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Abstract The problem of spreading behaviors of pen-
dant and sessile drops was studied experimentally and
numerically under the action of gravity force and sur-
face tension. Bond number was considered to be a main
factor of the influence on shape behaviors of liquid
drops. This study was performed in the framework
of an experimental investigation of drop behaviors in
microgravity onboard a Chinese satellite in future. The
experiments were carried out in the Drop Tower of
Beijing, which could supply about 3.6 s of microgravity
(free-fall) time. The surface shape change of liquid
drops was investigated and the contact angle variety in
sessile and pendant drops were measured from normal
gravity to microgravity. A sharp decrease and oscilla-
tory variation of the contact angle for both sessile and
pendant drops were found with the sudden decrease
of Bond number. The succedent comparison between
experimental and numerical results suggests that Bond
number has a significant influence on the drop contact
angle. Additionally, the drop shapes and the bulk flows
inside sessile and pendant drops were analyzed numer-
ically, and it was found that the bulk flows could affect
the free-surface shape of liquid drops apparently. Com-
parison of the moving velocity of contact line between
sessile and pendant drops indicated that the pendant
drops had a faster response to Bond number.
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Introduction

In the past decades, with the development of the indus-
try, liquid drop has attracted growing academic inter-
ests due to its varieties of applications in fundamental
and industrial fields. Generally, drops have two existing
status: suspending and attaching to solid substrates, the
latter was paid more attention due to its ubiquity in
universe. Owing to independent directions of practical
requests, liquid drop has been studied in different as-
pects. These studies involve drop evaporating process
(Grandas et al. 2005; Shahidzadeh-Bonn et al. 2006),
influences to contact angles (Bourges-Monnier and
Shanahan 1995; Crafton and Black 2003; Panwar et al.
2003), moving contact lines (Dussan 1979; Vladimir
2005), thermocapillary convection inside drops (Ruiz
and Black 2002; Savino et al. 2002), migration of drops
(Greenspan 1978; Smith 1995) and spreading of liquid
drops on the solid substrates (Cox 1986). In the present
paper, we are focusing on the spreading of liquid drops
on a horizontal plate.

Spreading of liquid drops on a solid surface has
broad applications in industrial and biological fields,
such as coating, painting and cell sorting. Recently,
spreading of liquid drops was found to play an obvious
influence on the liquid lubrication of moving mechani-
cal assemblies (MMA). Motivated by above mentioned
applications, a number of experimental and numerical
works have been carried out to study the spreading
behaviors of drops under different conditions. Consid-
eration of drop spreading on a solid substrate will be
useful for deeper understanding of the wetting phe-
nomena. Generally, the shapes of liquid drops attached
to solid substrates could be influenced by many factors.
In present work, only gravity effect and surface tension
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are taken into account to study the spreading behaviors
of liquid drops with the sudden change of gravity effect
from 1 g to microgravity.

Actually, the most important parameter governing
drop spreading behaviors and related heat transfer ca-
pability is the drop contact angle, which is also being
widely used to described drop-related phenomena. Ap-
parently, the contact angle of liquid drop was defined
to reflect the dynamic equilibrium between the three
phases: liquid phase of the drop, solid phase of the sub-
strate, and vapor phase of the ambient air. Therefore,
the vapor-liquid-solid triple line, i. e. the contact line of
drop, is usually considered to be strongly related to the
contact angle. Ponter and Boyes (1972) firstly studied
the contact angle of sessile liquid drop. They found
that only small drops (smaller than 5 mm) changed
their contact angles under variable drop diameter. Sub-
sequently, a number of experimental and numerical
studies have been performed since Hoffman’s experi-
mental finding (Hoffman 1975) which suggested a uni-
versal relation between the contact line motion velocity
and drop contact angle. However, succedent studies
of Hocking (1983) and Cox (1986) both demonstrated
that the Hoffman’s law was only valid for small Bond
numbers and it could not predict the drop spreading be-
haviors for large Bond numbers. Follow-up researches
(Fermigier and Jenffer 1991; Hayes and Ralston 1993)
all yielded similar conclusions supporting Cox’s finding.

Owing to the fact that bulk flow could influence
the temperature distribution and free surface of liquid
drops, bulk flow inside the liquid drop is thought to
be another main influence to affect the drop contact
angle. Bigioni et al. (2006) found that the convection
inside the drop made the particles easily to accumulate
in the vicinity of the triple line. Hu and Larson (2005),
Girard et al. (2008) carried out numerical simulations to
study marangoni flow in sessile evaporating drops. And
they found different temperature distributions inside
the drops comparing to the results that neglect inner
flow. Based on previous literatures, many studies con-
cerning the contact line and contact angle were mainly
developed under the condition of drop evaporating.
In present paper, we have neglected the evaporation
effect, and only gravity effect and surface tension were
involved to investigate the drop spreading behaviors
under a sudden change of Bond number.

No doubts that many research works have been car-
ried out to provide much understanding of drop spread-
ing behaviors under different conditions. Nevertheless,
the mechanism of drop spreading process is complex
and still absent of comprehensive understanding even
if it has been widely used in industry. In above men-
tioned literatures, all the experimental and numerical

research are carried out under normal gravity. Actually,
a different drop spreading behavior in microgravity has
been found (Brutin et al. 2009). A better understanding
and clear knowledge of the physical mechanism of drop
spreading in microgravity could widen the applications
of liquids drops with the development of space industry.

In presented paper, a combined experimental and
numerical investigation is carried out to study the
spreading behaviors of sessile and pendant drops
influenced by the gravity force, which is represented
making use of Bond number. In what follows, we will
first specify the description of the experimental appara-
tus and the measurement techniques in “Experimental
Setup and Measurement Techniques”. The numerical
model is presented detailedly in “Simulation Model”.
In “Results and Discussion”, we will present and dis-
cuss the experimental and numerical results, including
the shape and contact angles behaviors depending on
varying Bond number, influence of bulk flow in liquid
drop on the free surface and contact angle in different
conditions. In addition, comparison will be performed
between the experimental and numerical results to tes-
tify the validity of numerical model. Moreover, a pre-
liminary comparison of moving line velocity between
pendant and sessile drops will also be numerically an-
alyzed to investigate the response of Bond number for
different drops. Finally, comments and conclusions are
stated in “Conclusion”.

Experimental Setup and Measurement Techniques

All the experiments were performed in the Drop Tower
of Beijing, which could supply about 3.6 s of micrograv-
ity (free-fall) time. The experimental apparatus used
in this study has already been previously described
in Zhu et al. (2010). Briefly, two substrates (each
10 mm in diameter) made of aluminum were put into
a test cell, of which the sidewalls were made of plex-
iglass for optics observations and outer air insulation.
In our experiments, the two substrates were usually
covered by two kinds of top surfaces, aluminum and
polytetrafluoroethylene (PTFE), respectively, to ana-
lyze the wetting behaviors of liquid drops for different
attached solid surface. During the experiments, two
calibrated unsheathed fine-gauge thermocouples (type
T), 25.4 μm in diameter, with an accuracy of ±0.02◦C
and a rapid response time of 0.05s, were respectively
inserted into a hole 5 mm below each top surface of
the substrate to monitor the temperature, which was
fed back to the PID controller and heating cartridge to
control the surface temperature of the substrate with an
accuracy of 0.05◦C.
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As we know, drop contact angle is directly related to
properties of the substrate, such as roughness, surface
cleanness. In present experiments, the two substrates
were covered by two kinds of top surfaces, aluminum
and PTFE, respectively, which were thin smooth sheets
with a thickness of 200 μm. Additionally, motivated
by the request of performing all the experiments with
same clean surface condition, prior to each experiment,
the surfaces were sequentially cleaned with acetone,
ethanol and de-ionized water. The surfaces were then
dried with lens cleaning paper and finally flushed with
compressed air to remove remaining wastepaper or dust.

De-ionized water was used in these experiments due
to its ubiquity in nature and bad wettability for PTFE
and aluminum, which means relatively bigger drop with
bigger contact angle could be created for easier obser-
vation and analysis. Reversely, water is sensitive to con-
tamination, which could influence the contact angle of
drop apparently. To perform all the experiments with
same clean surface condition, prior to each experiment,
the solid surfaces were carefully cleaned and dried to
remove impurity or dust.

After reaching top of the drop tower, firstly, de-
ionized water was transferred directly into two syringes
mounted in a syringe pump. Together with a step motor
and a PLC controller, drops were then injected and
created through a 700 μm hole inside the substrate at
regulated injection rate and volume. After liquid drops
and surface temperature getting stable, the experimen-
tal apparatus fell down, i.e. the drops entering micro-
gravity. And CCD camera began to record the shape
change of drops for computer analysis. Whereafter,
through the obtained images, a software program (Yu
et al. 2009) was introduced to measure and determine
contact angle of the drops with an accuracy of ±3◦.

Simulation Model

Simulation of the above experiments was carried out
by means of VOF methodology. The simulation model
of a liquid drop on a horizontal plate is shown in Fig. 1.

Fig. 1 Simulation model of a drop spreading on a horizontal
surface

Cylindrical coordinates (r, z) are chose with the axis Or
being horizontal direction and the axis Oz parallel to
gravity g direction. Note that the gravity g direction is
different for sessile and pendant drop. Additionally, the
liquid drop is surrounded by air. The numerical study
has been performed with the following assumptions:

1. The liquid drop on a horizontal plate is considered
as two-dimensional and axisymmetric. And we can
only simulate half of the drop to reduce the calcu-
lation time.

2. The evaporation effect is negligible. And the drop
volume is constant.

3. The liquid density is independent on the tempera-
ture.

4. The temperature has no influence on the viscosity
of liquid.

5. The liquid is incompressible and the outer air is
compressible.

The momentum, continuity and energy equations are
expressed in the form:
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where ur (vz), p and F are velocity, pressure and VOF
function. ρ, ν are the density and kinematic viscosity.

The Bond number is defined as

Bo = ρgh2

σ
(5)

where g is the gravity acceleration, h is the height of the
liquid drop, and σ is the surface tension of liquid.

The volume of fluid (VOF, Hirt and Nichols 1981)
method is an efficient methodology to simulate the sys-
tem consisting of two separate phases. In this method,
a scalar function F is defined as the fraction of a cell
volume occupied by fluid. F is assumed to be unity
when the cell is fully occupied by the fluid and zero for
an empty cell. Cells with values of 0 < F < 1 contain a
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Fig. 2 Simulated domain and boundary conditions for the liquid
drop

free surface. In present work, only half of liquid drop
was simulated due to assumption of axisymmetric. The
rectangle computational domain was chosen to be three
times of drop scale after testing. Quadrangular grids
0.05 mm between each were used in the computational
domain. The boundary conditions are shown is Fig. 2,
and the temperatures of solid walls were set equal to
the ambient temperature.

Results and Discussion

The experiments were carried out in the framework of
obtaining reference data on the liquid drop behaviors
in microgravity for future space experiment in Chinese
satellite. Therefore, the liquid and drop size used in
present study were chosen according to the parameters
of the future space experiment.

The spreading behaviors of liquid drops attached
to solid substrates involve many influences, such as
wettability, surface tension, Bond number, bulk flow
and moving contact line. Making use of the above men-
tioned experimental apparatus and measuring tech-
niques, drop shape and contact angle were measured
to reflect the spreading behaviors of both sessile and
pendant drops from normal gravity to microgravity.

For comparison, simulation must be performed un-
der the same conditions with experiments. In present
simulation, volume of the liquid drop was firstly de-
termined based on the actual volume of corresponding
experiment. The actual drop contact angle in normal
gravity, i.e. drop contact angle at the beginning of the
experiment, was also measured to be the initial drop
contact angle of the simulation. Subsequently, based on
the stresses balance at the free surface of liquid drops,
the drop contact angle change during the process of
drop entering microgravity could be simulated.

Fig. 3 Contact angle change of sessile water drop on PTFE from
normal gravity to microgravity

Contact Angle Behaviors in Microgravity

As we know, drop contact angle is very sensitive to
gravity level. Figs. 3 and 4 show respectively contact an-
gle changes of sessile water drop on PTFE and pendant
water drop on aluminum during one experiment, i. e.
the gravity level changes from normal to microgravity.
The experimental results are denoted as black circle
dots. Additionally, simulated results are also drawn in
these two figures.

For sessile drop experiment (seen in Fig. 3), a water
drop, 7.4 mm in diameter and 0.103 mL in volume, was
injected and created at normal gravity with an injecting
rate of 17 μL/s. The shape variations were recorded

Fig. 4 Contact angle change of pendant water drop on aluminum
from normal gravity to microgravity
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as soon as entering microgravity, that is, Bond number
suddenly decreased from 7 to 7e-5. It could be seen that
the drop contact angle has a sudden decrease from 110◦
to 95◦, following the sudden decrease of Bond number.
Referring to experimental pictures in Fig. 2, a rapid
increase of height of the drop was also observed, which
was accordant to former numerical results (Reznik and
Yarin 2002). Following the sudden change, shape of the
drop began to oscillate, with contact angle varying from
98◦ to 92◦. After 1.2 s, surface tension stabilized the
drop with a final contact angle of 96◦. For pendant wa-
ter drop on aluminum (shown in Fig. 4), after creating a
water drop with the diameter, volume and injecting rate
of 3.0 mm, 0.02 mL and 10 μL/s, respectively, the same
sudden change of drop contact angle could be seen
from 100◦ to 86◦ as soon as entering microgravity. After
a 1.0 s oscillation, the drop contact angle stabilized at
90◦. Based on above description, it is obvious that no
matter the water drop on PTFE or on aluminum, the

contact angles in normal gravity are always bigger than
that in microgravity. Taking sessile water drop for ex-
ample, the gravity effect and surface tension influence
the drop shape together. And pressing of the gravity
effect and pinning of the drop contact line ultimately
press the liquid close to the contact line downwards and
outwards. After entering microgravity, disappearing of
the gravity effect releases the liquid close to the contact
line to rebound upwards, which decreases the drop
contact angle. Through Comparison, it could be found
that numerical results were approximately consistent
with experimental results, except drop contact angle
stable times in simulation were shorter than that in
experiments, with 0.8 s to 1.2 s for sessile drops, and
0.7 s to 1.0 s for pendant drops. Anyhow, the consis-
tence with experimental results also suggests that our
simulation is an efficient way to predict the spreading
behaviors of liquid drops attached to solid substrates
under the influence of Bond number.

Fig. 5 Sessile water drops on
PTFE: Bulk flows inside
drops in microgravity. a 0.001
s, b 0.01 s, c 0.02 s, d 0.036 s
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Bulk Flows Inside Drops in Microgravity

According to previous literatures, the shape of liquid
drop attached to solid substrate is mainly determined
by the stresses balance at the free surface of drop.
And the balance could be influenced by gravity effect,
surface tension and bulk flow inside the liquid drop.
Actually, gravity effect together with surface tension,
i.e. Bond number, could also induce the bulk flow,
which could eventually influence the contact line and
free surface shape of the liquid drop. Figs. 5 and 6 show
the bulk flows inside sessile water drop on PTFE and
pendant water drop on aluminum as soon as entering
microgravity, respectively.

As shown in Fig. 5, with volume of 0.103 mL and
initial contact angle of 110◦, after Bond number sudden
decreased from 7 to 7e-5, it could be seen that following
the sudden decrease of Bond number (Fig. 5a), gravity

vanished, and decrease of contact angle made the triple
line to spread, which means the liquid close to triple
line flow outwards. Simultaneously, inertia force made
the liquid to flow upwards (Fig. 5b). It is obvious that
inertia force and contact angle play opposite influence
on the bulk flow direction inside the drop. Actually,
inertia force played a more important role than contact
angle in this case. As a result, the flow inside the drop
had an overall trend of flowing upwards, which induced
increase of the drop height and decrease of the drop
radius, shown in Fig. 5c. After the drop reaching the
highest point, surface tension would pull the drop back,
and there would be a flow downwards, shown in Fig. 5d.
Similarly, inertia force would influence liquid to flow
upwards again after the drop height reaching the lowest
point. And there will be an oscillation of the drop
shape. Eventually, the drop would stay stable after the
balance of inertia effect and surface tension.

Fig. 6 Pendant water drops
on aluminum: Bulk flows
inside drops in microgravity.
a 0.001 s, b 0.01 s, c 0.02 s, d
0.04 s



Microgravity Sci. Technol. (2012) 24:181–188 187

Similar trend could be found for pendant drop with
volume of 0.02 mL and initial contact angle of 100◦ in
Fig. 6. Differently with the sessile drop, following the
sudden decrease of Bond number, inertia force and de-
creasing of contact angle both made the drop to spread
outwards (Fig. 6a, b), which induced decrease of the
drop height and increase of the drop radius. After the
drop reaching the highest point, the contact line would
turn back, and there would be a flow inwards, shown in
Fig. 6c. Similarly, after an oscillation of the drop shape,
the drop would stay stable eventually (Fig. 6d).

Comparison Between Sessile and Pendant Drops

According to above experimental and simulated re-
sults, it is obvious that no matter sessile or pendant
drop, coupling of gravity effect and surface tension, i.
e. Bond number, has apparent influence on the free
surface and contact line of liquid drops. Based on
the contact angle behaviors in microgravity (seen in
Figs. 3, 4), experiments and simulations all support the
fact that stabilized times of sessile drop are always
longer than those of pendant drop. In order to compare
the spreading behaviors between sessile and pendant
drops, the moving velocity of contact line was simulated
and presented in Fig. 7.

It is seen that the contact line begins to move as soon
as entering microgravity, and the moving velocity of
contact line subsequently oscillate due to coupling of
gravity effect and surface tension. For pendant drop,
the oscillation time of 0.3 s is shorter than that of sessile
drop. It is supposed that the opposite influence of grav-
ity effect and surface tension in sessile drop lengthens

Fig. 7 Simulation for moving velocity of contact line

the stabilized process. Therefore, we can infer that
pendant drop has a faster response to Bond number
than sessile drop with the liquid drop entering micro-
gravity from normal gravity. Note that owing to liquid
drop’s nearly pinning on solid substrate, the contact
line stabilizes faster than the contact angle (1.0 s for
pendant drop), which is synchronously related to the
free surface moving of the drop.

Conclusion

The spreading behaviors of sessile and pendant drops
deposited onto horizontal solid substrates were stud-
ied experimentally and numerically under the action
of gravity force and surface tension, i.e. under the
influence of Bond number. The contact angle, bulk flow
and moving contact line were taken into account to
study the shape behaviors of liquid drops.

A sharp decrease of the contact angle was found as
soon as the drop entering microgravity from normal
gravity, accompanying with the sudden decrease of
Bond number. And a succedent oscillation of contact
angle was found due to coupling of inertia and sur-
face tension. Comparing with experimental results, the
approximate consistence also testified the simulation’s
validity. Through the simulation of bulk flows inside
liquid drops, it was found that the contact line firstly
spread outwards due to the decrease of contact angle.
Subsequently, inertia effect and surface tension would
coupled to influence the bulk flow, which induced an
oscillation of drop shape. Eventually, the drop would
stay stable after the balance of inertia force and surface
tension. Comparison on moving velocity of contact line
was performed between sessile and pendant drops, it
was inferred that pendant drop had a faster response
to Bond number than sessile drop, with the oscillation
time of pendant drop shorter than that of sessile drop.
And it is supposed that the opposite influence of gravity
effect and surface tension in sessile drop lengthens the
stabilized process. The more details of experimental
and numerical investigation on the spreading behaviors
of liquid drops will be performed to focus on coupling
of other influences besides Bond number, in a frame-
work of future space experiments.
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