Driscoll & Nagel 2011,
Liu et al. 2015, Josserand & Thoroddsen 2016) so that to describe the effects of gas pressure and
type on splashing, a dynamic wetting process must be considered. The question then is how fast
a liquid can travel across (i.e., wet) a given solid before wetting failure occurs (Blake & Ruschak
1979, Rein & Delplanque 2008, Vandre et al. 2012), corresponding here to the lamella detaching
from the substrate and remaining airborne.

a bb c

Figure 9

Gas microfilms (red dashed lines) in (a) a splashing droplet, (b) a solid sphere impacting an interface, and (c) a droplet trampolining on a
hot surface. Panels adapted from (a) Xu et al. (2005) (CC BY 4.0); (b) Duez et al. (2007) (with permission); and (c) Graeber et al. (2021)
(CC BY 4.0).
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This is the picture proposed in the theory of Riboux & Gordillo (2014), where the influence
of GKE in the gas film, included via slip conditions by Gordillo & Riboux (2019), is crucial to
describing experimental data of Xu et al. (2005) and Hao et al. (2019). There are many similarities
here to coating flows, where air entrainment is typically the enemy of the industrialist, as explored
by Marchand et al. (2012; see the movie in the supplemental material); Sprittles (2017), where
GKE were used to describe coating experiments conducted at reduced pressures (Benkreira &
Khan 2008); and Sprittles (2015), where experimental data for splashing transitions were collapsed
using GKE. Interestingly, experiments by Usawa et al. (2021) showed that for smaller microdrops,
splashing is less likely for a givenWel, as the flow dimensions become closer to the mean free path
in the gas so that the lubrication force is reduced. The model developed here could capture this
effect.

The interplay of dynamic wetting and gas films also underpins the relation between precontact
and postcontact dynamics, explored by Zhang et al. (2022) and by de Goede et al. (2019) under
different ambient conditions; the entrapment of gas bubbles during spreading (Thoroddsen et al.
2010); the remarkable extreme wetting of liquid bridges that have formed in drop contact spots
(Langley et al. 2017); the influence of gas on cavity formation when solid spheres impact baths
(see Figure 9b) (Duez et al. 2007, Williams et al. 2022); and the stability of wetting contacts on
hot surfaces, which govern Leidenfrost stability (Chantelot & Lohse 2021b).

SUMMARY POINTS

1. Transitions between bouncing and merging rely on physics at the nanoscales to mi-
croscales, most notably, gas kinetic effects (GKE) and van der Waals forces. Once
implemented into accurate computational models, experimental observations can be
reproduced.

2. Accurate computational models must either (a) resolve the small scales in the gas or
(b) use a lubrication model for the gas phase.

3. Sharing knowledge between drop–drop and drop–solid cases is worthwhile. Experi-
mentally, the former case removes worries about asperities while the latter allows for
resolution of the film. Mathematically the two cases are almost identical in their basic
state.

FUTURE ISSUES

We expand upon the following in Supplemental Appendix B: Details of Future Issues.

1. Create a computational framework that (a) accounts for the microphysics, (b) goes
through topological changes, and (c) is tractable in 3D.

2. Extend the model, particularly for GKE, to (a) improve its accuracy, (b) account for
nonisothermal cases, and (c) capture nonlubrication regimes.

3. Probe impacts in gas/vapor mixtures.

4. Understand how a solid’s asperities or electrostatic effects contribute to touchdown in
both isothermal and Leidenfrost conditions.

5. Study a far wider range of material parameters and drop sizes.

112 Sprittles

https://www.annualreviews.org/doi/suppl/10.1146/annurev-fluid-121021-021121


FL56CH05_Sprittles ARjats.cls December 10, 2023 9:52

6. Tackle an array of free surface flows that are influenced by thin layers of gas and are ripe
for theoretical attack.

7. Build additional physical effects on top of the basic framework.
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