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Contact angle hysteresis generated by the residual gravitational field
of the Space Shuttle
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Thermodynamics & Kinetics Laboratory, Department of Mechanical & Industrial Engineering,
University of Toronto, Toronto, Canada M5S 3G8

~Received 8 October 1999; accepted 4 February 2000!

When the two fluid phases of a substance are present in a cylinder, one of the possible equilibrium
configurations is for two liquid phases to be present, one above the vapor phase and one below. If
surface tension dominates the gravitational effects, the two-interface configuration is the
thermodynamically favored one. When the system is in the two-interface configuration, the
difference in pressure between the two liquid phases is predicted to be the same as it would have
been had no vapor phase been present! Although the pressure profile cannot be measured directly,
it is predicted to cause the contact angle value at the upper three-phase line to be smaller than that
at the lower three-phase line. This difference in contact angles can be measured, and from the
measured values, the theory can be used to determine the value of the gravitational intensity. In an
experiment conducted on a Space Shuttle flight, the configuration adopted when glass cylinders of
different diameters were each partially filled with water was recorded. The fluid in each cylinder
was found to adopt the two-interface configuration, as predicted. A 56 mm diam glass cylinder that
had a height of 86 mm was observed to have a contact angle at the upper three-phase line of 6.7
61.3° and 26.564.0° at the lower. The value of the gravitational intensity inferred from the
measured contact angles agrees with that reported from the~NASA! electronic Space Acceleration
Measurement System~SAMS!. This agreement supports the prediction that contact angle hysteresis
is generated by a difference in pressure between the two liquid phases of the two-interface
configuration. ©2000 American Institute of Physics.@S0021-9606~00!51116-7#
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I. INTRODUCTION

When a droplet is present on an inclined surface and
gravitational field, a common observation is a difference
tween the advancing and receding contact angles. Altho
it is recognized that surface heterogeneities and rough
plays a role,1 the reason for this difference, or hysteresis,
not fully understood. One of the additional factors that h
been suggested is line tension, and another is simply
pressure variation along the three-phase line.2 A phenom-
enon similar to contact angle hysteresis is observed when
two fluid phases of a substance are present in a cylindr
container and the surface tension forces dominate the g
tational forces.2–4 The system can then adopt the tw
interface configuration indicated in Fig. 1 in which two liq
uid phases are present, one above the vapor phase, an
below. In the two-interface configuration, the role of lin
tension is eliminated since it would act against the cylin
wall, and provided the surface is smooth and homogene
any contact angle difference can be attributed to the pres
difference that is generated by the effective gravitatio
field, ge ~i.e., g2a, whereg is the local gravitational accel
eration anda is the acceleration of the cylinder!.2

If ge vanishes, it is predicted that the two contact ang
of the two-interface configuration would have the sa
value,2 and that provided the contact angles were less t
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approximately 36°, the thermodynamically stable configu
tion is the two-interface configuration rather than the famil
configuration in which the liquid phase is at one end of t
container, i.e., the single-interface configuration.3 This pre-
diction was investigated experimentally using the Japan
dropshaft. The cylinders were laying on their side and i
tially the fluid in each was in the single-interface configur
tion. For those cylinder-fluid combinations that had cont
angles of less than 36°, the fluid was observed to mak
transition to the two-interface configuration during the peri
~10.5 s! of near free-fall available in the Japanese dropsh
Those cylinders that had contact angles of greater than
were observed to remain in the single-interface configu
tion, as predicted.3,4 These observations clearly support t
predicted stability of the two-interface configuration; how
ever, the predictions were made with the assumption oge

vanishing.
When the theory was extended to include the effects o

gravitational field directed along the cylinder axis, an une
pected result was obtained. It was predicted that the dif
ence in pressure between the liquid phase above the v
and that below would be the same as it would have been
there been only liquid between the two points! Such a pr
sure profile is shown schematically in Fig. 1. Although t
pressure profile cannot be measured directly, one of its c
sequences can: on a smooth, homogeneous surface the
contact angles would be expected to be smaller than the
tact angle at the lower three-phase line.2 This surprising pre-

16-
5 © 2000 American Institute of Physics

o AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.
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diction was examined in a series of ground based exp
ments using an aqueous solution held in 1.2 mm diam g
cylinders. In each experiment, the cylinder and fluid pha
were put into the two-interface configuration, and observ
to slowly come to equilibrium5 in a period of approximately
100 days. When equilibrium had been reached it was
served that, as predicted, the contact angle at the upper t
phase line was smaller than that at the lower. Further, w
the cylinders were inverted and the system allowed to ag
evolve slowly to equilibrium, the same relation was observ
between the contact angles.6 Thus, the ground-based exper
ments give experimental support to the claim that whe
system is in the two-interface configuration, the pressure p
file results in a difference between the contact angles at
upper and lower three-phase lines. However, the agreem
between the theory2 and the experiments performed to dat6

is not sufficient to conclude that the predicted pressure p
file is the cause of the observed difference in the con
angles at the upper and lower three-phase lines of the
interface configuration. And recently, the interpretation
the theory of Ref. 1 has been questioned.7,8 Thus, we have
experimentally examined the predictions of Ref. 1 further
conducting an experiment with the experimental parame
chosen to be in a very different range than their values in
ground based experiments of Ref. 5.

This parameter selection was achieved by conducting
experiment on the Space Shuttle in which 56 mm diam g
cylinders were partially filled with pure water and then pe
manently sealed. Since on the Shuttle the gravitational fi
is only a fraction of the ground-based experiments, the fl
is expected to adopt the two-interface configuration, but
cause of the larger diameter and height of the cylinders,
pressure profile is expected to cause the contact angles a
upper and lower three-phase lines of the two-interface c
figuration to be different by more than 10°, and therefore
be measurably different.

II. THEORETICAL BACKGROUND

A necessary condition for the system indicated in Fig
to be in equilibrium is that the chemical potential in phasej,

FIG. 1. ~A! Two-interface configuration of the liquid–vapor phases in
cylinder. ~B! Predicted pressure profile on the center line of the cylinde
Downloaded 20 Dec 2000  to 128.100.49.167.  Redistribution subject t
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m j must change with height so that it, plus the gravitation
potential energy per mole,Wgez is a constant,l throughout
the system,2,5

m j1Wgez5l, j 5L,V,SL,SV,LV, ~1!

whereW is the molecular weight andz a vertical position in
the system. Although Gibbs originally obtained this relatio5

it has been generally neglected in considerations of capil
system equilibrium.2

In the experiments that we report the cylinder diame
was chosen to be sufficiently small so that the Bond num
~the ratio of the gravitational forces to the surface tens
forces! is small compared to unity. This allows each interfa
to be approximated as spherical. In addition to Eq.~1! and
the uniformity of temperature, there are two other necess
conditions for equilibrium. At either the upper or lowe
liquid–vapor interface, denoted byk equalu or l, the Laplace
relation requires

Pk
V2Pk

L5
2gLV

Rk
, k5u,l , ~2!

where the liquid–vapor surface tension is denoted asgLV,
the pressure in phasej at the liquid–vapor interfacek asPk

j

and the spherical interfacial radius of curvature asRk . At the
three-phase linek, if the contact angle is denoted asuk the
Young equation may be written

gk
SV2gk

SL5gk
LV cosuk , ~3!

where the surface tension of the solid–vapor and the so
liquid interfaces at the three-phase linek are denoted as
gk

SV,gk
SL .

If the liquid phase is approximated as incompressi
and Eq.~1! is applied in the liquid phase on the center line
the upper and lower interfacezu ,zl , one finds

~m~Psat!1vsat
L ~Pu

L2Psat!1Wgezu

5m~Psat!1vsat
L ~Pl

L2Psat!1Wgezl !, ~4!

or

Pu
L5Pl

L2
Ẇge

vsat
L ~zu2zl !. ~5!

Note then that the difference in pressure betweenzu andzl is
predicted to have the same value that it would have had if
cylinder had been filled with liquid.2 Equation~5! is the basis
for the pressure profile shown in Fig. 1.

Equation~1! may also be applied in the liquid and vap
phases at the interface on the center line. This gives

mL~Pk
L!5mV~Pk

V!, k5u or l . ~6!

If the vapor is approximated as an ideal gas, then from
~6! one finds

Pk
V5PsatexpF vsat

L

R̄T
~Pk

L2Psat!G , k5u or l . ~7!

When the Laplace equation is applied on the center line
the interface, and Eq.~7! is substituted one finds
o AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.
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7197J. Chem. Phys., Vol. 112, No. 16, 22 April 2000 Contact angle hysteresis
Pk
L5PsatexpF vsat

L

R̄T
~Pk

L2Psat!G2
2gLV

Rk

, k5u or l .

~8!

For the spherical interfaces that we consider, the radiu
curvature and the contact angles at the upper and lo
three-phase lines are related geometrically to the cylin
diameter,D andhk . The latter is defined in Fig. 1,

Rk5
~D/2!21~hk!

2

2hk
, k5u or l , ~9!

and

cosuk5
Dhk

~D/2!21~hk!
2 , k5u or l . ~10!

If the total height of a cylinder,Ht is known, and the posi-
tions of the two three-phase lines are measured,Hu ,Hl , the
maximum separation of the liquid–vapor interfaceszu2zl

may be obtained

zu2zl5Ht1~hl1hu!2~Hu1Hl !. ~11!

If Eq. ~9! is substituted into Eq.~8!, the result may be written

Pk
L5PsatexpF vsat

L

R̄T
~Pk

L2Psat!G2gLVS 4hk

~D/2!21~hk!
2D . ~12!

Once the value ofhk has been measured, Eq.~12! may be
solved iteratively forPk

L . If hk is defined as

hk[expF vsat
L

R̄T
~Pk

L2Psat!G , ~13!

the value ofPk
L may be substituted into Eq.~13! and the

value ofhk calculated. After takingk equall in Eq. ~12! and
combining with Eq.~5!, one finds the pressure at the upp
interface on the center line may be written

Pu
L5h l Psat2gLVS 4hl

~D/2!21~hl !
2D2

Wge

vsat
L ~zu2zl !.

~14!

After taking k equalu in Eq. ~12! and substituting the resu
in Eq. ~14!, one finds the result may be solved for the effe
tive gravitational acceleration,

ge5
vsat

L

W~zu2zl !
FPsat~h l2hu!1gLVS 4hu

~D/2!21~hu!2

2
4hl

~D/2!21~hl !
2D G . ~15!

For the conditions we consider, the first term in the brac
of Eq. ~15! is approximately five orders of magnitude le
than the second term and the former will be neglected. A
Eq. ~15! is simplified and combined with Eq.~10!, one finds

cosuu2cosu l5b, ~16!

whereb is given by

b[
geW~zu2zl !/vsat

L

4~gLV/D !
, ~17!
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and is physically a ratio of the difference in the gravitation
potential energy at the upper and lower interface to the s
face energy. Thus, a contact angle hysteresis is predicte
exist whenb is nonzero, but for the contact angle hystere
to be greater than 10° requiresb to be greater than 0.015
However, the necessary condition for assuming the radi
be spherical is that the bond number,B is small compared to
unity. This quantity may be written

B5
geWD/vsat

L

4~gLV/D !
. ~18!

The maximum value that (zu2zl) can have is equal to the
height of the cylinder,Ht ; thus the criteria ofB!1 andb
.0.015 can be met ifHt is greater thanD. If a fluid is
observed to occupy the two-interface configuration when i
exposed to the gravitational field of the Space Shuttle~as
predicted!, then measurements of the heightsHk ,hk may be
made. The upper and lower radii of curvature, the cont
angles at the three-phase lines, and the gravitational inten
may be calculated from Eqs.~9!, ~10!, and ~15!. The pre-
dicted radii of curvature and the contact angles may then
compared with those observed, and the calculated valu
ge may be compared with that recorded by electronic acc
erometers.

III. EXPERIMENTAL METHODS AND PROCEDURES

Nine cylinders that had been partially filled with liqui
H2O, mounted in a~GAS! canister where they could be ob
served with a video camera were present on a Space Sh
flight. During the orbital flight, the configuration of the flui
within the cylinders was recorded with a video camera.

A. Preparation of the cylinders

The water used in the experiments and in the clean
process was deionized, distilled, and filtered. It had a re
tivity of 18 MV/cm and a surface tension of 0.071
60.0007 J/m2 at 20 °C. This value of the surface tensio
0.8% less than the documented value. The cylinders u
were blow-molded by closing the ends of standard~Pyrex™!
tubing. A section of narrow glass tubing approximately
cm long and 6 mm in diameter was attached to the side
each cylinder. Fluid was introduced into the cylinder throu
this tube.

The cylinders were cleaned in a three stage proc
They were filled with acetone to dissolve any oils. After 24
the acetone was drained and the cylinders evacuated w
vacuum pump before a detergent solution~Alconox™! was
introduced. This solution was allowed to remain in the c
inders for another 24 h before the cylinders were drained
then rinsed at least six times with the prepared wa
Finally, the cylinders were filled with a solution of Chrom
and Sulfuric acid~Chromerge! and soaked for 24 h. They
were then rinsed at least five times with the prepared wa
The cylinders were finally evacuated with a vacuum pump
remove the remaining water.

For the experiment, the amount of water placed in ea
cylinder is an important parameter in determining the p
sible configuration which a cylinder-fluid system can ado
o AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.
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when it is exposed to low gravity. The single interface co
figuration is always one of the possible configurations. If
amount of water is greater than a limiting value, the bub
configuration is predicted2 to be a possible configuration. T
make the two-interface configuration one of the possible s
tem configurations, the amount of water placed in each
inder must be within a certain range.

If the contact angle between the liquid and the cylind
wall was zero, the minimum amount of liquid that could
present and the system adopt the two-interface configura
would be that when the concave hemispherical volumes e
touch the ends of the cylinder. The maximum volume
liquid that could be present is that present when the va
cavity is a sphere. Thus, if the two-interface configuration
to be a possible configuration, the volume of liquid,VL

should lie in the range

pD3

12
,VL,

pD2

4 S H2
2

3
D D . ~19!

The amount of liquid placed in each container was such
this condition was met.

The cylinders were filled through the glass tube using
all-glass syringe fitted with a section of thin plast
~Teflon™! tubing. The syringe, tubing, and all glasswa
used in the operation were cleaned using the same proce
as that outlined above. A volume of prepared water was
jected with the syringe into each cylinder. In order to prev
the possibility of bacterial growth in the water, ea
cylinder-fluid combination was then heated in a microwa
oven until boiling occurred. After allowing the cylinder t
cool, the glass tube that had been attached to the side o
cylinder was sealed by attaching a vacuum pump to the
filling tube and heating the tube until the tube collapsed. T
remainder of the tube was then removed, leaving onl
small glass protrusion where the tube had been origin
attached. The dimensions of each cylinder and the volum
water present in each after it had been sealed are liste
Table I.

B. Recording of the fluid configurations

Each sealed cylinder was mounted in the rack as in
cated schematically in Fig. 2. Some of the cylinders w
mounted vertically and others were laying on their side. T
glass cylinders were held in place by two mechanisms. F

TABLE I. Cylinder dimensions and volume of liquid present.

Cylinder No.

Inside dimensions~mm! Liquid
volume,Vt

L

LHeight Ht DiameterD

1 86.4 56.0 0.0894
2 86.0 56.2 0.0866
3 76.4 50.4 0.0636
4 75.5 49.6 0.0599
5 75.4 49.8 0.0566
6 55.8 37.2 0.0245
7 56.5 37.2 0.0202
8 37.2 24.0 0.0066
9 37.2 24.0 0.0067
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a silicone compound~General Electric™ Silicone II, White!
was used to bond the cylinders to the rack. The silico
compound prevented glass-to-metal contact. Secondly, e
cylinder was mounted in a cavity that had a depth of 3 m
and had been machined to the proper shape.

The rack holding the cylinders was mounted on the
side wall of a standard~GAS! canister. On the wall directly
opposite the rack, a compact video camera, cassette reco
and fluorescent lights were mounted. The video image c
tured during the flight was returned for analysis.

Accelerometers and a thermistor were mounted dire
on the rack~see Fig. 2!. The signals were found to be to
noisy to be reliable. Both the Orbital Acceleration Resea
Experiment~OARE! and the Space Acceleration Measur
ment System~SAMS! of the National Aeronautics and Spac
Administration were operated on STS-87. The temperat
reported by the Space Acceleration Measurement Sys
during the period that the video camera was operating~after
;MET 000/6:00! was 2060.1 °C. The values ofge obtained
from these systems are discussed below.

C. Measurements from video images

The video image of the experimental apparatus w
transferred from the recorded tape into a computer file us
NIH Image v. 1.61 software. From the nine cylinders in t
rack, Cylinders 1 and 2~see Fig. 2! were chosen for the

FIG. 2. Schematic of the experimental apparatus used in the~GAS! canister
of the Space Shuttle STS-87. The drag on the Shuttle Orbiter during the
of the experiment was in the direction ofge .
o AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.
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7199J. Chem. Phys., Vol. 112, No. 16, 22 April 2000 Contact angle hysteresis
measurements because they had the best resolution a
minimum distortion. Measurements of the interface para
eters were performed using Adobe Photo Shop, v. 3. Vert
distances were measured in pixels. To obtain a calibrat
the thickness of the steel shelf on which the cylinders sat
the separation distance between the upper and lower sh
was measured. Using the known values of these heights
conversion was found to be 0.6060.01 mm per pixel. Thus

FIG. 3. ~A! The video image of the fluid configuration of cylinders 1 and
~B! Vertical distances measured from the video image.~C! Comparison
between the calculated fluid configuration and the actual video image.
Downloaded 20 Dec 2000  to 128.100.49.167.  Redistribution subject t
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vertical distances could be determined with a precision
60.6 mm. To determine the fluid configuration, only vertic
measurements were made. The parameters measured a
fined in Fig. 3~B! and are denoted asHu , Hl , andhu .

IV. OBSERVATIONS AND ANALYSIS

Approximately 5 h after the launch of STS-87, th
Orbiter was operated for approximately 2.5 h in an attitude
which the Orbiter nose was pointed radially away from ea
with the cargo bay open and the tail fin pointed in the dire
tion that the Orbiter was moving. When the Orbiter was
this attitude~roll 180°; pitch 90°! the drag produced an ac
celeration of the Orbiter that would have acted in the sa
direction as that assumed forge . For approximately 5 min
during the period that the Orbiter was in this attitude~i.e.,
after Mission Elapsed Time of;000/06:00!, the video cam-
era recorded the fluid configurations in each of the cylind
indicated in Fig. 2. When the video images of the cylinde
were reviewed, the fluid appeared to be in the two-interfa
configuration in each case.

The clearest images were those of Cylinders 1 and 2
one of those images is reproduced in Fig. 3~A!. Since the
cylinders were each sitting in a machined recess, the bot
of the lower liquid–vapor interface can not be seen in
video images. However, it can be determined from the m
sured values of the vertical distancesHu , Hl , hu @see Fig.
3~B!#, the measured total height of the cylinder,Ht and the
total volume of the liquid in the cylinder,VL . The volume of
the liquid in these cylinders was measured both before
apparatus went into orbit and after the apparatus was
turned to the laboratory. No difference in the volume of w
ter was detected. The values of the measured vertical
tances are listed in Table II, and the values ofHt andVL in
TABLE II. Configuration parameters for cylinder No. 1.

Mission elapsed
Time:;000/06:00

1t/min

Measurements Calculations

Hu Hl hu uu u l Pl
L2Pu

L

~t/min! ~mm! ~mm! ~mm!
104

g

g0 ~deg! ~deg! ~Pa!

05:00 41.57 20.18 25.07 8.4 6.32 27.38 0.55
05:15 42.19 20.18 25.68 8.4 4.95 27.10 0.56
05:30 40.96 20.79 23.89 5.3 9.06 23.05 0.35
05:45 41.58 20.18 24.46 6.7 7.72 25.03 0.44
06:00 41.57 20.79 23.85 4.0 9.15 20.57 0.27
06:15 40.68 20.64 24.28 7.4 8.14 26.21 0.48
06:30 40.60 20.94 25.25 9.6 5.91 29.03 0.63
06:45 42.18 20.18 25.07 6.8 6.32 24.79 0.44
07.00 41.32 20.64 24.28 5.8 8.14 23.57 0.38
07:15 41.28 20.64 24.89 7.5 6.73 25.96 0.49
07:30 41.32 20.18 24.89 8.6 6.73 27.77 0.56
07:45 40.97 20.79 24.46 6.7 7.72 25.03 0.44
08.00 40.35 20.79 25.68 12.4 4.95 32.75 0.81
08:15 41.58 20.18 25.07 8.4 6.32 27.34 0.54
08:30 40.11 20.03 25.50 15.9 5.35 36.97 1.02
08:45 41.28 20.64 24.89 7.5 6.73 25.96 0.49
09:00 41.57 19.57 25.68 12.4 4.94 32.75 0.81
09:15 42.19 21.40 25.07 4.3 6.32 20.00 0.28
09:30 40.96 21.40 25.07 6.8 6.32 24.79 0.44
09:45 41.58 20.79 25.07 6.8 6.32 24.75 0.44
o AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.
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Table I. Also, after the shuttle flight these glass cylind
were broken and the surface tension of the water that
been inside the cylinders since they were sealed was m
sured. At 20 °C it was found to be 0.072260.0007 J/m2. This
value is not measurably different than the documented va
nor measurably different than the value of the surface ten
of the water when it was put into the cylinders.

As will be seen for the effective gravitational intensi
that the cylinders were subjected to at the time the vid
images were recorded, the liquid–vapor interface approac
the spherical limit. From geometry then, the volume of ea
liquid phase may be expressed

Vk
L5

pD2

8
~2Hk2hk!2

p

6
hk

3, k5u,l . ~20!

Equation~20! may be used with the information in Tables
and II to calculate the value ofVu

L . When Eq.~20! is applied
at the lower interface, conservation of mass gives a cu
equation to be solved for the one unknownhl ,

pD2

8
~2Hl2hl !2

p

6
hl

35VL2Vu
L . ~21!

The measured values ofHu , Hl , hu may be used in Eqs.~9!,
~10!, ~15!, ~20!, and~21! to calculateuu , u l , Ru , Rl , andge

at each of the times at which a video image was record
The values were calculated at twenty different times~see
Table II!.

The mean value of the contact angle~6SDV! at the
upper three-phase line was 6.761.3° and 26.564.0° at the
lower. Thus, the measured contact angle hysteresis
19.8°65.3°. Note that the determination of the conta
angles by this method only involves measurements of ve
cal distances in the video images. Thus, parallax does
play a role in their determination, since the measuremen
vertical distances could be calibrated by measuremen
known distances in the video images. Also, the standard
viation in these contact angle values do not necessarily i
cate an error in the value, since a variation inge would
produce a change inhu , Hu , andHl .

The maximum error in the determination of the upp
and lower contact angle may be estimated. For the con
angle at the upper three phase line, as seen from Eq.~10! the
maximum error is determined by the error inhu . The maxi-
mum error in this quantity is 2 pixels or 1.2 mm. If the mea
uu(hu11.2 mm) and the meanuu(hu21.2 mm) are calcu-
lated, the actual value ofuu would be expected to lie

uu~hu11.2 mm!,uu,uu~hu21.2 mm!.

This procedure indicates that the possible error inuu could
be as much as62.7°; thus the mean value ofuu ~6 the
estimated error! is 6.762.7°. To determine the possible err
in the lower contact angle, one must take into account
possible error inhu , Hu , andHl . Following the same pro-
cedure as that for the contact angle at the upper three-p
line, one finds that the mean value ofu l ~6 the estimated
error! is 26.566.2°.

The mean~6SDV! of the calculated values ofge /g0

that are listed in Table II is 86331024 downward~see Fig.
2!. On the basis of the calculated value ofge /g0 , the as-
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sumption of spherical interfaces may be evaluated. The
viation of the interface from spherical would be a maximu
on the center line of a cylinder. The corresponding bo
number is 0.08. One finds by numerically integrating t
Laplace equation that the maximum deviation from spher
would be less than 1.5%.4

In Fig. 3~C!, the calculated fluid configuration~white
lines! on the central plane of Cylinder 1 may be compar
with the video image. At the upper interface, the calcula
shape agrees well and at the lower interface less well w
the video image. In both cases, the calculated shape ag
well with the video image near the walls of the contain
Thus, the calculated contact angles are close to the ac
values. As seen in Table II, for Cylinder 1 the contact an
at the upper three-phase line is always less than that a
lower.

As seen in Fig. 3~A!, the fluid configuration in Cylinder
2 was very similar to that in Cylinder 1. This similarity wa
observed in each of the video images. This observation s
gests that the glass surface approximates being a smooth
homogeneous surface and that the value of contact a
hysteresis did not result from any particular properties of
glass surfaces of the individual cylinders. Thus, the obser
contact angle difference results from a difference in the th
modynamic conditions at the three-phase line.

Also, in support of the predictions, as seen in Table
the upper contact angle was smaller than the lower con
angle in each of the video images, and from Eq.~16! it can
be seen that this means thez-component ofge was always
unidirectional downward. The value ofge sensed by the fluid
may be compared with that measured electronically. The
fective gravitational acceleration was measured during
period of the experiment by both OARE and by SAMS.9 The
OARE measurements give the measured accelerations
frequencies up to approximately 1 Hz, but the higher f
quency oscillations are not included in the OARE measu
ment. During the period of our experiment, thez-component
of ge recorded by OARE had a mean~6SDV! of (0.6
60.3)31026 ge /g0 .9 The accelerometer used with th
SAMS had a cutoff frequency of 25 Hz and during the sa
period reported an acceleration of26.267.431024 where
the negative sign indicates that the measured accelera
was in the direction indicated as downward in Fig. 2 or
other words, in the direction of the drag on the Orbiter. No
the OARE readings are all positive during the same per
whereas the mean of the SAMS reading is negative. T
positive reading of OARE would be in the direction oppos
the drag.

Clearly the two electronic measurements ofge /g0 indi-
cate different values. The standard assumption is to take
OARE determination as correctly measuring the mean ac
eration, and the SAMS measurement as indicating the os
lating portion of the signal.10 This approach would indicate
the acceleration was in the range27.431025,ge /g0,7.5
31025 and that the acceleration were both above and be
zero. However, this interpretation is not consistent with
value of ge /g0 inferred from the contact angle measur
ments. There was no time at which the fluid configurati
adopted a configuration that indicated a value ofge that was
o AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.
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opposite of the drag. Such a configuration would require t
the contact angle at the upper three-phase line waslarger
than that at the lower three-phase line.

As discussed earlier, the value of acceleration infer
from the contact angle measurements was28.06331024

in the direction indicated as downward in Fig. 2. This val
is in complete agreement with the SAMS measurement.

V. DISCUSSION AND CONCLUSION

For an arbitrarily small bond number, the thermod
namically stable fluid configuration for a two phase, sing
component fluid in a cylindrical container is predicted to
the two-interface configuration indicated in Fig. 1.3,4 The
mean value~6SDV! of the bond number for the nine cylin
ders in the experiment conducted on a space shuttle fl
~STS-87! was 0.0860.03 or less. And the fluid configuratio
in each cylinder recorded with a video camera was the t
interface configuration. Thus, this bond number appear
be sufficiently small to cause water to adopt the tw
interface configuration.

By measuring the vertical distancesHu ,Hl ,hu @see Fig.
3~B!#, the values of the contact angles, the pressure in
liquid phases, and the radii of curvature at the upper
lower interfaces, and the gravitational intensity have be
calculated. The predicted radii of curvature and the con
angles were found to be in close agreement with those
corded in the video images@see Fig. 3~C!#. The mean value
~6SDV! of the nondimensional parameterb @see Eq.~17!#
for the cylinder that had a diameter of 56 mm~see Tables I
and II! was 0.1060.35. Note that the value ofb is larger
than the bond number. And the observed mean va
~6SDV! of the contact angle hysteresis for this cylinder w
19.8°65.3°. Thus, the value ofge for the Space Shuttle
appears to be small enough to cause the fluid to adopt
two-interface configuration, but large enough to produce
easily measurable contact angle hysteresis for the fl
cylinder combinations that we have considered.

It has been proposed that a source of the contact a
hysteresis is the pressure profile generated by the gra
tional field, and the adsorption that results.2 If ge were zero,
no pressure difference at the three-phase lines of the
interface configuration would be predicted@see Eqs.~12! and
~14!#. Nor would contact angle hysteresis be predicted@see
Eqs. ~16! and ~17!#. When the contact angle of water o
clean glass is measured in air at 25 °C, the contact ang
observed to be near 0°.11 However, when measured in ai
the effect of adsorption on the contact angle is not well c
trolled. The question raised is that of whether adsorpt
could account for the observed difference in contact angle
the upper and lower three-phase lines of the two-interf
configuration. The values of this pressure difference de
mined at 20 different times are listed in Table II. The me
~6SDV! of Pl

L2Pu
L is 0.5260.18 Pa.

To investigate whether this small difference in press
could give rise to the observed difference in the cont
angles, one may investigate the effect of the adsorption
the surface tension of the solid–liquid and solid–vapor int
faces. Since the pressures in the liquid phases are only
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ferent by 0.5260.18 Pa, we suppose the liquid–solid surfa
tensions have the same value at the upper and lower th
phase lines. The pressure in the vapor phase would be
closer to the saturation vapor pressure, and of the two p
sures the pressure in the vapor phase at the lower three-p
line would be the closest to the saturation value. Whe
surface is exposed to a vapor that has a pressure equal t
saturation vapor pressure, both the Brunaue
Emmett–Teller12 ~BET! and the Frenkel–Halsey–Hill13–15

~FHH! isotherms predict that the amount adsorbed would
infinite. Since there are no data in this region, the phys
interpretation of this prediction is that near the saturat
vapor pressure, the amount adsorbed increases strong
the pressure is increased toward the saturation vapor p
sure. Thus, since the pressure in the vapor phase is so
to the saturation vapor pressure, and is slightly larger at
lower three-phase line than at the upper, the amount of
sorption would be expected to be larger at the lower thr
phase line. The difference in the amount adsorbed at the
three-phase lines would cause a difference ingSV at these
positions. If the difference ingSL at the two three-phase line
is neglected, then when Eq.~3! is applied at each of thes
interfaces and the result subtracted, one finds

gu
SV2g l

SV5gLV~cosuu2cosu l !, ~22!

and after combining Eq.~16! one finds

gu
SV2g l

SV5gLVb. ~23!

Based on the mean value ofb then

gu
SV2g l

SV5~0.1!gLV. ~24!

This result is consistent with the Gibbs adsorption equati
The larger amount adsorbed at the lower three-phase
would be expected to causegSV to be smaller there. Thus
the strong dependence of the adsorption on pressure for p
sures near the saturation vapor pressure provides a me
nism by which the observed contact angle hysteresis co
be produced even in the residual gravitational field of
space shuttle.

The agreement between the value ofge /g0 obtained
from the observed contact angles and that measured e
tronically by the SAMS system adds confidence to the th
retical prediction of the pressure profile2 of the two-interface
configuration. These results raise questions about the in
pretation of the OARE measurements.
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