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The influence of contact angle and tube radius on the capillary-driven flow for circular cylindrical tubes is studied

systematically by microgravity experiments using the drop tower. Experimental results show that the velocity of the

capillaryflowdecreasesmonotonicallywithan increase in thecontactangle.However, the time-evolutionof thevelocity

of the capillaryflow is different for different sized tubes. At thebeginning of themicrogravity period, the capillaryflow

ina thinner tubemoves faster than that ina thicker tube,andthen the latterovertakes the former.Therefore, there is an

intersectionbetweenthecurvesofmeniscusvelocityvsmicrogravity time for twodifferently sized tubes. Inaddition, for

two given sized tubes this intersection is delayed when the contact angle increases. The experimental results are

analyzed theoretically and also supported by numerical computations.

Nomenclature

a = the distance between the wetting barriers, mm
c = the radius of the centerline of the free surface inside the

reservoir, mm
d = internal diameter of tube, mm
h = meniscus height, mm
_h = meniscus velocity, m=s
�h = meniscus acceleration, m=s2

h0 = initial liquid height, mm
R = internal radius of tube, mm
Rc = the radius of the free surface inside the container, mm
t = time, s
tr = the reorientation time, second
�d = dynamic contact angle, deg
�s = static contact angle, deg
� = kinematic viscosity, cSt
� = liquid density, kg=m3

� = surface tension, N=m

I. Introduction

T HE capillary-driven flow has long been investigated by
scientists and engineers [1–3] both theoretically and experi-

mentally, because of its importance for fluid dynamics, surface
science, and especially for fluid management in space. In earlier
years, most relevant experiments were performed under normal
gravity conditions [4,5]. However, the capillary-drivenflowbecomes
remarkable only when the size of the capillary tube is small for
terrestrial experiments. To solve this problem, many researchers
recently began to experimentally study the capillary-driven flow
undermicrogravity because large sized capillary tubes can be used by
removing the effect of gravity. Related theories are also progressing.
Levine et al. [6] made modifications to the Lucas–Washburn
equation [1,2] by introducing the appropriate momentum balance
equations and presented themost detailed theory for the capillary rise
in tubes. Dreyer et al. [7] examined the capillary-driven flow under
microgravity in a 4.7 s drop tower using parallel plate channels, and
the results showed that at an early stage of penetration, the capillary
rise is governed by inertial forces. Weislogel and Lichter [8] studied

the capillary-driven flow along the interior corners of a partly filled
container in microgravity using a 2.2 s drop tower and modified h-t
(rising height vs time) dependencies were observed. Chen and
Collicott [9] presented the experimental results on capillary flow in a
vane-wall gap geometry obtained with the Purdue drop tower, and
effects of geometric parameters, contact angle, and the fluid viscosity
on the flow were investigated. An experimental study on the
capillary-driven flow and the final equilibrium position of the inter-
face in double proboscis containers conceived and developed by
Concus et al. [10]was carried out by theUSML-2 space shuttleflight.
For circular cylinders, the capillary rise flowwas extensively studied
by Stange et al. [11] and typical three-flow regimes were identified
with the aid of analytical and experimental results. Dreyer has
included some recent progress in the study of capillary flow under
microgravity in his book [12].

Because of removal of the ubiquitous effects of gravity in
terrestrial experiments on fluid behavior, experiments in micro-
gravity make it possible to deepen our knowledge of the nature of
capillary-driven flow. This knowledge is particularly important for
the design of fluid transfer systems of spacecraft, such as propellant
and cryogenic fluid tanks, thermal control systems, coolant reser-
voirs, and systems for collection, storage, and provision of water
[13]. It is also helpful in improvingmodeling studies predicting fluid
flows in porous media [14,15]. Under microgravity conditions, the
flow behavior of fluid is rather complicated due to the competition of
different influencing factors, including contact angle, tube size, and
so forth. However, there is still a lack of systematic study on the
effects of these factors on the dynamic of capillary-driven flow.

In this study we performed a series of experiments in a Beijing
drop tower, which provided 3.6 s of microgravity, to systematically
study the influence of contact angle and tube radius on the capillary-
driven flow under microgravity. As a basic model of fluid transfer
systems, circular cylindrical tubes are adopted in the experiments.
The results show that the larger contact angle will decrease the
velocity of the capillary flow. We found, however, that the time
evolvements of the velocity of the capillary flow are different for
different sized tubes. At the beginning of themicrogravity period, the
capillary flow in a thinner tubemoves faster than in a thicker one, and
then the latter overtakes and outstrips the former. Therefore, there
is an intersection between the curves of meniscus velocity vs
microgravity time for two different sized tubes. In addition, for two
given sized tubes this intersection delays when the contact angle
becomes larger. The experimental results are analyzed theoretically
and also supported by relevant numerical computations.

II. Experimental Setup and Procedure

A cylindrical acrylic container with internal diameter 150 mm and
total height 150mmwas used for the experiments. The container was

Received 29 October 2008; revision received 25 June 2009; accepted for
publication 25 June 2009. Copyright © 2009 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved. Copies of this paper
may be made for personal or internal use, on condition that the copier pay the
$10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rosewood
Drive, Danvers, MA 01923; include the code 0001-1452/09 and $10.00 in
correspondence with the CCC.

∗Key Laboratory of Microgravity, National Microgravity Laboratory,
Institute of Mechanics; sunzw@imech.ac.cn.

AIAA JOURNAL
Vol. 47, No. 11, November 2009

2642

http://dx.doi.org/10.2514/1.41899


filled with liquid up to a level of 60 mm. The tubes, manufactured
from acrylic plastic and open on the bottom and top, were immersed
in the liquid from above (see Fig. 1). Internal diameters of d� 4, 6,
and 10 mm were used. The immersion depth of the tubes (equals
initial liquid height h0) was h0 � 10 mm. A charge-coupled device
(CCD) camera and a Hi8 video recorder system attached at the outer
sides of the tubes were used to monitor and record the position of the
meniscus. Wetting barriers were used to prevent the liquid from
climbing up the outer side of the tubes and the inner container wall.

Because distilled water and ethanol produce equilibrium contact
angles on acrylic 80 and 0 deg, respectively, the two fluids can be
mixed in different proportions to produce a range of contact angles.
Three aqueous ethanolmixtureswere used:Eth=H2O20=80�%vol:�,
Eth=H2O 30=70�%vol:�, and Eth=H2O 40=60�%vol:�. Similar
materials have been used by Weislogel and Ross [16] to adjust the
contact angles in experiments.

The surface tensions, viscosities, and densities of these aqueous
ethanol solutions were measured specifically for this research work
using standard laboratory procedures and are shown in Table 1 with
their respective uncertainties. The equilibrium contact angles for
each fluid/solid pair were measured by an optical contact angle
measuring device (OCA20) with the software for contact angle
measurements (SCA) software. This SCA software is based on
goniometry, and contact angle can be assessed directly bymeasuring
the angle formed between the solid and the tangent to the drop
surface. The assignment of the tangent line that will define the
contact angle is a factor that can limit the reproducibility of contact
angle measurements. Conventional goniometry relies on the con-
sistency of the operator in the assignment of the tangent line. This can
lead to significant error, especially subjective error between multiple
users. SCA software overcomes this problem by using computer
analysis of the drop shape to generate consistent contact angle data.
Equilibrium contact angles determined in this approach are also
listed in Table 1. The properties of experimental fluids were
measured at room temperature (25 �C).

Because the contact angles are strongly affected by surface
contamination, a procedure for cleaning the tubes is indispensable.
Before each experiment, the tubeswere rinsed twicewith ethanol and
cleaned ultrasonically in a warmed detergent for 30 min. After the
cleaning, the tubes were again rinsed with the respective test
liquid several times and allowed to air dry. Through these cleaning

procedures, the surface conditions of the tubes were sufficient to
make the resultant data repeatable.

A spacecraft in orbit can provide a long and stable microgravity
environment but it is very costly. Alternatively, the drop tower is a
cost-efficient way to provide short term microgravity at low cost. In
this study the experiments were conducted in the dual-drop capsule
systemof the drop tower inBeijing. This facility provides 3.6 s of free
fall with g-residual estimated at 10�5g0 [17]. After the release of the
drop capsule, the weightlessness condition is reached within a few
milliseconds. The liquid surface inside the tube changes from the 1g0
shape (flat at the tube center and curved in the vicinity of the liquid–
solid contact line) to the spherical microgravity shape. At the same
time, the liquid starts to flow into the tube.

Figure 2 shows a typical image recorded from the CCD camera.
The internal diameter of the tubewas d� 6 mm and the initial liquid
height h0 � 10 mm and the liquid wasEth=H2O 30=70�%vol:�. The
first picture (t� 0) shows the 1g0 fluid configuration before the drop
of the capsule. With the release of the drop capsule, a microgravity
condition is established and the liquid starts to flow into the tube. The
progression of the meniscus height h with experiment time t was
evaluated from the recorded video data. By varying contact angle and
tube size, data of a series of progression of h� t was achieved.

III. Results and Discussion

A. Experimental Results

The results of the drop-tower tests are presented in Figs. 3 and 4.
Figure 3 shows typical experimental results of the effect of contact
angle on the capillary-driven flow under microgravity conditions,
where meniscus height h is plotted vs microgravity time t. Stange
et al. [11] predicted and verified that for the capillary rise in circular
tubes there exists three successive stages in which the meniscus
height is dominated by the inertia force, convective losses, and
viscous forces acting against the driving capillary force, respectively.
As a result of the three different regions, the meniscus height
increases proportional to the square of time (h� t2), then a linear
dependence (h� t), and finally the Lucas–Washburn behavior
(h�

��
t
p

).
For the case of d� 4 mm (Fig. 3a) in our experiments, the flow

enters the Lucas–Washburn region (h�
��
t
p

) very rapidly for three
different contact angles. From Fig. 3a, it can be seen that the slope of
all 4 mm curves decreases almost immediately after the start of the
meniscus rise. Figure 3a also shows that the smaller the contact angle,
the faster the time for theflow to enter theLucas–Washburn region. In
the case of d� 6 mm (Fig. 3b) for the contact angle �s � 42 deg the
curve entered the Lucas–Washburn flow (h�

��
t
p

) before 3.6 s,
whereas for the contact angles �s � 54 deg and �s � 66 deg the flow
did not. In the case of d� 10 mm (Fig. 3c), all three curves are in the
first region (h� t2) before the end of the 3.6 s microgravity time.
However, all three figures in Fig. 3 show that the meniscus height h
decreased with the increase of contact angle during microgravity
duration for all cases of tube radii, despite differences in the time to
enter Lucas–Washburn flow.

Figure 4 shows typical experimental results of the effect of tube
size on the capillary-driven flow under microgravity conditions,
wheremeniscus height h is plotted vsmicrogravity time t. In the case
of �s � 66 deg (Fig. 4a), for d� 4 mm, the curve covers the
complete process from the initial meniscus development to the final
Lucas–Washburn behavior (h�

��
t
p

), whereas for d� 6 mm and
d� 10 mm the curves remain in the first region (h� t2) until the end
of 3.6 s microgravity. During the 3.6 s microgravity, the meniscus
heights increased with the decrease of tube size.

Fig. 1 Schematic representation of the geometry of experimental

apparatus for measuring the meniscus height. The initial liquid height is
named h0 (�depth of immersion), the meniscus height h. The tube

diameter is d, the dynamic contact angle is �d. The radius of the free

surface inside the container Rc is calculated with the distance a between

the wetting barriers and the radius c of the centerline of the free surface
inside the reservoir.

Table 1 Relevant fluid/interfacial properties

� � 5%, N=m �� 5%, kg=m3 �� 1%, cSt �s � 2; deg

Eth=H2O 20=80�%vol:� 0.0443 958 1.49 66 deg
Eth=H2O 30=70�%vol:� 0.0364 937 1.83 54 deg
Eth=H2O 40=60�%vol:� 0.0328 916 2.11 42 deg
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For the case of �s � 54 deg (Fig. 4b), the velocity of the meniscus
is much larger than the case of �s � 66 deg, which caused quite
different results, as shown in Figs. 4a and 4b. From Fig. 4b it can be
seen that the curve entered the Lucas–Washburn flow (h�

��
t
p

) at
microgravity time t� 2:2 s for d� 4 mm, whereas for d� 6 mm
and d� 10 mm the flow is still in the first region (h� t2) with
positive acceleration of speed (increasing slope in the curve) until the
end of the 3.6 s of microgravity. And the d� 4 mm and d� 6 mm
curves intersect at 2.5 s because the velocity of the meniscus d�
4 mm tube decreases much earlier than d� 6 mm. However, the
curve for d� 10 mm does not intersect with the d� 4 mm curve
within the microgravity duration due to the lower meniscus velocity.
At the end of the 3.6 s of microgravity, the meniscus heights in
descending order are 6, 4, and 10 mm tubes.

In the case of �s � 42 deg (Fig. 4c), the velocity of the meniscus
is larger than that for both cases of �s � 54 deg and �s � 66 deg.
For the same reason previously mentioned, the d� 4 mm curve
intersects with the d� 6 mm curve. However, the intersection time
0.36 s is much earlier than that for �s � 54 deg. Figure 4c also
shows that the d� 4 mm curve intersects with d� 10 mm at
2.24 s, which is different from Fig. 4b. These results imply that the
intersection time for the same sized tubes becomes earlier for
smaller contact angles. For �s � 42 deg, the meniscus heights in
descending order are 6, 10, and 4 mm tubes at the end of the 2.4 s
microgravity.

Petrash et al. [18] performed a series of drop-tower experiments to
investigate the equilibrium liquid configuration for a capillary tube in
a cylindrical tank.Because their target of experiment is different from
ours, only the conditions in their study in which the radius of the
tubes that they chose is less than one-half the radius of the cylindrical
tank are comparable to our case. Therefore, their relevant experi-
mental results for this condition are similar to ours: the capillary
liquid rise occurs in the tubes. However, the intersection of h� t
curves for different sized tubes was not observed within a quite short
available microgravity time (2.3 s) because the relative differences of
the tube sizes they chose were much larger than ours.

From Fig. 4 it can be seen that with the increase in tube size the
microgravity time needed to enter Lucas–Washburn flow increased.
And the h� t curve of smaller sized tubes may intersect the curve of
larger sized tubes. Therefore, the meniscus height does not decrease
monotonically with the increase of the tube size within a given
microgravity duration. This result can in general be explained by
different behaviors of the flow corresponding to the different stages.
At the initial stage of theflowprocess, the capillary force is dominant.
For smaller sized tubes the capillary force is larger, resulting in larger
meniscus velocity. When the flow enters the Lucas–Washburn re-
gion, it can be predicted from the Lucas–Washburn equation [2] that
the distance of capillary rise increases with the increase of tube size.
Therefore, it becomes possible for the intersection of the curves for
different sized tubes. A more detailed discussion is presented in the
next section.

B. Discussion

Considering the initial meniscus reorientation, the dynamic
contact angle of the advancingmeniscus, and the curvature of the free
surface inside the container, a second-order nonlinear differential
equation for the meniscus rise based on the approach of Levine et al.
[6] with some improvements was put forward by Stange et al. [11]

�h� 1

h� h0 � 73
60
R

�
�

�

�
2s cos �d

R
� 1

Rc

�

�
�
8

R2
�h� h0� �

2

R

�
� _h � 	1� K�x�
 1

2
_h2
�

(1)

Herein,h denotes the position of themeniscus center point, and _h and
�h denote the meniscus velocity and acceleration, respectively. �d is
the dynamical contact angle. An incompressible, homogeneous,
Newtonian liquid under isothermal conditions is assumed. The tube
internal radius is R��1=2d�. The exponential function s denotes the
initial development of the meniscus from a flat to the curved
equilibrium surface

s�t� � 1 � e�4:6t=tr with tr � 0:413

���������
�R3

�

r
(2)

The reorientation time tr was proposed by Siegert et al. [19] and
confirmed by the recent drop-tower experiments of Michaelis et al.
[20]. The excess pressure dropK�x� is a parameter that represents the
velocity profile development and K�x� � 4=3 in our experiments.

Equation (1) is solved numerically using aRunge–Kutta algorithm
in this study. The initial conditions are h� _h� 0 at t� 0. The
solution of Eq. (1) yields the meniscus height h and the meniscus
velocity _h as a function of time t. By varying the dynamic contact
angle �d (we will not distinguish �d and �s for simplicity of
discussion so that the contact angle will be denoted by � hereinafter)
and tube internal radius R, a series of h� t and _h� t curves were
obtained. Based on these curves the influence of the contact angle and
the tube size on the capillary flow will be analyzed as follows.

The experimental results show that the meniscus height decreases
monotonically with the increase in contact angle and does not
decrease monotonically with the increase in tube size within a given
microgravity duration. To explain the results, the numerical
computations according to Eq. (1) concerning the effect of contact
angle and tube size on the meniscus height and meniscus velocity of
capillary rise are presented and numerical data of h� t and _h� t are
also presented in Figs. 5 and 6.

According to the experimental data in the previous paragraph, it
can be seen that the duration time of region 1 (h� t2) and region 3
(Lucas–Washburn behavior, h�

��
t
p

) are longer than region 2
(h� t). Therefore, the contribution from the region of the velocity-
increasing pattern of (h� t2) and the velocity-decreasing pattern of

Fig. 2 Selected frames of capillary-driven flow ofEth=H2O 30=70�%vol:� into a tube from the experiment video under microgravity condition in the

drop tower Beijing. The internal diameter d� 6 mm and the initial liquid height h0 � 10 mm.
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(h�
��
t
p

) to the meniscus height of the capillary flow within a given
microgravity duration are more essential.

In Eq. (1) the denominator h� h0 � �73=60�R, the second, and
the third items on the right-hand side describe the contributions
from the inertia force, the viscous force, and convective losses,
respectively. The denominator h� h0 � �73=60�R plays a major

role in the region of velocity increasing (region 1), and the second
item plays a leading role in the region of velocity decreasing
(region 3).

Figures 5a–5c show the meniscus height and meniscus velocity
corresponding to different contact angles for d� 2 mm,d� 6 mm,
and d� 20 mm, respectively. From Fig. 5 we can see that with the
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increase in contact angle the meniscus height h decreased within a
given microgravity duration. Because the contact angle �, as an
influence parameter on the meniscus height, appears only in the first
item (cos �) on the right-hand side of Eq. (1), the meniscus velocity
decreases with the increase in the contact angle both in the region of
velocity increasing (region 1) and velocity decreasing (region 3). In
addition, the numerical results (see Fig. 5) show that the transition
times needed to move from region 1 to region 3 for different contact
angle do not change significantly. Therefore, the influences of

contact angle on the meniscus velocity and meniscus height of
capillary rise change monotonically.

Figures 6a–6c show the meniscus height and meniscus velocity
corresponding to different tube sizes for � � 20 deg, � � 50 deg, and
� � 80 deg, respectively. Figure 6 shows that the meniscus height h
does not decrease monotonously with the increase of the tube size.
For the smaller sized tube the velocity of the meniscus decreases
much earlier than that of the larger sized tube. This tendency can be
seen more obviously from the _h� t curves in Fig. 6. This behavior
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can be accounted for that the curve of the smaller sized tube may
intersect the curve of the larger sized tube, as shown in the experi-
mental results.

Alternatively, looking at Eq. (1), the parameter of the tube size R
exists in both thefirst and second itemof the right-hand side of Eq. (1)
and the two items have opposing contributions to the meniscus
acceleration: one is positive and the other is negative. In the region of
velocity increasing (region 1), the capillary force is counteracted by
the inertia force. From Eq. (1) it can be expected that the acceleration
of themeniscuswill be larger for a smaller sized tube,which results in
larger meniscus velocity. However, in the region of velocity
decreasing (region 3), the flow is controlled by the friction force as
shown in the second item on the right-hand side of Eq. (1). Therefore,
the increase of the tube size will increase the acceleration of the
meniscus so as to increase the meniscus velocity. Because of the
contrary effect of the tube size on the meniscus velocity, the curves
for different tube sizes could intersect each other at some point during
the transition from region 1 to region 3. In addition, the numerical
results (see Fig. 6) show that with the increase of tube size, the
microgravity time needed to enter the Lucas–Washburn flow zone
obviously increased, which led to the intersection easier.

By comparing Figs. 6a–6c it can be seen that for two given tube
sizes, themeniscus velocity decreaseswith the increase of the contact
angle and therefore, the two corresponding h� t curves intersect
later. For d� 6 mm and d� 10 mm, in Fig. 6a the h� t curves
intersect at 1.8 s, whereas in Fig. 6b the h� t curves intersect at
1.86 s, and in Fig. 6c the h� t curves intersect at 2.0 s microgravity
time. Ford� 2 mm andd� 20 mm in Figs. 6a–6c, the h� t curves
intersect at 1.35, 1.40, and 1.55 s microgravity time, respectively.
Therefore, in Fig. 4b the h� t curves for d� 4 mm and d� 10 mm
do not intersect within 3.6 s microgravity time because the contact
angle is large and the meniscus velocity is slow. However, the trend
that the curves of h� t would intersect somewhere if the
microgravity time can last longer is obvious.

From Eq. (1) it can be seen that the larger the meniscus velocity _h,
the larger the friction force as shown in the second item of the right-
hand side. The larger friction force will make the flow enter the
Lucas–Washburn region (for the same sized tubes) earlier. As
mentioned previously, the intersection of curves for different sized
tubes occurs during the transition from region 1 to region 3.
Therefore, the curves intersect earlier for larger velocity _h for two
given tube sizes. Because the meniscus velocity increases with the
decrease in the contact angle for the same sized tubes, the curves
intersect earlier when the contact angle is smaller. This is consistent
with both experimental and numerical results from Eq. (1), as shown
in Figs. 4 and 6.

Apparently, what Eq. (1) requires is the dynamic contact angle �d
to quantitatively describe the capillary flow behavior. Furthermore,
the precision of the dynamic contact angle is an important factor in
determining themeniscus height of capillary flow. However, how the
dynamic contact angle is dependent on the meniscus velocity is still
an open issue until now. As known, there are some empirical
equations available for �d in literature [21,22]. Unfortunately, we
found that for test liquids in our study the �d calculated using the
relevant formula presented in [21,22] are apparently much less than
the values observed in the experiments, and thereforewe do not think
the two equations are suitable for our case. Considering this, static
contact angles were used instead in all numerical computations in
the current study. Accurate estimation of dynamic contact angles
would be desirable for studying the capillary-driven flow under
microgravity more quantitatively.

IV. Conclusions

The influences of contact angle and tube size on the capillary-
driven flow in circular cylindrical tubes are studied under micro-
gravity using a 3.6 s drop tower. The experimental findings and
related analysis can be summarized as follows:

Both the meniscus height h and the velocity _h decrease
monotonously with microgravity time as contact angle increases.
The explanation for this fact is straightforward. The contact angle is

only related to the capillary force, which is a driving force for the
flow.Therefore, with the increase in the contact angle (decrease in the
capillary force), themeniscus velocity decreases whether it is staying
in the region of velocity increasing (region 1) or velocity decreasing
(region 3).

The h� t curves and the _h� t curves do not change mono-
tonously with the increase of the tube size within some microgravity
duration. The h� t curves of different sized tubesmay intersect each
other. We also find that a smaller contact angle will make the
intersection occur earlier. The influence of the tube size on the forces
controlling the capillary flow is different from the contact angle. The
larger tube size corresponds to larger volume (and mass) of liquid
inside the tube. Therefore, in region 1 where the inertia force is
dominant, larger tube size makes the acceleration of the flow smaller,
leading to smaller velocity and height. On the other hand, in region 3
the viscous force is a dominant factor for the flow. With the increase
of tube size, the tube wall will relatively have less influence on the
flow so that the viscous force decreases accordingly. Thus, the
increase in tube size tends to increase the flow velocity in region 3.
The contrary effect of tube size on the flowvelocity in regions 1 and 3
makes it possible that h� t curves of different sized tubes intersect
each other. With the decrease in the contact angle the meniscus
velocity increases and the flow enters the region of velocity
decreasing earlier, which make the intersection of curves of two
given sized tubes occur earlier.

The results in this study may be useful for controlling the trans-
portation of liquid under microgravity as different sized cross
sections will cause different meniscus velocities.
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