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Study of Wetting in an Asymmetrical Vane–Wall Gap
in Propellant Tanks

Yongkang Chen∗ and Steven H. Collicott†

Purdue University, West Lafayette, Indiana 47907-2023

Wetting of an asymmetrical vane–wall gap geometry is investigated. The geometry is common in vane-type liquid
propellant management devices. Critical wetting conditions are determined by applying the method by Concus and
Finn (Concus, P., and Finn, R., “On Capillary Free Surfaces in the Absence of Gravity,” Acta Mathematica, Vol. 132,
1974, pp. 177–198). The critical wetting condition is expressed in terms of critical contact angle as a function of
gap size, with the vane thickness and obliquity angle as relevant parameters. It is found that the increase of both
the vane thickness and the obliquity angle improves the critical wetting conditions. The analytical results are
confirmed with Surface Evolver numerical computations, which also provide graphical descriptions of capillary
surfaces. Results from drop tower experiments confirm the analysis and also reveal that the advance rate of the
meniscus tip decreases with the gap size when other parameters are fixed.

Nomenclature
L = meniscus tip location, mm
R0 = radius of arc �0 of C-singular solution
Rγ = radius of arc �
r̃ = inner radius of the test cell, mm
t = time, s
α = vane obliquity angle, deg
� = name and length of arc �
�cr = name and length of critical arc �
�0 = name and length of arc � of C-singular solution
γ = contact angle, deg
γcr = critical contact angle, deg
δ, δ̃ = dimensionless, dimensional, mm, gap size
δcr = critical gap size
ε, ε̃ = dimensionless, dimensional, mm, vane thickness
θ = one-half of angle spanned by arc �
� = perimeter of 	
�∗, �0 = name and length of subarcs of �

 = functional in method by Concus and Finn3

	 = name and area of problem domain
	∗, 	0 = name and area of subdomain of 	

Introduction

P ERFORMANCE of vane-type propellant management devices
(PMD) in weightlessness is vital to positioning, controlling,

and transporting the liquid propellant in fuel tanks for successful
operation of spacecraft. Proper performance, such as reorienting
the propellant following a maneuver, is enabled by a critical contact
angle condition. For contact angles below this critical value, a finite
height single-valued capillary surface fails to exist in a cylindrical
container.1 As a result, a capillary-driven flow will ensue that is im-
portant to successful PMD operation. Similarly, for a given contact
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angle, a gap between the vane and the wall must be sufficiently small
to create the necessary wicking flows.

In a previous study,2 critical wetting conditions have been deter-
mined for the symmetric configurations in which the vane is perpen-
dicular to the tank wall, thus, with α = 0, in Fig. 1. Figure 1 shows
a comparison of the menisci in a corner and in the vane–wall gap
geometry. The reason for making such a comparison is that the ex-
istence of the gap can substantially change the properties related to
capillarity, as presented by Chen and Collicott.2 The critical wetting
conditions are determined by applying the method by Concus and
Finn (see Ref. 2 and references therein for more details). There are
several geometric parameters involved in the problem such as the
gap size, the vane thickness, and the contact angle. The effects of
these parameters have been examined by allowing only one param-
eter to vary at a time. The results were presented in the form of the
critical contact angle or the critical gap size.

Most spacecraft PMD vanes are flexible and likely never perfectly
perpendicular to the wall, and, therefore, the symmetric configura-
tion is only an ideal condition. Thus, it is important to study asym-
metric configurations in which the vane is not perpendicular to the
tank wall to determine how a tilt of the vane affects the wicking
power of the geometry. Consequently, there is an extra geometric
parameter compared to the symmetric configuration, that is, the
vane obliquity angle α as shown in Fig. 1. In the following text,
the effects of the relevant geometric parameters on the critical wet-
ting conditions are determined. This is followed by Surface Evolver
computations to determine the critical contact angle to confirm the
analysis and to provide graphic descriptions of the capillary sur-
faces. In the end, results from drop-tower experiments that confirm
the analysis and show the wicking rates are reported.

Analysis
The foundations for the analysis are described by several

authors.3,4 The notation and methodology from Concus and Finn3

are followed in this paper. Consider a cross section of a cylindrical
container with its bottom completely covered with liquid, as shown
in Fig. 2. 	 denotes the entire domain and � denotes the boundary
of 	. The domain 	 of type 1 has an interior corner, whereas in
the type 2 domain a reentrant corner � exists on the boundary of 	
with an angle greater than 180 deg measured from inside 	.

Assume that the free surface intersects the cross section along an
arbitrary circular arc � of radius Rγ given by

Rγ = 	/� cos γ (1)

� must meet the boundary wall at the contact angle γ . (There are
two such arcs in the type 2 domain of Fig. 2.) In the presence of
a reentrant corner �, the angle at which � meets the edge of the
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Fig. 1 Capillary menisci in solid interior corner (left) and vane–wall
junction with gap (right); α is angle formed between vane plane and
normal of wall.

a) Type 1

b) Type 2

Fig. 2 General domain Ω and {Γ; γ} configurations.

Fig. 3 Demonstration of Gibbs’s inequality: γ is equilibrium contact
angle and η is corner angle at solid edge; one extreme location, at which
β =π−−η + γ, for interface meeting the solid edge is shown.

corner is dictated by Gibbs’s inequality,

γ ≤ β ≤ π − η + γ (2)

where γ is the equilibrium contact angle, β is the angle at which
the free surface meets the edge of the corner measured within fluid
labeled with an a, and η is the angle of the corner at the edge (mea-
sured in the solid part), as shown in Fig. 3. A rigorous description
of Gibbs’s inequality can be found in Ref. 5.

The arc � and subarc �∗ ⊂ � bound a subdomain 	∗ ⊂ 	 (Fig. 2).
A functional defined as


(�) = � − (cos γ )�∗ + (� cos γ /	)	∗ (3)

Fig. 4 Problem domain and {Γ; γ} configuration: Σ∗ consists of arcs
B1E and B2E; Ω∗ is bounded by Σ∗, Γ1, and Γ2 and part of vane surface
including A1S, ST, and TA2.

is to be evaluated on 	∗. Subsequently, the existence of a single-
valued finite height equilibrium capillary surface can be determined
by evaluating the value of 
 for every admissible �.

More specifically, for every such arc �, if 
 > 0, there is always
a single-valued finite height equilibrium surface covering the bot-
tom of the cylinder in zero gravity. In other words, the free surface
extends to a finite height at every point in 	 (inside the cylinder).
When, for a certain combination of parameters described hereafter,
there is a � that makes 
 ≤ 0, then no single-valued finite height
equilibrium surface will exist, or, in other words, the free surface
extends to infinite height in a subdomain that ⊇ 	∗ that has higher
curvature on its boundary among the whole domain 	, provided that
there is sufficient liquid to cover the base of the cylinder. The contact
angle at which 
 = 0 is called the critical contact angle, denoted as
γcr, and the corresponding � is called critical arc, denoted as �cr.
Similarly, for a given contact angle, the gap size at which 
 = 0
is called the critical gap size, denoted as δcr. Normally, there are
at most a finite number of � that can be drawn for each geometric
configuration, and, therefore, it is necessary to evaluate 
 for only
a small number of cases.

The cross-section geometry is shown in Fig. 4. Rectangle STPN
represents the cross section of the vane. The gap formed between
the side ST and the cylinder wall is nonuniform. A nominal gap size,
denoted as δ, is defined as the distance E O ′, where O ′ is the center
point of ST . ST intersects the x axis at point U , whereas the sides NS
and PT intersect the x axis at V and Z , respectively. The obliquity
angle α of the vane is defined as the angle between E O and E O ′

because E O ′ is always parallel to the long sides of the vane cross
section. The gap size δ is varied by changing E O ′ while the other
end of the vane P N remains stationary. Note that E O ′′ = R = 1,
where O ′′ is the center of side P N .

As for different α, formulas for calculating 	∗ and �∗ might
be different. As an example, those formulas with a y coordinate
of corner S, thus, yS ≥ 0 (formulas for yS < 0 are presented in the
Appendix), are presented hereafter as

	 = π − (1 − δ)ε (4)

	∗ = 	∗
1 + 	∗

2 (5)

	∗
1 = 0.5φ1 − 0.5λ sin φ1 − (

R2
γ θ1 − 0.5ξ1 Rγ cos θ1

) − �1 (6)

	∗
2 = 0.5φ2 − 0.5ρ sin φ2 − (

R2
γ θ2 − 0.5ξ2 Rγ cos θ2

) − �2 (7)

� = 2π + 2(1 − δ) + 2ε (8)

�∗ = φ1 + φ2 + ε + ι1 + ι2 (9)
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where

λ = |xM |, ρ = |xW |

ξ1 = A1 B1 =
√(

xB1
− xA1

)2 + (
yB1

− yA1

)2

ξ2 = A2 B2 =
√(

xB2
− xA2

)2 + (
yB2

− yA2

)2

φ1 = arctan
(∣∣yB1

/
xB1

∣∣), φ2 = arctan
(∣∣yB2

/
xB2

∣∣)
θ1 = arcsin(ξ1/2Rγ ), θ2 = arcsin(ξ2/2Rγ )

�1 = [
(xV − xU )yS − (xV − xM )yA1

]/
2

�2 = [
(xW − xZ )

∣∣yA2

∣∣ − (xU − xZ )|yT |]/2

ι1 = A1 S =
√(

xS − xA1

)2 + (
yS − yA1

)2

ι2 = A2T =
√(

xT − xA2

)2 + (
yT − yA2

)2

�1 is the arc on the side where the angle formed between the vane
and the cylinder wall is obtuse, whereas �2 is on the side where
the angle is acute. Arcs �1 and �2 meet the vane and the cylinder
surfaces at A1, A2 and B1, B2, respectively. Here, φ1 and φ2 are
angles spanned by arcs B1 E and B2 E , respectively.

Similar to the configurations where the vane is normal to the
container wall, there are two possible locations of � as described
by Chen and Collicott.2 � of type 1 meets both the tank wall and
the vane surface at the contact angle γ , whereas � of type 2 meets
one edge of the vane at one side and meets the tank wall on the
other side, as is discussed hereafter. Note that the four corners at the
edges of the vane are reentrant corners in the problem domain 	 as
described earlier.

It is then found that there are three combinations of � on both sides
of the vane. Figures 5–7 give examples for each type of combination.
In the first combination, both (�cr)1 and (�cr)2 are type 1 arcs. In
the second combination, (�cr)1 is a type 2 arc, whereas (�cr)2 is still
a type 1 arc. In the third combination, both (�cr)1 and (�cr)2 are
type 2 arcs.

Note that γcr was first identified for different gap sizes δ and vane
thicknesses ε with α = 10 deg as shown in Fig. 8. Here, ε only
ranges from 0 to 0.2. Each data line divides the first quadrant into

Fig. 5 First combination of arc Γ locations: ε= 0.1; δ = 0.2; α= 5 deg;
and +, center of Γcr.

Fig. 6 Second combination of arc Γ locations: ε= 0.1, δ = 0.11, and
α= 5 deg.

Fig. 7 Third combination of arc Γ locations: ε= 0.1, δ = 0.08, andα= 5
deg.

Fig. 8 Critical contact angles for different vane thicknesses at α= 10
deg.
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two parts. Single-valued finite height equilibrium surfaces exist in
the part above the data line, whereas for the part on and below it,
single-valued finite height equilibrium surfaces fail to exist. When ε
is fixed, γcr decreases with δ. However, when δ is fixed, γcr increases
with ε. Each data line can also be divided into three sections as
shown in Fig. 8, based on the three combinations of the arcs � just
described. Thus, section 1 corresponds to the first combination, and
so on. The relation between γcr and δ appears to be nearly linear in
section 3. In addition, the lower limit of the gap size for each line is
the value at which the finite thickness vane touches the tank wall.

The data in Fig. 8 show the effects of geometric parameters ε and
δ on γcr for fixed α. One can also find critical gap size values δcr for
different γ and ε from Fig. 8. Specifically, δcr for given ε and γ can
be found at the intersection of a horizontal line and the respective
data line. This is because γcr is determined by looking for the arc
� that makes 
 = 0 for certain ε and δ. At 
 = 0, any one of the
parameters has the critical value when the others are fixed.

Note also in Fig. 8 that, for every δ, there is somewhat larger
increase in γcr for ε changing from 0.1 to 0.2, as compared to those
data for smaller ε. This is caused by a typical feature for the case ε =
0.2; thus, an arc � becomes admissible that begins from the lower-
right edge of the vane, vertex P in Fig. 4, and meets the cylinder
wall at angle γ . Again, the corner at P is a reentrant corner in 	.
Consequently, one can find a �cr starting from P that makes 
 = 0
for a larger δ than that for other combinations of arcs � at smaller
ε. This variation is demonstrated in Figs. 9 and 10. The geometry in
Fig. 9 where ε = 0.1 and (�cr)2 is of type 1, whereas that in Fig. 10
where ε = 0.2 and (�cr)2 is of type 2.

When ε is fixed at 0.1, γcr is also determined for different δ
and α, which ranges from 0 to 15 deg. The results are shown in
Fig. 11. Note that, for δ < 0.08, the angle α has no apparent effect
on γcr and the relation between γcr and δ appears to be nearly linear.
Other than that, γcr increases with α for a fixed δ. Again, from these
results, a critical gap size δcr can be determined when all of the other
parameters including the contact angle are fixed. Similarly, α has
no apparent effect on δcr when γ > 50 deg and δcr increases with α
otherwise.

The dramatic increase of γcr (or δcr) observed when α increases
from 10 to 15 deg is caused by (�cr)2 changing from type 1 to 2 as
discussed earlier. As an example, locations of �cr for α = 15 deg at
γ = 0 deg are shown in Fig. 12 and can be compared to those shown
in Fig. 9.

Finn and Neel6 point out that for everyγ ≤ γcr, where
 is nonpos-
itive, there exists at least one solution in a singular sense called the
C-singular solution. The technique for identifying such solutions
in polygonal cross-section cylinders is described by de Lazzer
et al.7

Fig. 9 Critical arc Γcr location for ε= 0.1, γ = 0 deg, and α= 10 deg.

Fig. 10 Critical arc Γcr location for ε= 0.2, γ = 0 deg, and α= 10 deg.

Fig. 11 Critical contact angles for different α at ε= 0.1.

Fig. 12 Critical arc Γcr location for ε= 0.1, γ = 0 deg, and α= 15 deg.
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A C-singular solution means that there exists a finite number of
arcs �0 of common radius R0 ≥ Rγ that bound a subdomain 	0 ⊂ 	
with subarcs �0 ⊂ �. Note that 	0 is on the concave side of �0

and opposite to 	∗ in Fig. 2. A solution surface is determined up
to an additive constant, or, in other words, the capillary surface
meets �0 at γ and it approaches �0 asymptotically and extends up
to infinite height. Although it appears in the context of studying
the equilibrium surfaces, the knowledge of the arc �0 is essential
to studying the dynamics of capillary-driven flow in this and other
similar geometries.8,9

Without going into detail, R0 can be determined by applying the
divergence theorem to the Young–Laplace equation

div Tu = 1/R0 with Tu = ∇u
/√

1 + |∇u|2 (10)

and corresponding boundary conditions over the subdomain 	0.
This procedure gives rise to

�0 + cos γ (�0) − (	0)/R0 = 0 (11)

from which R0 can be determined.
The arc �0 is the same as �cr when γ = γcr as one may already

notice in Figs. 5–7. For γ < γcr, �0 has to be determined separately.
Note for �0 that, for a fixed γ < γcr, it does not vary with the gap
size when the other geometric parameters are fixed.

Surface Evolver Computation
The analysis just conducted and described provides critical wet-

ting conditions for the geometry under investigation. It, however,
cannot provide information about the geometric features of the cap-
illary surfaces, be they equilibrium or not. As in Ref. 2, numerical
computations using Surface Evolver10 as a complementary approach
can provide a solution for the interface surfaces and can also deter-
mine the critical wetting conditions to confirm the analytical results,
which in turn will validate Surface Evolver as an important tool in
studies where the analytical method is not applicable. Over the past
decade, the use of Surface Evolver in studying capillary surfaces
has been greatly expanded, and most recent examples can be found
in Refs. 11 and 12.

The geometry in the computation is a cylindrical container with
a cross section as shown in Fig. 4. In zero gravity, the energy min-
imized by Surface Evolver includes only the interfacial energies.
There are two solid boundaries: the circular cylinder wall and the
flat walls of the vane. A detailed formulation of the interface ener-
gies can be found in Ref. 13 or examples given by Brakke.10 For
each case computed, the iteration of Surface Evolver starts with a
coarse grid of nominally 256 (28) facets. With necessary refinement,
the number of facets increases to up to approximately 4096 (212);
however, more facets can be produced due to the increase of the
interface area as found for γ near and below γcr.

Three typical cases are computed with the parameters listed in
Table 1. In these cases, the effects of the gap size δ are examined
with both the vane thickness ε and the vane obliquity angle α fixed.
The choice of these cases is based on three combinations of two
types of the arc � that characterize the determination of γcr.

First, the critical contact angles for these cases are identified as
listed in Table 1. Note that the critical values predicted by Surface
Evolver are lower than the corresponding analytical results with
a maximum error of 3.4%. The discretization of the free surface
causes the error, and grid density affects the magnitude of the error.
Better accuracy requires more facets, which makes the evolution of
the interface extremely slow for contact angles close to or at the
analytical critical value. More computer power and computing time

Table 1 Cases tested with Surface Evolver

α, Analytical Surface Evolver
Case deg ε δ γcr, deg γcr, deg

1 10 0.1 0.18 23.81 23
2 10 0.1 0.12 37.60 37
3 10 0.1 0.06 57.95 57.5

Fig. 13 Equilibrium meniscus tip height at different γ: ε= 0.1 and
α= 10 deg.

Fig. 14 Equilibrium surface: ε= 0.1, δ = 0.18, γ = 24 deg, and
α= 10 deg.

is needed to reduce the error. For cases with supercritical parameters,
the meniscus tip height is plotted against γ in Fig. 13, in which the
critical contact angles identified are marked by the dashed lines.
The meniscus tip height increases with the contact angle decreasing
from 90 deg. It starts to increase dramatically when the contact
angle is close to the critical value because the slope of the data
lines increases significantly. Note that in the range of γ , wherever a
comparison is possible, the meniscus tip of the configuration with
greater γcr is higher than that of the configuration with smaller γcr.

For each case, the equilibrium surfaces at supercritical contact
angles and the unconverged surfaces at subcritical contact angles
are shown in Figs. 14–19. The vane surfaces are not displayed in
Figs. 14–19. The unconverged surface is so called because a con-
verged equilibrium surface does not exist. However, the surface pro-
vides a graphical description of the configurations where the liquid
wicks toward infinity. These unconverged surfaces reveal a typical
feature of the C-singular solution surfaces described earlier. Note
from Figs. 14–19 that there are vertical liquid columns on the two
sides of the vane around the gap as the meniscus tip advances to a
great height.
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Fig. 15 Unconverged surface:
ε= 0.1, δ = 0.18, γ = 22 deg, and
α= 10 deg.

Fig. 16 Equilibrium surface: ε= 0.1, δ = 0.12, γ = 38 deg, and
α= 10 deg.

The unconverged surfaces for the first case are featured by the
first combination of arc � (Fig. 5), that is, both arcs are of type 1.
The angle formed between the vane and the tank wall is acute on the
left-hand side and obtuse on the right-hand side. Apparently, for the
unconverged surface, the cross-sectional area of the vertical liquid
column on the left-hand side is larger than that of the right-hand
side (Fig. 15).

The gap size of the second case is smaller compared to that of
the first case. The unconverged surfaces are featured by the second
combination of the arc � (Fig. 6). Thus, the arc � is still of type 1
on the left-hand side, whereas it is of type 2 on the right-hand side.
Accordingly, the vertical section of the unconverged surface still
meets the vane surface on the left, whereas it retreats to the gap
region and attaches to the edge of the vane on the right (Fig. 17).

The unconverged surfaces for the third combination of the arc �
(Fig. 7), of the last case where the gap is the smallest, is shown in

Fig. 17 Unconverged surface: ε= 0.1,
δ = 0.12, γ = 36 deg, and α= 10 deg.

Fig. 18 Equilibrium surface: ε= 0.1, δ = 0.06, γ = 58 deg, and
α= 10 deg.

Fig. 19 Unconverged surface:
ε= 0.1, δ = 0.06, γ = 56 deg, and
α= 10 deg.
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Fig. 19. Here the arcs � on both sides of the vane are of type 2.
Thus, the vertical section of the unconverged surface is confined to
the gap region, as is visible in Fig. 19.

Drop-Tower Experiment
Experiments were conducted in the drop tower at Purdue

University, and a detailed description can be found in Refs. 13 and
14. This facility provides about 1.2 s of free fall in a vacuum. The
test cell is shown in Fig. 20. The acrylic cylinder in the center part
is the fluid cell with a stainless-steel vane mounted to create a con-
trolled gap between it and the cylinder wall. The test cell is partially
filled with 5 cS silicon oil [polydimethylsiloxane (PDMS)], which
has close to zero contact angle on both the acrylic and the stainless-
steel surfaces. The image data shown hereafter are acquired with a
charge-coupled device camera dropping outside of the tower. The

Fig. 20 Test cell partially filled
with 5 cSt silicon oil.

Fig. 21 Meniscus at different moments: 0, 0.1, 0.4, 0.7, 1.0 s left to right; δ̃ = 0.64, 1.27, 2.54, 3.18 mm top to bottom row; α= 10 deg; test fluid, 5 cS
silicon oil; height of each image indicates 60 mm in reality.

framing of the test cell image is affected by the friction and aero-
dynamic drag forces on the camera system, and it is compensated
with a timing scheme.

In the experiments, the vane thickness, the contact angle, and the
vane obliquity angle are fixed, whereas the gap size is varied as listed
in Table 2. The largest gap of the four is supercritical according to the
analysis and, thus, should yield a single-valued finite height surface.
The study reported here is focused on identifying the critical wetting
conditions because the study of the dynamics of the capillary flow
is reported separately.15

A selection of images of menisci during free fall is shown in
Fig. 21. The images were taken at the rate of 30 frames per second.
Note that all of the images are cropped from the original images.
Because of the repeatable shift between the test cell and the camera
during each drop, the size of some of cropped images is smaller
than others. The images presented here are padded to a uniform
size with a constant gray level for this part. Continuous advance of
the meniscus tip can be observed for the two small gap values. The
advance appears to be slowed after a certain time for the δ̃ = 2.54 mm
case. No obvious change of the tip location can be seen after 0.8 s
for δ̃ = 3.18 mm.

The time histories of the tip location measured from images
such as those in Fig. 21 are shown in Fig. 22. For δ̃ = 3.18 mm,
the tip height starts to level off after t ≈ 0.9 s, as is evident in

Table 2 Parameters of test cell cross-sectional
geometry: radius of circular wall r̃ = 12.7 mm,

α= 10 deg, and vane thickness ε̃= 1.27 mm (ε̃/ r̃ = 0.1)

Gap size δ̃, mm δ̃/r̃

0.64 0.05
1.27 0.1
2.54 0.2
3.18 0.25
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Fig. 22 Time history of meniscus tip location: ε̃= 1.27 mm, γ = 0 deg,
and α= 10 deg.

Fig. 22. A continuous increase of the tip height for δ̃ = 0.64 and
1.27 mm throughout the free fall can be noticed. The data of
δ̃ = 2.54 mm are inconclusive because the capillary flow becomes
extremely slow for the gap smaller than, but close to, the critical
value. For the supercritical case, the equilibrium meniscus tip lo-
cation computed using Surface Evolver is shown by the dash–dot
line in Fig. 22. Note that the result is obtained at a 5-deg contact
angle because it can be very difficult to determine convergence of
the free surface if the contact angle is zero. In spite of this, there
is a 28.6% difference between the experiment and the numerical
data.

Overall, interfaces of limited height are observed for the super-
critical gap size. A continuously advancing meniscus tip is observed
for subcritical gaps except for the gap size that is close to the critical
value.

There are several sources of error in the experimental study. The
first is the determination of the moment when the test cell starts
the free fall. The camera starts to capture an image sequence before
the free fall starts, and the initial moment of it is determined by
identifying the initial variation of the interface in the images cap-
tured. Generally, the free fall starts between two successive images.
This error is believed to be within 17 ms based on the frame rate of
the camera. Fortunately, this error only causes a shift of the whole
data set along the time axis without affecting other aspects of the
results.

The second source of error involves the shift between the test
cell and the camera. It influences the reading of the meniscus
tip height. Quantitative analysis shows that the maximum error is
around 1.8 mm (Ref. 13).

The last source of error that causes the scattering of the data might
be the contact angle hysteresis16 that tends to halt the advance of the
contact line. It is caused by pinning of the contact line due to the
heterogeneity of the solid surfaces. This, and the gravity residual
during the free fall, account for the difference between the experi-
mental and numerical tip location of the equilibrium surface for the
supercritical gap size.

Conclusions
Critical wetting conditions in an asymmetric vane–wall gap ge-

ometry are determined by applying the method by Concus and Finn.3

Effects of relevant parameters within certain ranges including the
vane thickness, gap size, the vane obliquity angle, and the contact
angle of the fluid are examined. The analytical results are confirmed
with numerical computation using Surface Evolver and drop-tower
experiments. In addition, graphical descriptions of the capillary sur-
faces are obtained from the numerical study. The understanding
gained in this study about the asymmetrical vane–wall gap is helpful

in evaluating the performance and helping in the design of vane-type
PMD. Specific conclusions are as follows:

1) The critical wetting conditions are governed by both the gap
and the corners formed between the vane and the container wall.
There exist three combinations of the locations for the critical arc
�cr depending on the vane thickness, the gap size, and the vane
obliquity angle.

2) In this study, the critical wetting conditions are expressed in
terms of a critical contact angle or critical gap size. At a fixed vane
obliquity angle α, the critical contact angle (when the gap is fixed)
increases with the vane thickness and so does the critical gap size
(when the contact angle is fixed). At a fixed vane thickness, the
critical contact angle appears not to vary with α when the gap size
is smaller than 0.08; otherwise, it increases with α. Similarly, at a
fixed contact angle, the critical gap size appears not to vary with α
when the contact angle is greater than 50 deg; otherwise, it increases
with α.

3) Constrained by computer power and computing time available,
numerical computation using Surface Evolver appears to underpre-
dict the critical wetting conditions. The maximum error, however,
in determining the critical contact angle among the computed cases
is 3.4%. The computations also provide graphical description of
the capillary surfaces, typically the features of C-singular solution
surfaces.

4) The drop-tower experiments provide data that confirm the an-
alytical result and show that the wicking rate decreases with the gap
size.

5) The study of the effects of small angular changes in vane
alignment, as expected for thin flexible PMD vanes, shows that
this component of a traditional PMD design is tolerant to vane
misalignments.

Appendix: Formulas for yS < 0

Figure A1 shows the configuration where yS < 0. Note that �1

and �2 meet the vane and the cylinder wall surfaces at A1, A2, and
B1, B2 respectively. The formulas for calculating 	∗, 	, �, and �∗

are

	 = π − (1 − δ)ε (A1)

	∗ = 	∗
1 + 	∗

2 (A2)

	∗
1 = 0.5φ1 − 0.5|xG |yB1

− (
R2

γ θ1 − 0.5ξ1 Rγ cos θ1

)
(A3)

	∗
2 = 0.5φ2 − 0.5xW yB2

− (
R2

γ θ2 − 0.5ξ2 Rγ cos θ2

) −
3∑

i = 1

�i

(A4)

Fig. A1 Problem domain and {Γ; γ} configuration with yS < 0.
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� = 2π + 2(1 − δ) + 2ε (A5)

�∗ = φ1 + φ2 + ε + ι1 + ι2 (A6)

where

ξ1 = G B1 =
√(

xB1
− xG

)2 + (
yB1

− yG

)2

ξ2 = A2 B2 =
√(

xB2
− xA2

)2 + (
yB2

− yA2

)2

φ1 = arctan
(∣∣yB1

/
xB1

∣∣), φ2 = arctan
(∣∣yB2

/
xB2

∣∣)
θ1 = arcsin(ξ1/2Rγ ), θ2 = arcsin(ξ2/2Rγ )

�1 = FG A1 = 0.5R2
γ ζ − 0.5(xF − xG)yc1

�2 = WFA1 D = 0.5
[
(xW − xV )|yD| − (xF − xV )

∣∣yA1

∣∣]
�3 = DST A2 = 0.5(ι3 + ι4)ε

ι1 = A1 S =
√(

xS − xA1

)2 + (
yS − yA1

)2

ι2 = T A2 =
√(

xT − xA2

)2 + (
yT − yA2

)2

ι3 = DS =
√

(xS − xD)2 + (yS − yD)2

ι4 = T A2 =
√(

xA2
− xT

)2 + (
yA2

− yT

)2

ζ = 2 arcsin(G A1/2Rγ )
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